Abstract

YITBAREK, EMNET. Characterization and Analytical Applications of
Dye-encapsulated Zwitterionic Liposomes. (Under the direction of Morteza
G. Khaledi.)

The aim of this project was to use marker encapsulated liposomes as
biomembrane mimicking entities in order to study membrane properties like
permeability and to better understand the interaction of biological lipid
bilayers with membrane-active molecules, like beta blocker drugs and
antimicrobial peptides (AMP). The physical characteristics of liposomes,
such as size, surface charge and encapsulation capacity were also studied
using electrophoretic, fluorescence and light scattering techniques. In
addition, marker-encapsulated and self-lysing liposomes were used to study
antigen-antibody binding. The immunoassay application of these self-lysing
liposomes was also investigated.

The first area of research is focused on investigating the effect of the
liposome lipid composition on the size and the electrical properties of
zwitterionic liposomes. The cholesterol composition of phosphatidylcholine
(PC) and sphingomyelin (Sph) liposomes is varied and the effect on their
size, zeta potential and electrophoretic mobility is monitored using dynamic
light scattering (DLS), laser doppler velocimetry (LDV), and capillary zone
electrophoresis (CZE) techniques, respectively. In addition, the permeability
and the encapsulation capacity of large unilamellar vesicles (LUV), or
liposomes that are made by extrusion, were compared as their lipid and
cholesterol composition varied. The size and electrophoretic mobility of
zwitterionic liposomes was found to increase with the cholesterol

composition.



The interaction of indolicidin, a 13-mer cationic AMP, with (dye-
encapsulated) liposomes that were made of different lipid and cholesterol
composition was investigated by DLS, fluorescence and capillary
electrophoresis (CE) methods. DLS results show a change in liposome size,
and size distribution index (PI), after indolicidin interaction. Fluorescence
leakage experiments show the extent of membrane perturbation caused by
the AMP and the AMP’s innate tryptophan fluorescence provided qualitative
information regarding the type (polar/non-polar) and nature of the liposome-
AMP interaction, as lipid composition of the liposomes varied. In addition,
CZE and liposome electrokinetic chromatography (LEKC) techniques were
also used to further probe the (polar/non-polar/electrostatic) nature of this
interaction.

The immunoassay application of the marker encapsulated liposomes was
investigated using a combination of fluorescence, DLS, and CE-LIF
(capillary electrophoresis with laser induced fluorescence detector)
techniques. The liposomes were made from a non-lamellar lipid DOPE
(dioleoylphosphatidylethanolamine) that was stabilized with a 20% bilayer
lipid DPPC (dipalmitoylphosphatidylcholine) and a 1% hapten-attached
DPPE lipid. Small hapten molecules, like biotin and DNP (dinitrophenyl),
were attached to the liposome surface via the DPPE lipid, and used to detect
their conjugate molecules (avidin and anti-DNP antibody) in a homogeneous
solution. The biotin-attached DOPE liposomes aggregate and leaked their
marker content in standard avidin solution. The extent of liposome
aggregation and the fluorescence intensity of the leaked dye are dependent
on the concentration of avidin present in solution. The different parameters

that affect the quality of the assay were also investigated.



Characterization and Analytical Applications of Dye-encapsulated
Zwitterionic Liposomes

by
Emnet Yitbarek

A dissertation submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy

Chemistry

Raleigh, North Carolina
2010

APPROVED BY:

Edmond F. Bowden Tatyana I. Smirnova

Alexander A. Nevzorov Morteza G. Khaledi
Chair of Advisory Committee



Dedication

This dissertation is dedicated to my mother, Letebrhan Asfaw.
Your faith in God, hard work, independence and perseverance has been an
inspiration in my life. You made me who | am today and I owe it all to you,

mom. | love you so much.



Biography

The author, Emnet Yitbarek, was born and raised in Addis Ababa (Ethiopia).
After high school, Emnet joined the chemistry department at Addis Ababa
University and graduated with a BS in 1989. Following graduation, Emnet
worked at the Ethiopian Geological Survey for six years and immigrated to
the United States in 1995. After a year in Washington DC area, Emnet
joined the chemistry graduate program at North Carolina A&T University
and graduated with MS in analytical chemistry in 1998. Subsequent to the
master’s degree, Emnet Perused a PhD in analytical chemistry at North

Carolina State University under the direction of Dr. Morteza G. Khaledi.



Acknowledgments

There are many people | would like to thank who have helped me in
different ways during my graduate school years. But first and foremost, all
credit and acknowledgment goes to my mother who has encouraged me to
strive for higher goals, in addition to providing my different wants and
needs. She had always put her children before anything, even herself. The
constant motivation and support from my family has been the big factor that

allowed me to pursue my curiosity in science and research.

| am very grateful to Dr. Morteza G. Khaledi for his guidance,
encouragement and enduring support. I also thank the following current and
former group members of the Khaledi group: Dr. Scott Burns, Dr. Hai Buii,
Dr. Jason Barker, Dr. Jennifer Carrozino, Dr. Ceixiong Fu, Yang Shen, Suzy
Yeh, Juan Pablo Mack, Chris Collins, and Sam Jenkins. A special thank you
goes to Dr. Hai Bui for his great friendship and Sam Jenkins for his

comradeship and assistance in editing most of this thesis.

Last, but not least, | would like to thank my lovely wife, Ariam Gebrehiwot.
Your solid support has enabled me to focus and finish up successfully during
the year of this process. One of the best things | done in life was marrying

you. | am lucky to have a life partner in you.



Table of Contents

LISt OF TADIES ... e vi
LISE OF FIGQUIES .eveiieecie ettt et vii
List of symbols, abbreviations, and terms ............cccceeveieevieic e Xiv
Chapter 11 INtrOAUCTION ... s 1
REference LISt ......coooveiiiiiecie e 14
Chapter 2:  Electrokinetic characterization of mixed zwitterionic-
cholesterol [IPOSOMES .........cccocvviveieiiiecceeee e 18
REfErenCe LISt .....ccooviieiicieceee e 59

Chapter 3:

Chapter 4:

Chapter 5:

Chapter 6:

Characterization of liposome permeability and encapsulation
behaviors using CE-LIF and DLS techniques ............ccccccveunne 64
REfErenCe LISt .....ccooviieiicieceee e 98
Liposome lysis immunoassay using spectrofluorometric and
capillary electrophoresis methods .............ccccocveeieviciicicicinennne, 105
REference LISt ......ccocveiieiiicie e 150
Analyzing the interaction of liposomes with Indolicidin using

electrophoretic, fluorescence and light scattering techniques....

................................................................................................................. 156
Reference LISt .....ccoovvviiee e 208
FULUIE TrENGS ... 217
Reference LISt ......ccccveiieiiecie e 223



List of Tables

Chapter 1
Table 1-1

Chapter 2
Table 2-1

Chapter 3
Table 3-1

Table 3-2
Table 3-3

Chapter 4
Table 4-1

Table 4-2

Table 4-3

Table 4-4

Lipid composition of normal brain myelin, as detected by

Zeta potential, mobility, size and polydispersity-index of mixed

zwitterionic/cholesterol liposomes by DLS............ccccocovvvireininnn. 45

Encapsulation of mixed DPPC (PC) and cholesterol (CH)
liposomes. Relative fluorescence of encapsulated dye is
measured by CE-LIF after liposome lysis with 10mM cholate
0] 0] o SRS 91

Encapsulation of non-FAT (A) and FAT liposomes ............... 94
DLS measurements of PC/CH liposome size and polydispersity
index (PI). Effect of cholesterol composition on liposome size

during liposome-Propranolol interaction. ............c.cccccccoveeeiinnnee, 95

Charged lipid stabilizers and their minimum concentration
required to form stable DOPE liposomes. .........cccccccoeeevvevrinnnee. 138

Size, polydispersity and fluorescence measurement of biotin-
attached-liposomes, with DLS and fluorometer after reaction
with different amounts of avidin ..........ccccevvvieiiiiieiienieieen, 139

Spectrofluorometer measurement of dye released from biotin-
liposomes after a stoichiometric reaction with avidin. .............. 140
DLS and fluorometer results for the competitive binding of free

biotin, and biotin-attached-liposomes, with limited avidin......144

Vi



Table 4-5

Table 4-6

Chapter 5
Table 5-1

Table 5-2

Table 5-3

Table 5-4

CE-LIF assay to determine the effect of (ligand) spacer on the
binding (fluorescence) between DNP-liposomes and anti-DNP
antibodies. (A) DNP directly attached to the lipid DPPE (DNP-
PE), (B) DNP attached via a four-carbon spacer arm to DPPE
(DNP-CAP-PE) ......ooviieieece e 145
Binding interaction results between DNP-attached-liposomes
and anti-DNP antibodies. DLS and fluorometer results as the

anti-DNP concentration 1S INCreased.........ocooveeeeeeceeeceeeeeeeeesennn, 146

DLS results of peptide-liposome samples. Liposome diffracted
light was measured at a 90° angle from the incident. Pl is the
POlYdiSPersity INAEX. .......cccovviieie e, 195

DLS results of size distribution of DMPC liposomes before (a)
and after (b) interaction with a 10uM indolicidin. The intensity
column relates the percentage of liposomes constituting a
CEITAIN SIZE. ..o 197
DLS results of size distribution of DMPC/CH liposomes before
(a) and after (b) interaction with a 10uM indolicidin. ............... 198
DLS results of size distribution of DMPC/PG liposomes before
(a) and after (b) interaction with a 10uM indolicidin. ............... 199

vii



List of Figures

Chapter 2
Figure 2-1 Molecular structure of phospholipids and cholesterol................ 46
Figure 2-2 Hydrophilic dyes used for liposome encapsulation..................... 47

Figure 2-3 Effect of cholesterol composition and encapsulated
material on liposome size. DLS size determination of
20mM DPPC/CH liposomes, encapsulated with 10uM
CF dye or just a plain 20mM Hepes buffer ................... 48

Figure 2-4 Lipid bilayer packing with and without cholesterol (a)
cholesterol rich straight aligned lipid bilayer (b)
cholesterol-poor tilted lipid bilayer (two hypothetical
possible conformations)..........cccccveeveeiie e, 49

Figure 2-5 Effect of liposome size on its mobility (Tris buffer).
Overlaid electropherogram of 74, 95 and 152nm sized
20mM DPPC/cholesterol (45% CH) liposomes in Hepes
buffer. Peaks @1.8min are from internal standard mesityl
oxide (te,), peaks @2min are by 74&95nm liposomes,
and @2.2min is by the 152nm liposome. CZE run
@30kv, 20mM Tris (pH7.3), bare fused silica capillary
with 75um ID and 65cm total length (45cm to detector).
Liposomes are either encapsulated with 1mM Calcein or
tagged with Rhodamine-B dyes for easy detection @
2L0NM. Lo 50

Figure 2-6 Effect of liposome size on mobility (Tris buffer).
Overlaid pherogram of 95 and 152nm sized
DPPC/cholesterol liposomes in prepared in Hepes buffer.
Peaks @1.8min is te,, @2min are by 95nm liposome, and
@2.2min is from the 152nm liposome (PC/CH 55/45).
CZE conditions same as Figure 2-5.........cccccccevvveveinenn, 51

viii



Figure 2-7

Figure 2-8

Figure 2-9

Effect of Hepes buffer & size on liposome
electrophoresis (Hepes buffer). Overlaid
electropherogram of 76, 95 and 150nm sized
DPPC/cholesterol liposomes prepared in Heps buffer.
Peaks @1.8min is te, @2min are by 76 & 95nm
liposomes, and @2.1min is from the 152nm liposomes
(PC/CH 55/45). Same CZE conditions as Figure 2-5.....52
Effect of cholesterol composition on liposome migration
rate. CZE-LIF run of 10uM carboxyfluorescein
encapsulated DPPC/CH liposomes (85:15, 70:30, 55:45
% mole composition). Liposome suspension and CE run
buffer is 20mM Hepes pH7.4. CE is run @30kV and LIF
system is aligned @ 488/520nm excitation/emission
wavelengths. Peak 2 is from the liposome leaked free
carboxyfluorescein dye.........ccccocovveveeieivieicseceeee, 53
Effect of cholesterol composition on liposome migration
rate. 20mM total (lipid+cholesterol) composition in
20mM Hepes buffer @pH7.3. A 10png DPPE-RB added
to each liposome composition for detection purposes.
Each liposome is also spiked with 1mM
carboxyfluorescein internal standard, with peak seen
@3.3min. All the CZE-UV conditions are same as Figure
251 s o4



Figure 2-10 Effect of cholesterol composition on liposome migration
rate. Overlaid electropherograms of 20mM DPPC with
cholesterol liposomes (5, 25, 45% mole cholesterol of the
DPPC) in Heps buffer. Peaks @1.9min are from internal
standard mesityl oxide, and the three peaks between 2-
2.1min are from Rhodamine-B liposomes. CZE run
@30kV, 219nm in 20mM Heps pH7.3........ccccooeveevveinee. 55

Figure 2-11 Dipole orientation of phosphatidylcholine head group
dipole on membrane surfaces in a low ionic strength
MEATAL .o 56

Figure 2-12 Zeta potential Vs time of storage for DPPC/Cholesterol
[IPOSOMES. ... s 57

Figure 2-13 Polydispersity index (PI) Vs time of storage for
DPPC/Cholesterol ipoSOmMES..........ccccovvvvierieiicniereiennes 58

Chapter 3

Figure 3-1 Molecular structure of Propranolol.............cccccoovnnnnnncs 90

Figure 3-2 The effect of DPPG composition on the encapsulation
behavior of DPPC liposomes. The relative fluorescence
of liposome encapsulated dye after detergent lysis........ 92

Figure 3-3 Calibration curve for the relative fluorescence of 6-
carboxyfluorescein (CF) at 488/520nm
EMISSION/EXCITALION ..o 93

Figure 3-4 Electropherogram of dyed DPPC/CH liposomes in
buffer. Control samples (without propranolol)................. 96

Figure 3-5 Electropherogram of dyed DPPC/CH liposomes in a

propranolol SOIULION ..., 97



Chapter 4
Figure 4-1

Figure 4-2

Figure 4-3

Figure 4-4

Figure 4-5

Figure 4-6

Chapter 5
Figure 5-1

An expanded binding curve; a wide fluorescence
response range for biotin-Liposomes and standard avidin
solutions incubated at 80°C. (fluorescence conditions and
sample sizes same as Table 4-2).......cccccovvvvievienennn 141

The effect of increased incubation temperature on the
working range of the avidin CE-LIF assay using biotin-
attached liposomes. The temperature is raised from 25°C,
as shown below in (A), 10 70°C in (B) ..c.ccoocoevvevierccnnn, 142

Detection limits of Avidin/Streptavidin using different
techniques, results from the literature ......................... 143

The molecular structures of DNP-DPPE and DNP-cap-
DPPE LIPIAS ...ocovveiiiecieececceecee e, 147

Molecular structures of Biotin-DPPE, biotin-cap-DPPE
and a diagram of a dye encapsulated liposome composed
of Biotin-cap-DPPE (and other) lipids. ...........cccooeveenu. 148
The mechanics of avidin (antibody) induced aggregation
and leakage of dye-encapsulated, biotin-attached

liposomes (via a non-bilayer formation step). ................ 149

Fluoresence emission spectra of 10uM indolicidin
incubated in 1mM liposome solution (L/P=100) and in
10mM HEPES buffer. The excitation wavelength was
294nm and emission was monitored at 320-410nm.
Spectral lines belong to (top to bottom): [1]-
DMPC/PG/CH, [2]-DMPC/PG, [3]-DMPC, [4]-
DMPC/CH, [5]-10mM HEPES buffer...........ccccccccccc..... 200

Xi



Figure 5-2

Figure 5-3

Figure 5-4

Figure 5-5

Figure 5-6

Fluoresence emission spectra of 10uM 3-TRP peptide,
incubated in 0.5mM liposome solution (L/P=50) and in
10mM HEPES buffer. The excitation wavelength was
297nm and emission was monitored at 320-410nm.
Spectral lines belong to (top to bottom): [1]-DMPC, [2]-
DMPC/CH, [3]-DMPC/PG, [4]-DMPC/PG/CH, [5]-
10mM HEPES BUFFer......ccoiiiiiiecicceeeee e, 201

Percent innate tryptophan fluorescence (of indolicidin)
guenched when acrylamide is added into indolicidin
solution with Hepes buffer and different liposome
solutions (DMPC/CH, DMPC and DMPC/PG). Percent
fluorescence drop on Y-axis, versus tryptophan’s
environment (lipid or buffer) on X-axis. ........ccccccuenee. 202

Percent Fluorescence (%F) from liposome leaked calcein
due to indolicidin perturbation. Average %fF:
DMPC=64%, DMPC/PG=83%, and DMPC/CH=45%.

LEKC of 16uM indolicidin in 20mM phosphate buffer pH 2.5
with 10mM DMPC/CH (55:45) liposomes. Peak-1 (2.179min)
Is amino benzylamine internal standard and peak-2 (5.640min)
is indolicidin. LEKC was performed in 75um bare fused silica
capillary at 25kV and UV detection at 214nm. ............cc.cc......... 204
CZE of 10uM indolicidin incubated with (a) 1mM DMPC
liposomes and (b) 1mM DMPC/5%CH liposomes. Peak-1 is
(0.01%v/v) amino benzylamine and peak-2 is indolicidin. CZE
run on 20mM phosphate buffer @ pH2.5, 75um bare fused
capillary. CZE run at 25kV and UV detection at 214nm........ 205

xii



Figure 5-7

Figure 5-8

CZE of 10uM indolicidin incubated with (a) ImM DMPC/5%
PG liposomes and (b) 1mM DMPC/5%PG & CH liposomes.
Peak 1 is (0.01%v/v) amino benzylamine. CZE conditions same
AS N FIQUIE 5-6. ..o 206

Indolicidin calibration curve, peptide is dissolved in 10mM
Hepes buffer pH=7.3. Capillary zone electrophoresis was run
on 20mM Phosphate buffer at pH 2.5 in 75um bare fused silica
capillary. CZE run at 25kV and UV detection at 214nm. The
relative peak area is the ratio of the indolicidin to the internal
standard peak area, and the internal standard a 0.001%
aminobenzylamine SOIULION ..........cccccvveiii e, 207

Xiii



List of symbols, abbreviations, and terms

AMP Lo antimicrobial peptides
P e ————————————— phosphatidylcholine
SN e ———————————— sphingomyelin
DLS o dynamic light scattering
LDV ot laser doppler velocimetry
CE s capillary electrophoresis
CZE e capillary zone electrophoresis
Pl e —————— polydispersity index
LEKC e, liposome electrokinetic chromatography

CE-LIF .... capillary electrophoresis with laser induced fluorescence detector

DOPE ... dioleoylphosphatidylethanolamine
DPPC ..o dipalmitoylphosphatidylcholine
DPPE ..o dipalmitoylphosphatidylethanolamine
DINP e dinitrophenyl
DMPG .o Dimyristoylphosphatidylglycerol
PE . e phosphatidylethanolamine
PG e ————————— phosphatidylglycerol
SEC o size exclusion chromatography
SOF - self quenched fluorescence
CF e carboxyfluorescein
GV e capture volume
ELISA o enzyme-linked immunosorbant assay
DPPG ..o dipalmitoylphosphatidylglycerol
TP s tryptophan
DMPC ..o Dimyristoylphosphatidylcholine

Xiv



IO e Indolicidin

MLV et multi lamellar vesicle
LUV e large unilamellar vesicles
RN-PE ..o, Rhodamine-phosphatidylethanolamine
EDL oo s electrical double layer
DSPC ..o distearoylphosphatidylcholine
ZP s zeta potential
EOF e electro-osmotic flow
SUV s small unilamellar vesicles
GUV e giant unilamellar vesicles
AT freezing and thawing
CPP critical packing parameter

XV



Chapter 1
Introduction
Liposome characterization and analytical applications

Liposomes were discovered by A. Bangham [1] about 40 years ago and
since then they have became very versatile tools in biology, biochemistry
and medicine. Liposomes are small (30 nm-5 um) artificial vesicles of
spherical shape surrounding an aqueous pool, which are made of natural
non-toxic phospholipids and cholesterol. When amphiphilic phospholipids
are dispersed in aqueous solutions they spontaneously form vesicular
structures due to a hydrophobic effect. These spontaneously formed vesicles
have multiple layers (multi-lamellar) like onions surrounding an interior
agueous pool. The application of some form of energy, sonication or high-
pressure extrusion, would peel-off the layers and form unilamellar vesicles
or liposomes [2]. The lipid bilayer structure and composition of liposomes is
similar to biological cell membranes. Due to their resemblance to natural
membranes and their non-toxic nature, liposomes have been used as in-vitro
models for cell membranes, as drug delivery systems (DDS), and for signal
amplification in immunoassay applications. The success of liposomes as
drug carriers has been reflected in a number of liposome-based drug
formulations that are commercially available and new formulations that are
undergoing clinical trials [3]. Chemo therapy drugs like Doxil are
encapsulated in liposomes to enhance their efficacy and reduce side effects
when used to treat a wide range of cancer ailments including breast cancer

[4]. These drug molecules are more easily transported through biological



membranes after they are encapsulated either in the liposome’s aqueous
interior or in the lipid bilayer milieu. Generally, polar compounds are
encapsulated in the liposome aqueous interior, while non-polar solutes are
incorporated in the lipid bilayer. Similarly, great results have been achieved
in the last two decades in the area of gene delivery and cellular/tissue
Imaging using amphiphilic lipid mixtures, both in vivo and in-vitro [5].
Liposomes have also found wide applications in biosensors and flow based
bio-analytical assays, due to their relatively large internal volume (marker
encapsulation) and the ability to modify their outer-membrane with various

bio-recognition elements [5;6].

Biological membranes are vital components of all living systems, forming
the outer boundary of living cells and internal cell compartments
(organelles). They largely consist of a lipid bilayer, which imparts the fluidic
character and houses membrane proteins, receptors and other bio-molecules
that facilitate communication and transport across the membrane. These
features enable membranes to act as important filters keeping toxins out of
the cell, but allowing nutrients and other useful metabolites to pass through
to reach their cellular destination. In addition, many important biological
processes are regulated at membrane surfaces, through interactions between
peripheral and integral membrane proteins. The complexity of biological
membranes and their interactions with intra- and extra-cellular networks
make direct investigations difficult. For this reason, artificial model
membranes have played an important role in unraveling the physical and
chemical characteristics of biological membranes and how these contribute

to permeability and other related cellular functions. The physical properties



of the phospholipid bilayer membrane in liposomes separating two agqueous
phases have proven to be strikingly similar to the corresponding properties

of natural membranes. So, liposomes are used as model membrane systems
to study the relation between the lipid composition of natural membranes

and some of the characteristics they exhibit due to their composition [1;7].

Zwitterionic lipids like, Phosphatidylcholine (PC),
phosphatidylethanolamine (PE) and Sphingomyelin (Sph), together with
cholesterol (Ch), constitute the major parts of many biological membranes.
For example, Myelin is a lipoprotein tissue common in the human brain and
is mainly composed of lipids, more than 80% by weight, as shown on table
1-1 below. Cholesterol and the zwitterionic lipids (PE, PC, Sph) constitute
75% of the total lipid in Myelin [8]. Artificial membranes like liposomes
that are rich in these lipids are used to study how Multiple Sclerosis (MS),
which is a severe neurological disorder, damages the lipid organization of
the myelin in the brain [9-11]. In addition, high doses of steroidal drugs that
treat MS have been encapsulated in liposomes to enhance therapeutic

efficacy and reduce their adverse side effects [12].



Table 1-1 Lipid composition of normal brain myelin, as
detected by HPLC.
Lipid Mass %

Cholesterol (CH) - neutral 31.9
Phosphatidylethanolamine (PE) - zwitterionic 19.2
Phosphatidylcholine (PC) - zwitterionic 14.4
Hydroxy-Galactocerebroside 10.8
Sphingomyelin (Sph) - zwitterionic 10.2
Cerebroside sulfates 6.7
Non-hydroxy Galactocerebroside 4
Phosphatidylserine (PS) - anionic 1.5
Phosphatidylinositol (P1) - anionic trace

Zwitterionic lipids like phosphatidycholine (PC) and charged
phosphatidylglycerols (PG) can be used alone or in combination with
cholesterol and various other lipophilic compounds to form stable liposomes
that can be used for different applications. The physical characteristics of a
liposome formulation are highly influenced by its lipid composition and the
preparation method. In addition to lipids, different compounds can be
incorporated either inside the liposome interior or the lipid bilayer
membrane. Long acyl chain phospholipids (usually C14 and above) with
different head groups are mixed at certain ratios to custom design liposomes
for a variety of applications with desired size, membrane property, surface

moieties and charge.

There are many ways of preparing unilamellar vesicles, but sonication and

extrusion are the two most widely used methods. Probe or bath sonication of



multilamellar vesicles typically produces large unilamellar vesicles with a
very polydispersed size distribution, in less than five minutes. The extrusion
method may take 20-30 minutes but it produces fairly homogeneous large
unilamellar liposomes with a narrow size distribution. In both methods the
lipids are first dissolved in neat chloroform or a cocktail of volatile organic
solvents, which subsequently is removed under vacuum evaporation leaving
a uniform thin lipid film on the inner flask surface. Then the dry lipid mix is
hydrated with a buffer solution containing other hydrophilic solutes to be
encapsulated inside the liposomes’ aqueous interior. The resulting large
multilamellar vesicles can either be sonicated or extruded to form smaller
unilamellar vesicles. Probe sonication delivers more power than bath
sonication leading to a more rapid size reduction. But unfortunately both
sonication methods produce non-uniform liposomes with a wide size
distribution. Extrusion of the multilamellar vesicles through a polycarbonate
filter under high nitrogen pressure produces large liposomes with a more
uniform size distribution [2;13;14].

The physical characterization of liposomes is of great importance to identify
their suitability for a specific purpose from a variety of applications. In
addition, liposome characterization also helps to better understand real
biological membranes, as noted earlier. Depending on their composition and
mode of preparation, liposomes show wide variability in their physical and
chemical characteristics. Such characteristics include: size, size-distribution,
membrane lamellarity, surface charge, permeability, and encapsulation
volume. These characteristics can be studied using different techniques

including microscopy, spectroscopy, chromatography, electrophoresis and



light scattering, among others. The liposomes’ size is somewhat controlled
by its lipid composition and the method of preparation, while their
membrane surface charge is imparted from the charge of the lipid head-
groups. The liposome size and size-distribution parameters are usually
determined by dynamic light scattering techniques (DLS). The extrusion of
an MLV suspension through double-stacked 100 nm membranes usually
results in uniform LUVs with an average size of 10020 nm and a low
polydispersity index of 0.1 or less, as measured by a DLS technique [13].
The polydispersity index (PI) indicates how homogeneous the (average) size
distribution of a liposome preparation is, and it is derived from the
logarithmic convolution of the repeated scans of the scattered light measured
[15]. Separation techniques like size exclusion chromatography (SEC) and
capillary electrophoresis (CE) have also been used to fractionate liposomes
based on their size. CE separates liposomes based on their charge-to-size
ratio and the findings from CE, and other chromatographic methods, can be
utilized to supplement the data from a DLS technique. Overall, CE is a better
method, than SEC for size fractionation study since it has higher resolution
with significantly smaller size requirement and sample consumption. So, we
used CE, together with DLS, to characterize liposomes made by extrusion

from cholesterol and zwitterionic phospholipids.

The permeability and entrapment capability of liposomes is usually studied
from the fluorescence measurement of the quenched dye encapsulated inside
the aqgueous compartment. The Self Quenched Fluorescence (SQF)
technique is commonly used in this type of characterization studies. In the

SQF method, a hydrophilic marker like carboxyfluorescein (CF) is dissolved



at high concentration (about 100 mM) and entrapped inside the liposome
aqueous interior during the liposome preparation [16]. The fluorescence
signal from the CF at high concentrations is significantly self-quenched. The
self-quenching mechanism is not clearly understood, however, the
fluorescence signal increases dramatically as the entrapped CF is leaked out
of liposomes (with time or as a result of physical and chemical
perturbations) and subsequently diluted in the external bulk aqueous
solution. The change in fluorescence signal can be used to assess the
membrane permeability. Interactions of certain solutes such as some drugs
or antimicrobial peptides could reduce the stability and/or change the
permeability of the bilayer membrane. The extent of the leakage from an
encapsulated liposome due to contact with a certain solute is determined

from the relative fluorescence (%F) of the leaked marker and is calculated
by

F | F-F |

= X 100%
[Fe = Fo

Equation (1)
F. — Fluorescence of liposomes after incubation with solute

Fo — Initial fluorescence due to dilution in an isomolar buffer
F..— Maximal fluorescence after lysis by Triton X-100

The above equation shows that if a solute has a strong interaction with the
liposome membrane then it causes an extended structural perturbation,
which is measurable and the value can be used as an index to compare the

membrane affinity of a group of solutes. The perturbation increases the



fluorescence intensity of the leaking dye and this increase is expected to be

dependent on the concentration and nature of the solute.

It is necessary to optimize the characteristics of a liposome including its
captured volume, and the retention of the entrapped material, in order to
maximize the payload of a liposome formulation. These important
characteristics are affected by the lipid composition and size of a liposome
and they can be determined using the SQF method [16]. The encapsulated
volume and efficiency are both related to the concentration of the marker
trapped inside the liposome’s aqueous compartment. But, the measurement
of these parameters using the SQF method can be unreliable and inconsistent
due to the osmotic pressure encountered as the quenched dye is encapsulated
at high concentration inside the liposome. In this part of our project,
liposomes are encapsulated with carboxyfluorescein at much lower
concentration (<10uM) than the SQF method, and the captured (or
encapsulation) volume is measured more accurately by a CE-LIF than the
conventional fluorescence technique. The liposome and capture volume (V)
Is the amount of agueous volume entrapped per amount of lipid used to
make the liposome; usually expressed in units of liter per mole of lipid
(L/mole) [17]. The encapsulation capacity of unilamellar liposomes, with
different lipid composition, is compared from the fluorescence measurement

of their encapsulated dye.

Liposomes have exhibited a potential for signal enhancement and higher
sensitivities when used in immunodiagnostic applications [18]. Liposomes
provide a large interior volume to encapsulate thousands of marker

molecules and an outer membrane surface that offers a site to attach a large



number of ligands (antigens or antibodies). These marker-encapsulated
liposomes with surface antigens are called immunoliposomes and have been
used to detect the conjugate antibodies in both homogeneous and
heterogeneous assay formats [6;19]. In particular, immunoliposomes that
lyse upon interaction with a specific analyte then release their entrapped
marker stoichiometrically are the basis for our study here. These immuno-
lysis liposomes have been found to provide simple, fast and inexpensive
assays with a comparable or better sensitivity for some analytes than the
established techniques, like ELISA [20;21]. The liposomes that we used in
our self-lysis immuno assay are similar to the (antibody) contact sensitive
liposomes used by the Huang group to detect anti-theophylline and other
antibodies [22;23]. The major lipid component of these liposomes is
phosphatidylcholine (PC), and a small percentage (< 2 mol %) of analyte
targeting molecule is also linked to the lipid head group. In homogeneous
assays, the analyte in the sample forms an immuno-complex with the
targeting molecule on the liposome surface and activates an attack by
exogenously added complement (or other) lytic agent causing a
stoichiometric marker leak from immuno-complexed liposomes [24;25]. In
order to circumvent the requirement for an exogenously added membrane
lytic agent, Huang & Ho used liposomes that are mostly made up of
phosphatidylethanolamine (PE), which is non-bilayer phase forming lipid,
together with a stabilizer lipid and a targeting molecule [22]. These PE-
liposomes first aggregate then undergo a non-bilayer transition followed by
content leakage when they bind to a multivalent ligand, without a need for

an external lytic agent. The major component (70-90%) in Huang’s contact



sensitive liposomes is the hexagonal phase forming lipid
dioleoylphosphatidylethanolamine (DOPE), which is induced into forming
stable liposomes due to the presence of a stabilizer lipid like DPPG, at 10-30
mole%. The packing structure of the DOPE-DPPG lipid mix allows for the
formation of a stable liposome that can encapsulate marker molecules inside
the aqueous compartment and link the targeting molecule, like an antigen, on
its outer membrane surface (< 2%). When these antigen- attached DOPE
liposomes are incubated with the antibody of interest, apposing membranes
come in contact due to the cross linking multivalent antibody and they are
induced into forming non-bilayer lipid structures. It is this non-bilayer
structure, usually a hexagonal H2 structure, that eventually leads to the
liposomes’ destabilization, followed by an antibody dose dependent leakage

of the encapsulated marker [22;26].

In our study DOPE is mixed with DPPC to form stable, dye-encapsulating
liposomes at neutral pH and ambient temperature conditions. A biotin-
attached lipid (biotin-cap-DPPE) is added at < 1% to the DOPE and PC lipid
mix, as a targeting molecule, for the analysis of avidin in free solution using
guantitative spectrofluorometric and CE-LIF techniques. Similarly,
dinitrophenol (DNP) attached liposomes are used to detect anti-DNP
antibodies in solution using the same experimental and assay conditions as
the biotin analysis. In addition, a dynamic light Icattering (DLS) technique is
used to monitor the liposomes’ average size and size-distribution before and

after their incubation with the analytes (avidin and anti-DNP).

Interaction of lipid membranes with peptides plays a very important role in

cellular signaling and membrane functions. These interactions are usually
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studied by using artificial lipid bilayers like liposomes. Similarly, liposomes
have also been used to study the effect of short antimicrobial peptides
(AMPs) on mammalian and microbial lipid membranes. The lipid
composition of liposomes can be varied to mimic the surface charge and
morphology of both bacterial and mammalian membranes. The membrane
disrupting mechanism of AMPs and how differences in their amino acid
composition affects their action is best understood from experiments using
artificial membranes [27]. In addition, a thorough understanding of
membrane-peptide interactions can also help design peptide antibiotic drugs
that are more effective than conventional antibiotic drugs. These types of
peptide antibiotics should have high specificity and potency toward bacterial
(prokaryotic) membranes, without disrupting the host mammalian
(eukaryotic) membranes. Hopefully in the near future, AMPs will become
one of the novel classes of antibiotics that overcome the ever spreading
(antibiotic) drug resistance problem worldwide. Accordingly, it is important
to devise sensitive techniques to probe and better understand peptide-
membrane and other related interfacial membrane interactions. Different
analytical techniques have been used to study the interaction between AMPs
and artificial lipid bilayers, like liposomes. From these studies, it’s been
observed that the peptide may affect some of the physical and structural
characteristics of the liposome and vice versa. Characteristics like
permeability, surface charge density, size and size-distribution of the
liposomes may change due to the peptide’s action. Similarly, the
fluorescence behaviors of the tryptophan (Trp) moieties and the tertiary

structure of the peptide may also change due to the interaction with the
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liposome membrane. Different instrumental techniques including circular-
dichroism, NMR and fluorescence have been used to better understand

AMP’s mechanism of action on biological membranes [28]

In this study, the interaction of indolicidin, a cationic 13 amino acid
antimicrobial peptide, with liposomes is monitored using light scattering,
fluorescence and Capillary Electrophoresis (CE) techniques. The lipid
composition of the liposomes is varied between zwitterionic to anionic in
order to mimic eukaryotic and prokaryotic membranes. In addition,
cholesterol is mixed with the zwitterionic DMPC lipid to examine the
peptide effect on the liposome’s size, permeability and other physical
characteristics. The liposome’s average size and polydispersity index (PI)
are measured before and after peptide incubation and the change in these
parameters can give insight into the extent of perturbation caused by the
peptide on the membrane and any fusion that might have occurred thereafter.
In a similar manner, indolicidin’s innate tryptophan fluorescence is
compared before and after interaction with anionic and zwitterionic
liposomes. The peptide’s fluorescence intensity increases when it inserts
deeper into the hydrophobic membrane and the emission A,y IS also blue
shifted. An acrylamide fluorescence quenching experiment shows that the
peptide’s tryptophan residues insert at different depth into the liposome
membrane, depending on its lipid composition [29]. Also, using a
conventional fluorescence experiment, the peptide induced leakage from
calcein encapsulated liposomes is compared between zwitterionic and
anionic liposomes. The fluorescence of the (liposome) encapsulated dye

increases when it leaks out to the extra liposomal-solution due to membrane
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perturbation by the peptide’s action. Finally, capillary zone electrophoresis
(CZE) and liposome electrokinetic chromatography (LEKC) methods are
used to compare the peptide’s affinity for zwitterionic and anionic liposome
membranes. The interpretation of the electropherogram peak area and
retention time data, of the liposome and the peptide, are used to support what
has been observed with DLS and fluorescence experiments regarding the
hydrophobic and/or electrostatic nature of the interaction between the

liposome and peptide.
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Chapter 2
Electrokinetic characterization of mixed zwitterionic-cholesterol liposomes
Abstract

The size and electrical properties of zwitterionic liposomes are partially
influenced by their lipid and cholesterol compositions. The zeta potential
and electrophoretic mobility of different size liposomes made by extrusion
from phosphatidylcholine (PC), sphingomyelin and cholesterol is measured
by capillary zone electrophoresis (CZE) and laser doppler velocimetry
(LDV) techniques, while their average size is measured by dynamic light
scattering (DLS). Results from these experiments indicate that both
dipalmitoylphosphatidylcholine (DPPC) and sphingomyelin liposomes have
similar electrostatic behaviors. The DPPC/cholesterol liposome with the
highest cholesterol composition (45 % by mole) had the largest size and also
mobility (most negative) than lower cholesterol content liposomes (5 and
25%). The liposome mobilities measured by the LDV and CZE methods
were practically the same, mostly within 2% difference. The CZE migration
order of small and large liposomes was opposite to that expected from
classical electrokinetic theories due to the relaxation effect of the ionic
atmosphere surrounding the migrating liposomes in low ionic strength
buffers. The Smoluchowski equation, with Henry’s function, correctly
relates the effect of particle size on its mobility in low ionic strength
solutions. Together with the LDV technique, CZE can be used to fully
characterize the electrostatic behavior, and the stability of liposome samples.

In the absence of the expensive diffraction instruments, CZE by itself, or in

18



combination with chromatographic methods, can offer alternative means of

characterization of charged colloid particles.
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Introduction

Liposomes are artificial phospholipid vesicles that are formed by the self-
assembly of lipids, and other lipophilic molecules, into a spherical structure
surrounding an aqueous interior. Due to their resemblance to real
membranes they have been widely used both in research and in industrial
applications. The behaviors and the application of liposomes are mainly
determined by their composition and physical characteristics, like size and
surface charge [1;2]. The physical characterization of liposomes is important
in order to monitor their stability and performance during storage and
applications both in-vivo and in-vitro. Data obtained from these studies will
help in formulating optimum liposome compositions and methods of their
preparation for specific industrial and research applications. Also, better
understanding of the natural membranes is gained through correct
characterization and meaningful interpretation of the experimental results

from membrane mimicking systems like liposomes [1;3].
Characterization of liposomes’ size

Liposomes are often distinguished according to their number of lamellae and
size. Small unilamellar vesicles (SUV), large unilamellar vesicles (LUV)
and large multilamellar vesicles (MLV) have been recognized. SUVs show a
diameter ranging from 20 to approximately 50 nm. LUVs and MLVs range
in size from a few hundred nanometres to several micro-meters. The
thickness of the membrane (phospholipid bilayer) is determined as
approximately 4 to 6 nm [1;4]. Electron microscopy (EM) permits the direct

observation of individual liposomes and, in principle, provides exact
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information on the size of a selected few liposomes out of the whole sample.
However EM is very expensive and the method is quite tedious and time
consuming. Dynamic light scattering techniques (DLS) have widely been
used for characterizing average size and polydispersity, while conventional
size exclusion chromatography (SEC) and high performance SEC methods
have been used to fractionate liposomes based on their size [1;4;5]. The DLS
technique, also known as photon correlation spectroscopy (PCS), determines
the diffusion coefficient of the liposomes, due to the Brownian motion in the
suspension, through analysis of the time dependence of the intensity of
fluctuations in scattered light. Small liposomes diffuse more rapidly than
larger liposomes, and the fluctuation of the scattered light intensity varies
accordingly. This method generates the translational diffusion coefficient,
and the average radius of the liposome is calculated using the Stokes-
Einstein equation [1;6]. However, DLS has few other limitations, beside
expensive instrumentation, it offers low resolution and its accuracy is limited
to a narrow particle size range. That is, it has poor accuracy for sizes
smaller than 30nm and larger than 500nm. The DLS technique appears to
underestimate the size of small liposomes (<30nm) in the presence of larger
sized liposomes. A combined method of chromatographic fractionation
followed by DLS measurement of each (eluted) fraction seems to provide
better results than DLS alone [7].

SEC is an inexpensive and quick method for the fractionation and size
analysis of liposomes. Using combination of TSK-G6000 (>1000A pore)
and G5000 (<1000A) HPSEC columns, Ollivon and coworkers were able to

separate liposomes with sizes ranging 20-500nm with somewhat limited
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resolution. The columns are packed with cross-linked gels and retention is
based on ease of permeation through the gel pores. Very large liposomes
elute fast with the void volume while smaller liposomes enter the gel pores,
and their retention time on the column is proportional to their size [8].
However, it is difficult to separate mixed liposomes, with a relatively narrow
size distribution of less than 50nm spread, in a single elution cycle using
classical or HPSEC methods. An additional step of re-chromatography of the
(eluent) sub-fractions on a smaller pore-sized column might be needed to
achieve the highest resolution of a polydisperse-sized liposome formulation
[7]. Capillary electrophoresis may offer better resolution for liposomes and

particles that carry charge.
The electrostatic behavior of liposomes

In membrane research, electrostatic phenomena play a crucial role in many
biological processes taking place at the membrane surface. Generally, the
electrostatic potential is important for many, if not all, types of interactions
with membranes. For example, calcium ion binding has a major role in
membrane processes like, signaling, endocytosis, exocytosis, and receptor
binding, beside others. A change in the membrane surface potential can
affect adhesion between cells as well as fusion of cell membranes through
the contribution of the electrostatic force to the total adhesion process. As a
further consequence, measuring and controlling the electrostatic properties
of lipid vesicles is crucial for the basic understanding of real membranes and
for the practical applications of liposomes. Additionally, for industrial and

pharmaceutical application, the loading efficiency, the binding strength and
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the release rate of encapsulated drugs are also largely affected by the

electrostatic properties of the liposomes used [9;10].

The most convenient method for the electrostatic characterization of
liposomes has been through determination of the zeta potential of an
ensemble of charged lipid vesicles in an external electric field. The zeta
potential is related to the overall particle charge in a particular medium.
Historically, many of the electrophoretic studies on liposomal dispersions
were done by micro-electrophoresis, which is a method of studying
electrophoresis of various dispersed particles using optical microscopy. In
recent times, measurement of the zeta potential of samples is done using the
technique of laser doppler velocimetry. In this technique, a voltage is applied
across a pair of electrodes at either end of a cell containing the particle
dispersion. Charged particles are attracted to the oppositely charged
electrodes and their net velocity is measured from the scattered laser light by
the electrophoretically moving liposomes. The electrophoretic mobility is
calculated as the ratio of the particles’ velocity to the applied electric field
strength [9-11].

Although, zwitterionic lipids like phosphatidylcholine,
phosphatidylethanolamine and sphingomyelin, together with the neutrally
charged cholesterol, make up the major portion of most biological
membranes, very little work has been done in characterizing large
unilamellar vesicles (LUV) made from zwitterionic lipids and cholesterol
using electrophoretic methods. This might be because of the presumption
that at or near the neutral pH value, these liposomes will have zero net

charge and possess little or no electrophoretic mobility. But from our CE
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and zeta potential determination experiments, these mixed zwitterionic-
cholesterol liposomes do carry a net negative surface charge and can be

characterized by light scattering and electrophoretic techniques.
Capillary electrophoretic characterization of liposomes

Capillary electrophoresis (CE) encompasses a family of related separation
techniques that use narrow-bore fused-silica capillaries to separate a
complex array of large and small molecules. High electric field strengths are
used to separate molecules based on differences in charge, size and
hydrophobicity. Sample introduction is accomplished by immersing the end
of the capillary into a sample vial and applying pressure, vacuum or voltage.
Depending on the types of capillary and electrolytes used, CE can be divided
into several separation techniques. Capillary zone electrophoresis (CZE),
also known as free-solution CE (FSCE), is the simplest form of CE. The
separation mechanism is based on differences in the charge-to-size ratio of
charged molecules in an applied electric field. The separation relies
principally on the pH-controlled ionization of the acidic and basic functional

groups of solutes [12].
In CZE, colloidal particles migrate through the capillary based on their
charge density. Assuming that the liposome travels as a sphere, the

electrophoretic mobility () of a particle is governed by the classical

electrokinetic equation:

0|

67rr Equation (1)

-
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Where q is the effective charge, r is the particles’ hydrodynamic radius and
n is the viscosity of the media. Based on this equation, for a homogeneous
(sized) and uniformly charged colloidal particles, like liposomes,
electrophoretic mobility is directly related to particle charge [13]. Similarly,
the Smoluchwski equation relates the liposome mobility to the zeta potential
when an external electric field is applied through the liposome solution. Zeta
potential () is an electrostatic potential that develops at the shear surface of
suspended colloidal particles, like liposomes. Smoluchowski’s equation
shown below is a limiting case that applies when the thickness of the
electrical double layer (EDL), at the liposome interface, is much smaller

than liposome size [12;14].

)
H=| |
[ 7 Equation (2)

& - Dielectric constant of media

Since the migration of the liposome through the capillary is also influenced
by the bulk electro osmotic flow (EOF), due to the creation of an electrical
double layer from the silica surface silanol groups at high voltage,

calculation of the observed mobility () will be the vector sum of the

electrophoretic mobility (z&p) and the EOF-mobility (o).
JU = [dep == [leo Equation (3)

The liposome’s observed mobility () is also related to its total linear

velocity (v) and other parameters in the following equations:
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Where E is the electric field strength (V/cm), V is the voltage applied, t, is
liposomes’ migration time to the detection window, |, and 4 are the capillary
total length and its distance to the detector. The EOF mobility (ueo) is
determined from the migration time of a small neutral molecule like
methanol or mesityl oxide. Once the liposome’s mobility is known from
CZE, its mean surface charge can be calculated using equation (1), assuming
each liposome is a charged sphere moving independently through a low

viscosity (water) electrolyte solution [15;16].

Over the last decade, capillary electrophoresis (CE) methods have been used
to characterize the size, surface and electrophoretic properties of liposomes
made from charged lipids and cholesterol [14;15;17-19]. There are very few
extensive published reviews related to the separation and characterization of
liposomes and other sub-micron sized particles by CE [13;20-22]. Mainly,
Riekkola’s research group has characterized extruded liposomes made from
anionic lipids like phosphatidylglycerol, phosphatidylserine, phosphatidic
acid, cardiolipin (PG, PS, PA,CL) and they were able to estimate the average
surface charge on the anionic liposomes [14;23]. Similar studies of charged
liposomes by Roberts and others have showed that the surface charge largely

determines the liposome’s mobility [15;19;24]. These studies indicate that
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increasing the anionic lipid mole fraction makes the liposomes more
negative and leads to larger electrophoretic mobility. Also, the anionic
liposomes peak width is usually broad due to a wide size distribution. For
certain samples, the extent of peak broadening could be so great that would
lead to indiscernible peaks from the baseline [15;19;25]. For the most part,
all related published studies by others indicate that the electrophoretic
migration time and peak profiles of a liposome preparation can be used to
examine the electrostatic properties, which greatly affect its behavior, both

in vivo and in vitro.

In this study, capillary electrophoresis and dynamic light scattering
techniques have been used to characterize presumably uncharged liposomes
made of the zwitterionic lipids phosphatidylcholine and sphingomyelin and
cholesterol prepared by the extrusion method. The effects of liposome’s lipid
composition and the type of electrolyte/buffer on liposome size, stability and
electrostatic behaviors were investigated. Liposomes with varying
lipid/cholesterol composition were prepared by extrusion through 100 nm
membrane filter, and the resulting differences in their mobility monitored.
Similarly, the effect of liposome size on electrophoretic mobility was studied
using liposomes made of the same lipid/cholesterol contents but extruded
through 50 nm and 100 nm filters. A combination of CZE and DLS allowed
rapid investigation of liposome’s surface charge, average size, and size

distribution.
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Experimental
Materials and methods
Chemicals

1,2-Dipalmitoyl-sn-Glycero-3-Phosphocholine (DPPC), chicken-
sphingomyelin, Rhodamine-labeled-DPPE (1,2-Dipalmitoyl-sn-Glycero-3-
Phosphoethanolamine-N-(Lissamine Rhodamine B Sulfonyl)), and
cholesterol were from Avanti Polar Lipids. 1M HEPES (pH 7.3 £ 0.1) and
Tris-HCI buffers, Mesityl oxide was purchased from Fisher. Deionized
18MQ water was obtained in-house from a reverse osmosis Millipore
system. The hydrophilic marker dyes calcein, carboxyfluorescein and alexa-
fluor were obtained from Probes-Invitrogen. Size exclusion gel Sephadex
G-50 and Micro Spin filter columns (part # 27-5330-01) were obtained from
Amersham Biosciences. Sephadex G-50 gels have an average fractionation
range of 500-10,000 daltons. The molecular structures of the lipids and
fluorescent dyes used in this study are given in figures 2-1 and 2-2

respectively.
Capillary Electrophoresis

The CZE-UV experiments were carried out on a laboratory-built CE
instrument. A Spellman SL30 high-voltage power supply was used to apply
a positive voltage over the length of the fused silica capillary (Polymicro
Technologies, Phoenix, AZ, USA), with an inner diameter of 75 um and an
outer diameter of 362 um. The temperature of the system was maintained at
25 °C using a circulating oil bath. The absorbance was measured at 254 nm
and 280 nm using a SSI 500 variable-wavelength UV detector.

28



The CE-LIF system consisted of an argon ion laser (Omni Chrome, CA,
USA) modulated by a chopper controlled by a lock-in amplifier (EG&G,
Trenton, NJ, USA). The 488 nm modulated laser line was focused onto the
50 um [.D.x362 um O.D. bare fused-silica capillary (Polymicro
Technologies, Phoenix, AZ, USA) through an upright microscope with a
40X fluorite objective which both sent the excited fluorescent beam and
collected the emitted beam to/from the capillary. The laser excitation beam
would pass through a dichroic filter (495 nm) and the subsequent emission
beam would pass through a long pass (500 nm) and short pass (515 nm)
filters and transmitted to the photomultiplier tube (Hamamatsu, Bridgewater,
NJ, USA). The signal was then sent to the A/D converter and the lock-in
amplifier. All data acquisition and data analysis for both CE-LIF and CE-
UV experiments were performed using PC/Chrom™ and Lab View

software’s.
Liposome size, size-distribution and zeta potential

The hydrodynamic diameter and the poly-dispersity (size-distribution index)
of all liposome preparations were determined by Dynamic Light Scattering
(DLS) technique using the Malvern Zeta Sizer model 1000HSa. The
Malvern instrument measures the time-dependent fluctuations of light
scattered by the liposomes and uses it to calculate the average size and
polydispersity of the liposomes [1]. We have observed that extrusion always
produces liposomes with a narrower size distribution than probe-sonication
and it has also been indicated by others that it does not rupture lipid chains

or denature encapsulated molecules [4].
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Liposome zeta potential measurement

The liposome’s zeta potential, which is directly related to its net charge and
affects its mobility in the buffer solution, was measured by the Malvern
Zeta-nano instrument. The Zeta-nano calculates the zeta potential by first
determining the electrophoretic mobility and then applies the Smoluchwski
equation to calculate the potential [9;11]. The mobility is obtained by
applying an external electric field (E) on the sample and measuring the
average velocity (v) of the liposomes with Laser Doppler Velocimetry

technique.

14

n=lg

From Equation (4)
The Smoluchwski equation with Henry’s function, f (kR), is given as:

=255 £ (kR)
3n Equation (6)

Where

¢ = zeta potential

4 = electophoretic mobility

& =dielectric permitivity of solution

n =Vviscosity

(kR) = Henry's coefficient
The particle’s radius (R) and the inverse thickness of the electrical double
layer (K= 1/K) determine the value for Henry’s function, which varies

between 1.0 and 1.5. The two extreme case values are usually used as
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approximations for f(kR) determination, either 1.5 or 1.0. In agqueous
electrolyte solutions (>10M), where the electrical double layer (EDL) is
much smaller than the particle’s radius (kR>>1),the function f(kR)
approaches 1.5, and the Smoluchwski approximation applies [10;14]. For the

Smoluchwski Zeta potential, equation (6) simplifies and rearranges to:

C:ﬂ

= Equation (7)

For very weak electrolyte solutions (<10°M and kR<<1), the EDL thickness
Is much larger compared to the particle radius, so the particle can be treated
as a point charge. Under this circumstance the value of Henry’s function
approaches 1.0, which is called the Huckel approximation. In the
intermediate regions, between the Smoluchwski and Huckel extremes,
Henry’s function can have values between 1 and 1.5, based on the particles

size and the nature of the electrolytic solution [10;27].
Preparation of dye encapsulating liposomes

All the liposome suspensions were prepared by the extrusion method
developed by Hope, M.J, and coworkers, with a slight modification, using
the Lipex 10mL thermo barrel extruder (Northern Lipids Inc., Vancouver,
BC Canada) [28]. Lipids at a total concentration of 10mg/ml are first
dissolved in 3-5mL of chloroform in a 50mL round bottom flask. A dried
thin lipid film is formed around the flask inside walls after a 30-45 minutes
of rotary evaporation on the Bushi Roto-Vap, under low pressure and
>50°C. The dried lipid film is hydrated with 3-5mL of pure buffer or a

buffered-dye solution with continuous shaking at a temperature above the
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lipid phase transition temperature T, (for DPPC > 41°C) to form a stable
multi lamellar vesicle (MLV) suspension. After vortexing and homogenizing
the MLV suspension, it is first extruded about 7 times on a single 200nm
Nucleopore Polycarbonate membrane (Whatman Inc. USA) in the 10mL
Lipex extruder at 60°C and a low N, pressure (<100psi). Finally, the
liposome suspension is extruded at least ten times through a double 100nm
Polycarbonate membrane at a pressure of 200-400psi. During all the
extrusions the temperature has to be maintained at least 10°C above the glass
transition temperature (T.) of the liposome, so as to maintain a reasonable
flow at moderate extrusion pressures. All the final liposome preparations are

stored in a refrigerator (4°C) until further analysis.

In some cases lipids with a dye molecule covalently attached to their head
group have been used instead of a hydrophilic dye encapsulation. In this
situation, a dye-attached-lipid, like Rhodamine-phosphatidylethanolamine
(Rh-PE), is co-dissolved in chloroform with the other amphiphiles to form
the thin lipid film, which later is hydrated with a plain buffer to form the
liposomes. This way, the dye molecule is anchored to the membrane and it
takes care of the random dye leakage problem, which sometimes occurs with

aqueous dye encapsulated liposomes.
Separation of un-trapped marker and liposome

For the CE-LIF experiments the encapsulated liposomes have to be
separated from the free un-trapped hydrophilic dye on Sephadex G-50 gel
filtration micro-columns (750uL) since the fluorescence signal due to the

free (untrapped) dye interferes with detection of the liposome peak. The gel
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column is prepared first by boiling about 1g of Sephadex G-50 fine powder
in 15-20 mL of DI-water for an hour in a covered beaker. One gram of G-50
powder swells to 7-9 mL gel volume. The gel is cooled to room temperature
before it is filled into the micro-columns filling 70% of the volume. The
column is equilibrated with (100uL) blank liposomes before it’s used for
free-dye/liposome separation. The liposome/dye mixture is gently placed on
the gel micro-columns and the encapsulated-liposomes are separated from
the free dye after centrifugation for 2 minutes @1000rpm. The low
molecular weight dye (<5000) is trapped in the gel while the liposomes are

excluded and elute first with the void-volume at almost zero dilution.
Results & discussion
Liposome composition and its effect on size

A liposome’s chemical composition determines its physical characteristics
including its size, encapsulation and permeability properties. Dynamic light
scattering (DLS) measurements of DPPC/CH liposomes show that
liposomes with more cholesterol tend to be somewhat larger, on average,
than liposomes without or with less cholesterol content. Also, marker
encapsulated liposomes usually are larger than the ones with only a plain
aqueous buffer interior. Figure 2-3 shows the effects of cholesterol and dye
contents on the liposome size. Generally, the liposomes with buffered-dye
interior were larger than the ones with just a plain buffer. All the liposomes
are prepared the same way and extruded through final double 100nm
polycarbonate membranes. These observations are consistent with those

reported in the literature [29;30]. The presence of cholesterol changes the
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lipid packing structure and the orientation of the head groups along the
membrane interface region. One of the reasons for the increase in size of
cholesterol-rich liposomes could be due to the presence of cholesterol
between the lipid molecules, which straightens the acyl chains that were
tilting sideways in pure DPPC liposome membranes [1]. As illustrated in
Figure 2-4(b) pure-PC bilayers adapt the tilted orientation in order to
decrease the gap that is created between the lipid-acyl chains, due to the size
of the lipid head groups, and maximize the hydrophobic interaction/contact
between them [31;32]. This tilted packing structure might also decrease the
membrane thickness and the total liposome diameter. Mixed PC-cholesterol
liposomes, as shown in Figure 2-4(a), have perpendicularly oriented acyl
chains since cholesterol fills the gaps between the acyl chains and this might
contribute to the thickening of the bilayer membrane, thereby increasing the
total liposome diameter [32]. Type of the buffer used did not have any effect
on size since all the liposomes prepared in two other buffers showed the
same trend of size increase with a more cholesterol composition.
Comparatively, we noticed the liposomes prepared with DI water tend to be
smaller, on average, than those prepared with buffers. In addition to lipid
packing changes, cholesterol will also enhance the extent of hydration
around the interfacial membrane region, which also might contribute to the
enlargement of the liposome membrane. Generally, cholesterol enhances the
orientation and order of the phospholipids thereby increasing the thickness
and rigidity of the membrane [1;3;28-30]
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Effect of liposome size on electrophoretic mobility

As noted in the introduction, the mobility of a charged liposome is
controlled by the zeta potential at the shear surface, and is governed by
Henry’s equation (equation 2). The electrophoretic mobility of non-
conducting spherical particles dispersed in an electrolyte solution is usually
calculated by simply applying the Smoluchwski approximation with Henry’s
coefficients [10;11;14;16]. Under this approximation, it is implied that the
mobility of a colloid particle in a dilute electrolyte solution should be
essentially independent of its size and shape for all charge densities [27].
Using classical electrostatics (equation 1), it is expected that liposomes with
similar charge distribution (same lipid composition) should migrate based on
their charge-to-size ratio, with the smallest (negatively charged) liposome
eluting last and the larger sized eluting earlier. The overlaid
electropherograms on Figure 2-5 show the normal mode CZE run of a 74, 95
and 150nm DPPC/CH liposomes (extruded through 50, 100 and 200nm
filters respectively) with 55/45 % mole composition. Similarly, Figure 2-6
shows the larger liposome (152nm) has a faster negative mobility (~2.2min)
than the 95nm liposome (~2.0min). These liposomes are made of
zwitterionic lipids but each has distinct mobility that is different from each
other and the internal standard (@1.8min), the neutral marker mesityl-oxide.
The liposome retention times obtained in Figure 2-6 were inconsistent to that
expected by the charge-to-size mechanism (equation 1) and the
Smoluchwski equation (equation 2), since the large 150nm liposomes have
the fastest (negative) mobility and elute later than the smaller 75 and 95nm

liposomes. This indicates that liposome size plays an important role in
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determining liposome CZE mobility, and therefore, Henry’s equation has to
be revisited in order to explain this phenomenon. The k term in Henry’s
function is the reciprocal of the Debye length (k =1/K), which is the
electrical double layer thickness (EDL), and R can be approximated by the
liposome radius. In the cases of small potential (¢ <25mv at 25°C), Henry’s
function, f(kR), increases in the (1< f (kR) <1.5) range as the liposomes go
from a small to a larger size [14;27]. Since EDL (1/k) is an explicit function
of the ionic strength of the buffer, it does not change between the different
sized liposome solutions. Consequently, the electrophoretic mobility of the
liposomes can become a monotonic function of their size at a given ionic
strength, with the larger liposome (150nm) having the fastest mobility and
therefore the longest migration time under normal mode CZE [13;17;27;33].
The size difference between the 75 and 95 nm-sized liposomes was not large
enough to get a CZE resolution for the liposomes that were run, in Tris
buffer as shown in Figure 2-5 but the CZE runs in Hepes buffer (Figure 2-7)
show better resolution, than tris buffer, with each of the 3 peaks clearly
eluting at different times with the smallest 75nm liposome eluting first,
followed by the 95nm one and lastly the 150nm as expected by Henry’s
equation. Generally, liposome run in both tris and heps buffer show similar
electrokinetic migration profiles, as seen on figures 2-5, 2-6 and 2-7, with
the larger 150nm liposome eluting later than both the 75 and 95nm ones.
Laser Doppler Velocimetry (LDV) measurements of different sized
liposomes’ mobilities by Roy and Estelrich have also indicated that the
absolute value of the Zeta-potential, which is directly calculated from the

mobility, of mixed PS/PE liposomes is size dependent and is the highest for
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the large multilamellar vesicles (MLV) followed by sonicated and extruded
unilamellar vesicles [33]. Their results clearly show that the experimentally
determined electrophoretic mobility was not only affected by the lipid
composition, but also by the liposome preparation method and the size of the
liposomes. Also, similar CE characterization of colloid particles by Radko
and others have indicated that liposome mobility in low ionic strength
buffers is usually smaller than from that calculated by classical electrostatic
theory (equation-1) due to the relaxation and retardation effects of the ionic
atmosphere (EDL) surrounding the liposome during electrokinetic migration
[17;34;35]. In a study by Radko et al, a series of partially-resolved
electropherograms of extruded liposomes show a size dependent elution
order with the large sizes migrating faster than smaller liposomes in a
pH~8 Tris-HCI buffer, on CZE with reverse polarity [17]. Similarly, a CZE
separation of latex microspheres, ranging in size from 100 to 352nm, by
Johnson and Stokes shows the large liposomes exhibiting faster mobility
than small ones [34]. Generally our CZE study of zwitterionic liposomes,
that have similar lipid composition and surface density, shows that mobility
is primarily a function of size, with the larger liposomes migrating faster
than smaller liposomes, according Henry’s equation [17;27]. In addition,
different studies have shown that in dilute electrolyte solutions (<10M),
where the EDL thickness is significant relative to the size of the liposome,
the relaxation/retardation effects contribute to the dragging force which
reduces electrophoretic mobility and the effect is more significant as the

particle size decreases [18;27;33].
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Effect of lipid and cholesterol composition

Liposomes are usually prepared from a mixture of lipids and lipophilic
compounds. Cholesterol is usually added (up to 50% by mole) to increase
the membrane rigidity and reduce its permeability in the liquid-crystalline
state [1]. As indicated earlier, cholesterol also increases the membrane
thickness and the liposome’s overall size. In addition, liposomes made from
pure zwitterionic phosphatidylcholine (PC) have been found to carry a
negative charge at neutral pH [14;36]. This surface negative charge is
manifested by the net electrophoretic mobility, which is calculated from CE
and laser diffraction measurements in studies by the Riekkola group [14]. In
another study by Makino and Kimiko, the DMPC (C14), DPPC (C16) and
DSPC (C18) liposomes show nonzero zeta potentials when they are
dispersed in Hepes buffer at pH 7.4 [37]. The charge on a liposome can be
estimated using Egl once its mobility is determined from Eq5. The viscosity
(10° Kg/sm) and dielectric constant (80 Fm™) in Eql can be substituted with

that of water for these dilute liposome buffer solutions, at room temperature.

In this study we have prepared liposomes from zwitterionic lipids DPPC,
Sphingomyelin (Sph), and their mixture with cholesterol in order to
determine the effect of cholesterol on the liposome’s surface charge and
electrophoretic mobility. Table 2-1 shows that the liposome zeta potential
and electrophoretic mobility increased with the increase in cholesterol
content for three types of liposomes made from zwitterionic lipids DPPC
and sphingomyelin, as measured by LDV. The Malvern measured mobilities
on Table 2-1 were close (within 2% difference) to those calculated with Eg5

using the retention times in Figure 2-10. Although, there are a few
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publications indicating the increase in zeta potential magnitude with
cholesterol content, our study is the only one (at least to our knowledge) that
systematically explored the changes in surface behavior of neutral liposomes
due to changes in cholesterol content, using a different technique, besides
laser diffraction methods [27;30]. All the electropherograms in Figures 2-8
to 2-10 show that the liposomes have a net negative mobility since they all
eluted after the neutral EOF marker Mesityl Oxide under normal mode CZE
runs (+30KV voltage is applied at the anode where the sample is injected).
Also, each peak in Figure 2-10, representing a liposome with a different
cholesterol composition, has migrated at a different electrophoretic mobility
because of differences in surface charge density. Thus, irrespective of the
type of dye used, whether hydrophilic encapsulation of carboxyfluorescein
or membrane anchored neutral dye Rhodamine-B, the liposome with the

most cholesterol always has the longest migration time.

Since all liposome in this study were composed of zwitterionic
phospholipids (DPPC or others) and neutrally charged cholesterol at the
operating pH (7.0), the net negative charge on the liposomes could be due to
the conformational effects of lipids in the assembly, that is a buffer
dependent orientation of the phosphatidylcholine’s dipole head group that
creates shielding of the positive charge [37;38]. This shielding might be
reinforced by the presence of cholesterol, where more of the negative side of
the dipole sticks-out of the surface of the liposome and the positive side
pulled more to the inside of the membrane due to hydrogen-bonding
interaction with the cholesterol —OH group. This PC head-group orientation,

which is responsible for imparting a negative dipole potential to the
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liposome, can be represented by the schematic seen in Figure 2-11, as
proposed by Makino et al [37]. Another possible explanation for the
negative charge detected on the liposomes made of zwitterionic lipids could

be presence of trace anionic lipid impurities.

The decrease in mobility of liposomes with lower cholesterol content could
be also due to their membrane deformation during electrophoresis.
Cholesterol is known to add rigidity to a lipid bilayer, and membranes
without it are susceptible to deformation under physical stress, such as high
voltage electrophoresis. In addition, our study also conforms to the general
notion that cholesterol increases the absolute zeta potential and the
electrostatic repulsion between phosphatidylcholine liposomes thereby
enhancing their stability [1;29;30;39;40].

Monitoring liposome extended stability

As expected, the long-term physical stability of liposomes depends on their
lipid composition. The incorporation of cholesterol in moderate amounts (up
to 30%) has been found to increase the packing efficiency and reduce the
surface tension (decreases aggregation) and permeability of
phosphatidylcholine liposomes [39;40]. Charged lipids also reduce
aggregation through electrostatic repulsion. Commonly, particle size and
zeta potential measurements are performed through set intervals of time to
monitor liposome stability [11]. The average size and size-distribution index
(PI) increase with extended storage, while the average zeta potential
decreases with time, mainly for the 45% cholesterol liposome. We have
measured both the Zeta-potential and polydispersity index after 4 and 8
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week intervals to examine membrane stability of PC/CH liposomes. Figure
2-12 and 2-13 illustrate that through the 8-weeks time, the polydispersity
(P1) increases due to aggregation, and the zeta potential decrease as the
(attractive) surface tension increases between apposing liposomes. As noted
earlier, the P1 is a relative comparison index which is obtained from the DLS
instrument and used to qualitatively determine the width of the size
distribution of colloid particles. A Pl value scale ranges between 0.0 and
1.0. When P1 is close to zero, it indicates a very narrow and a homogeneous
size distribution of a colloid suspension, while a value close to 1.0 represents
a heterogeneous and polydisperse size distribution. The same trends were
also observed with sphingomyelin liposomes through a four week time

period.
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Conclusion

Dye-encapsulated zwitterionic liposomes composed of DPPC,
Sphingomyelin and cholesterol were characterized by combined
electrophoretic and DLS methods. The electrophoretic mobility calculated
from CZE migration time were essentially the same and within 2%

difference to those measured by the Malvern zeta LDV technique.

The amount of cholesterol in mixed DPPC/CH liposomes has an effect on
both the liposome’s average size and its surface charge density. The DLS
measurements show that liposomes with more cholesterol are larger in size
than those with less or without cholesterol. Also, the encapsulated material
(buffer or dye) seems to affect liposome size as shown on Figure 2-3. For
example, a marker encapsulated liposome has a larger diameter, on average,
than one prepared with plain buffer, and, liposomes prepared in pure DI

water tend to be smaller than those prepared in Hepes and Tris buffers.

The electrostatic behaviors are determined by the lipid and cholesterol
composition of these liposomes. Both CZE and LDV experiments confirm
that phosphatidylcholine and sphingomyelin liposomes do carry a net
negative surface charge, and this is true irrespective of the buffer type or in
plain aqueous solution. The orientation of the PC head groups could impart a
negative zeta potential to the liposomes made of electrostatically neutral
zwitterionic phospholipids in dilute aqueous buffers. The smallest
electrophoretic mobility was observed for liposomes made with the smallest
cholesterol content (5%). The fastest mobility by 45% cholesterol liposome

could be due to the enhanced negative surface charge distribution of the PC
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head group in the presence of cholesterol (dipole orientation) as suggested
earlier. Also, since cholesterol enhances rigidity, the mixed (cholesterol+PC)
liposomes might resist deformation (and retardation) during electrophoresis
than pure PC liposomes thereby having faster mobility. Mobilities measured
by CZE and LDV techniques were essentially the same in most cases.
Incorporation of anionic lipids has been found to increase the mobility and

zeta potential of phosphatidylcholine liposomes.

The size of a liposome is obviously a factor in determining its
electrophoretic mobility. For a 75 and 150nm liposomes with the same lipid
composition, which means similar surface charge density, the 150nm
liposomes migrate faster according to Henry’s equation approximation. This
migration order is opposite to that expected by the charge-to-size mechanism
but directly correlates well with the size of the liposomes. In addition, the
migration of the smaller liposomes might be more affected by the relaxation
effects of the ionic atmosphere (EDL) surrounding the liposome during
electrophoresis. The long-term stability of zwitterionic-lipid/cholesterol
liposomes is also monitored by measuring their Zeta potential (ZP) and
polydispersity index by DLS technique. The ZP of the 45% cholesterol PC-
liposomes decreased by about 50% while that of the 5%cholesterol PC-
liposomes did not change by that much over the 8 weeks time. Despite the
large drop in ZP, the polydispersity index of the 45% cholesterol PC-
liposomes did not show a significant increase through the same period
(0.094 to 0.130), which still indicates a relatively narrow size distribution.
Also, the PI for the 5% cholesterol liposomes only increased by 0.051 (0.083
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to 0.134), which similarly indicates a minimum aggregation. Generally, a Pl

value of <0.2 indicates a fairly uniform size distribution.
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Table 2-1. The DLS analysis of zeta potential, mobility, size and

polydispersity-index of mixed zwitterionic/cholesterol liposomes.

Zeta potential, mobility, size and polydispersity-index of mixed zwitterionic/cholesterol
liposomes by DLS
Run Mob Pl
# Sample Name Zeta-P (mV) (cm2/Vs)X10'4 Size (nm) | (dispersity)
1 20mM DPPC: Cholesterol 5% -2.04 —1.60 94+0.5 0.083
2 20mM DPPC: Cholesterol 25% -3.91 -3.07 100£0.5 0.069
3 20mM DPPC: Cholesterol 45% —5.28 -4.14 107+0.5 0.094
20mM total (sphingomyelin 95%:
4 Cholesterol 5%) -3.12 —2.45 120+1.3 0.116
20mM total (sphingomyelin 75%:
5 Cholesterol 25%) —5.68 —4.45 143+£1.8 0.338
20mM total (sphingomyelin 55%:
6 Cholesterol 45%) -13.3 -10.40 245+1.7 0.273
20mM total (DPPC/Cholesterol
7 95:5) RB-labeled —4.18 -2.18 101£0.9 0.09
20mM total (DPPC/Cholesterol
8 75:5) RB-labeled -9.57 -5.00 103+0.6 0.063
20mM total (DPPC/Cholesterol
9 55:45) RB-labeled -16.2 -8.47 108+£1.0 0.076
20mM total (DPPC/Cholesterol
10 55:45) blank-buffer -13.7 -7.16 105+£1.3 0.014
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Figure 2-1. The molecular structure of phospholipids and cholesterol.
(Lipid molecular structures cited from www.avantilipids.com)
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Figure 2-2. Hydrophilic dyes used for liposome encapsulation.
(Structure of dye molecules cited from www.probes.com )
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Figure 2-3. Effect of cholesterol composition and encapsulated material on
liposome size. DLS size determination of 20mM DPPC/CH liposomes,
encapsulated with 10uM CF dye or just a plain 20mM Hepes buffer.
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Figure 2-5. Effect of liposome size on its mobility (Tris buffer). Overlaid
pherogram of 74, 95 and 152nm sized 20mM DPPC/cholesterol (45% CH)
liposomes in Hepes buffer. Peaks #1 @1.8min are from uncharged internal
standard mesityl oxide (ts,), peaks #2 are by 74&95nm liposomes, and peak
#3 is by the 152nm liposome. CZE run @30kv, 20mM Tris (pH7.3), bare
fused silica capillary with 75um ID and 65cm total length (45cm to
detector). Liposomes are either encapsulated with 1mM Calcein or tagged
with Rhodamine-B dyes for easy detection @ 219nm.
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Figure 2-6. Effect of liposome size on mobility (Tris buffer). Overlaid
electropherogram of 95 and 152nm sized DPPC/cholesterol liposomes in
prepared in Hepes buffer. Peaks #1- t,,, Peak #2 by 95nm liposome, and
Peaks #3 is from the 152nm liposome (PC/CH 55/45). CZE conditions same
as Figure 2-5
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Figure 2-7. Effect of Hepes buffer and liposome size on electrophoresis
(Hepes buffer). Overlaid electropheropherogram diffrent sized
DPPC/cholesterol liposomes prepared in Heps buffer. Peaks #1- t.,, Peaks
#2, 3, and 4, are from liposomes with 76, 95nm and 152nm size,
respectively. Lipid composition is DPPC/CH (55/45). Same CZE conditions

as Figure 2-5.
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Figure 2-8. Effect of cholesterol composition on liposome migration rate.
CZE-LIF run of 10uM carboxyfluorescein encapsulated DPPC/CH
liposomes (85:15, 70:30, 55:45 % mole composition). Liposome
suspension and CE run buffer is 20mM Hepes pH7.4. CE is run @30kV and
LIF system is aligned @ 488/520nm excitation/emission wavelengths. Peak
2 is from the liposome leaked free carboxyfluorescein dye.
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Figure 2-9. Effect of cholesterol composition on liposome migration rate.
20mM total (lipid+cholesterol) composition in 20mM Hepes buffer
@pH7.3. A 10ug DPPE-RB added to each liposome composition for
detection purposes. Each liposome is also spiked with 1mM
carboxyfluorescein internal standard, peak #4 seen ~3.3min. Peak #1, 2, and
3 are from 5, 25 and 45% cholesterol containing PC-liposomes. All the
CZE-UV conditions are same as Figure 2-5.

54



601.5)
4
mY
41731 3
2
27 1
490}
n I“-Aq_-—-rw-“—'\,_-m-u-u-—-—u—’ ysy hplesserd
i R T
1351 . L"“""""\-—v—ug,-«—-‘,\ Q‘ji Oﬂaﬂﬂrd
54 (relereral

A3 9 43 15 17 19 21 23 24 26 28
Minutes

Figure 2-10. Effect of cholesterol composition on liposome electrophoretic
migration rate. Overlaid electropherograms of 20mM DPPC with cholesterol
liposomes (Peaks #1- t.,, Peaks #2, 3, and 4, are from PC-liposomes with 5,
25, 45% mole cholesterol) run in hepes buffer. The liposomes are
Rhodamine-B labeled. CZE run @30kV, UV detection @ 219nm in 20mM
Heps @ pH7.3.
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Figure 2-11. Dipole orientation of phosphatidylcholine head group dipole on
membrane surfaces in a low ionic strength media. (Reference #37 and 38)

37. Makino, K., Yamada, T., Kimura, M., Oka, T., Ohshima, H.,
and Kondo, T. (1991) Temperature- and ionic strength-induced
conformational changes in the lipid head group region of liposomes as
suggested by zeta potential data, Biophys. Chem. 41, 175-183.

38. Jones, M. N. (1995) The surface properties of phospholipid
liposome systems and their characterisation, Adv. Colloid Interface
Sci. 54, 93-128.
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Figure 2-12. Zeta potential Vs time of storage for DPPC/Cholesterol
liposomes.
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Figure 2-13. Polydispersity index (PI) Vs time of storage for
DPPC/Cholesterol liposomes.
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Chapter 3

Characterization of liposome permeability and encapsulation behaviors
using CE-LIF and DLS techniques

Abstract

Understanding the permeability and encapsulation behavior of liposomes is
vital since they have been used as membrane mimicking entities, drug
delivery vehicles and analytical method development tools. In this study, we
used capillary electrophoresis, with laser induced fluorescence detector (CE-
LIF), together with dynamic light scattering (DLS), to study the permeability
and encapsulation behavior of zwitterionic and anionic liposomes.
Liposomes with different lipid, and cholesterol composition were
encapsulated with 5um carboxyfluorescein dye and the fluorescence values
were used to determine the captured volume (CV), also to understand the
effect of a beta blocker drug (propranolol) on the liposome’s permeability.
The encapsulation of liposomes made from different composition of DPPC,
DPPG and cholesterol was compared using a CE-LIF method. Increasing the
cholesterol content of decreased the encapsulation capacity of PC liposomes.
In addition, our CE-LIF results show that freezing and thawing (FAT) of the
lipid suspension, prior to the extrusion step, produces liposomes with better
encapsulation (CV) than non-FAT liposomes, as so indicated by others. In
addition, the interaction of a beta-blocker drug, propranolol, with liposomes
was monitored using DLS and CE techniques. The CE and DLS results
show that propranolol perturbs cholesterol rich liposomes more than pure PC

liposomes.
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Introduction

Liposomes are widely used as biocompatible vehicles for the delivery of
drugs and gene based therapy [1]. Liposomes are also used to encapsulate
reporter molecules for signal enhancement purposes in bio-analytical assay
development. The effectiveness of liposomes as delivery entities, and
reporter molecule carriers depend on the nature and concentration of the
encapsulated material, the liposome lipid composition and the method used
to form the liposomes. The encapsulation efficiency, which is a measure of
the total compound entrapped within the liposome, is an important parameter
in liposomal characterization [2;3]. Encapsulation efficiency (EE) has been

related to
= The captured aqueous volume per mole of lipid used (L/mole)
= The concentration of entrapped compound per mole of lipid used

= The ratio of concentration of the compound inside the liposome over its

concentration in the loading solution.

The encapsulation efficiency and the degree of retention of the encapsulated
material over a longer period have to be optimized in order to maximize the

payload of the liposome formulation.

Liposomes can encapsulate materials both in their hydrophobic lipid bilayer
and the aqueous compartment. Different compounds, from large proteins and
enzymes to small molecules, including those of pharmaceutical interest and
others have been incorporated inside liposomes’ aqueous interior [4;5].
Similarly, successful entrapment of sparingly soluble drugs and related

lipophilic compounds in the hydrophobic membrane have been achieved
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with phosphatidylcholine and other mixed lipid-cholesterol liposomes [6;7].
Other studies have shown simultaneous entrapment of both hydrophilic and
hydrophobic drugs in the same batch of liposomes [8]. Multilamellar
liposomes are usually preferred for hydrophobic encapsulation, since they
have multiples of lipid bilayers, while large unilamellar liposomes are
desired for encapsulation of hydrophilic compounds. In a study by Stuhne-
Sekalec and co-workers, the co-encapsulation of a hydrophilic compound
like insulin and the hydrophobic cyclosporin was possible with liposomes
prepared from egg yolk lecithin (PC), cholesterol, and stearylamine at a
molar ratio of 7:2:2.25 [9]. The use of cationic liposomes for encapsulation
and delivery of genes in recombinant DNA studies has become a common
practice [10;11]. The incorporation of the anionic DNA molecules into the
cationic liposome’s lipid bilayer is driven by both electrostatic and
hydrophobic interactions [12]. The future of antisense gene therapy for the
treatment of various genetic disorders partly depends on a successful
encapsulation of the nucleotide fragments in a non-toxic and efficient
delivery vectors, like liposomes [13]. McKeon et al evaluated the efficacy of
liposomal delivery of antisense oligonucleotide into cultured HeLa cell lines
and have shown that there was an enhanced accumulation of the
oligonucleotide in the cellular cytoplasm when liposomes were used for
delivery, compared to passive permeation and electroporation methods [10].
The liposome’s lipid composition has been one the major factors that
influence drug encapsulation and the efficacy of delivery in to the cells
during in-vitro studies [14;15].
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Generally, hydrophilic compounds have to be incorporated during liposome
formation process, whereas hydrophobic compounds can be incorporated
into the liposome membrane both during the liposome formation process and
also afterwards into the preformed liposomes. Encapsulation of biological
molecules into the membrane of a preformed liposome can be facilitated by
incubation with a low concentration of a detergent compound or an organic
solvent like ethanol [16]. Most liposome formation methods start by
dissolving the lipids in an appropriate organic solvent, like chloroform and
methanol. The hydrophobic drugs, to be encapsulated, are mixed and co-
dissolved in the organic solvent with the lipids and later dried to form a
homogenous drug/lipid film. When the lipid film is hydrated with a buffer,
the hydrophobic drugs stay solubilized in the lipid bilayer, whereas the
hydrophilic compounds that are dissolved in the buffer are entrapped in the

liposome aqueous cavity which is surrounded by the lipid bilayer.
Liposome’s efficiency as an encapsulating agent depends on

= The nature and concentration of the material to be encapsulated
» The liposome’s lipid composition

=  The method used to form liposomes, and

= The size of the liposome.

In this study we examine the effect of the freeze-thaw extrusion method, and
also the effect of varying the lipid and cholesterol composition on the
liposome’s encapsulation ability. Generally, highly charged hydrophilic
compounds have better aqueous encapsulation in liposomes than neutral

compounds. This is because charged solutes have low solubility in the
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hydrophobic bilayer, and therefore they have a small chance of permeating
(leaking) thru the membrane to the outer liposomal aqueous solution. Also,
bulky and charged molecules have better encapsulation than small charged
molecules since permeability is inversely related to molecular size [13]. The
dependence of encapsulation on liposome size is expected to be linear, since
liposomes with large diameter would typically have larger aqueous captured
volumes, as long as lipid composition and the method used to make them are
same. The liposome captured volume (CV), which is related to EE as noted
earlier, has been shown to increase with the radius cubed, to be exact with (r
- 8)% where r is the radius and & is the thickness of the membrane [13;49].
Accordingly, encapsulation increases in the following manner: small
unilamellar vesicles, 20-100 nm (SUV) < large unilamellar vesicles (LUV),
100-200 nm < giant unilamellar vesicles, 0.5-5um (GUV). Under certain
circumstances, the liposome encapsulated volume may not increase
proportionally, might even actually decrease, with an increase in liposome
diameter. This might happen if the rate of increase in membrane-thickness,
9, is greater than the corresponding increase in radius as stated above and

showed by equation 3-1 below,
EE o (r - 8)° Equation (1)

The lipid composition of liposomes is another factor that influences
liposome encapsulation. Despite the extensive literature on mixed
phosphatidylcholine (PC) and cholesterol liposomes, surprisingly there is
limited information on the effect of lipid and cholesterol composition on the
liposome encapsulation characteristics. The presence of cholesterol has been

found to influence both hydrophobic (bilayer) and hydrophilic (aqueous)
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encapsulation ability of liposomes [17-19]. Extended (time) encapsulation
with PC liposomes has also been attained by incorporating cholesterol into
the PC lipid bilayer [20;21]. Similarly, Xiang and coworkers showed the
presence of a 0.25% (v/v) cholesterol in PC liposomes decreases membrane
permeability by nearly ten-fold thereby enhancing retention of a hydrophilic
marker which is entrapped inside the liposome aqueous interior [22]. As
stated above, the primary reason for longer retention and decrease in leakage
of the encapsulated aqueous compounds could be because of the enhanced
hydrophobicity of the lipid bilayer in the presence of cholesterol. In a tumor
targeted liposome-drug delivery design, a study by Nallamothu showed that,
at 30 mol% cholesterol, soybean PC liposomes leaked the least, but at 45%
cholesterol, not only did the drug loading capacity (encapsulation) decrease

but the nonspecific leakage also increased [23].

Mixing charged surfactants and lipids with egg PC and cholesterol, when
forming small unilamellar vesicles (SUV), have been found to enhance the
encapsulation efficiency of unilamellar liposomes [24]. In the above
mentioned study by Benita and co-workers using aqueous marker sodium
ioxitalamate, the liposome’s captured volume were higher for the charged
SUVs than for the zwitterionic PC SUVs, with equal total lipid
concentration. The electrostatic repulsion between the charged liposomes
contributed to the enhancement of their encapsulation by curbing the
nonspecific leakage caused by fusion and aggregation to which neutral

SUVs are susceptible.

The other important factor that determines liposome aqueous encapsulation,

beside the lipid composition, is the method (or technique) used to form the
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liposomes. As mentioned before, when a dry lipid film is hydrated, it
spontaneously forms large multilamellar vesicles (MLV) upon shaking or
agitation. Then, to form small and large unilamellar liposomes, additional
energy is applied to the MLV suspension through extrusion or sonication.
MLYVs have a very poor aqueous encapsulation due to their multilayer onion
like membrane structure, which occupies a large part of the liposome’s
interior. But, the trapped aqueous volume of MLVs can be increased by
breaking their extra internal-lamellae structures and forming large
unilamellar liposomes (LUV) by sonication or extrusion [25]. Also, the
repeated actions of freezing and thawing (FAT) of MLVs, prior to sonication
or extraction, causes a physical disruption of the multilayer membranes,
thereby facilitating the formation of unilamellar liposomes [26;27]. The
freeze and thaw cycle serves to break apart the closely spaced lamellae of
the MLV thereby enhancing the agueous trapping volume per mole of lipid
used [28;29]. The experimental results from Macdoland’s study indicate
that there was a 1.1L net increase in the captured volume of the LUVSs per
mole of lipid used, when the MLVs are freeze-and-thawed before extrusion
[25]. This means, LUVs made by a combination of repeated FAT and
extrusion cycles, had been found to have a captured volume that was better
by a 1.1(L/mole) than just extruded LUVs [25;29]. The freeze-thaw cycle,
together with extrusion, technique has commonly been used in
pharmaceutical applications to improve liposome’s size homogeneity and

increase the encapsulation ability [30].

There are different assays to measure the aqueous captured volume and the

encapsulation efficiency of liposomes that have different sizes or various
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lipid compositions. The captured volume, usually defined in liters per mole
lipid used, has been measured by variety of instrumental techniques. Some
of the techniques used include: fluorescence spectroscopy [31;32],
conductivity [33], proton NMR spectroscopy [34] and others [2]. The most
common method of studying liposome encapsulation involves incorporating
an impermeable fluorescent dye inside of the liposome aqueous interior,
filter out the untrapped dye in the bulk solvent, lyse the encapsulated-
liposome with a detergent, and measure the fluorescence signal of the
released dye. The two commonly used fluorescent dyes around the neutral
pH are, calcein and carboxyfluorescein. When these dyes are encapsulated in
a liposome at concentrations larger than 100mM, their fluorescence is
guenched by more than 90 % [35]. The mechanism of fluorescence
guenching of a dye is not clearly understood when it is in agueous solutions
at concentrations >10mM and encapsulated in a liposome. However, leakage
from the liposome into the bulk agueous media and subsequent dilution of
the dye would result in an increase its fluorescence signal. As can be seen in
Figure 2-2 (chapter 2) these fluorescent markers have bulky molecular
structures and carry multiple charges, which reduces their membrane
permeation ability, making them suitable candidates for encapsulation
studies. The most commonly used method to measure liposome captured
volume has been the quenched fluorescent dye method. The measurement of
the captured aqueous marker is done after removing the un-trapped marker
by centrifugation, gel filtration or dialysis. However, most of the assays used
for encapsulation studies are inefficient, time consuming, costly and mostly

suffer from irreproducibility. Therefore, simple, efficient and robust
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analytical techniques are still required in order to accurately characterize
encapsulation of liposomal formulations. The liposome self quenched
fluorescence (SQF) technique has been widely used in membrane mimicking
studies. But, unfortunately the SQF technique has some disadvantages

including:

= The preparation of the dye solution is tedious and complicated at
neutral pH since these dyes are not readily soluble in aqueous buffers
at concentrations higher than 0.5mM. The dye is initially dissolved in
concentrated NaOH solution and then it is adjusted to neutral pH.
Also, the solid dye from chemical suppliers usually has impurities that
necessitate purification of the prepared solution by dialysis or gel
filtration [36;37]. After purification, the pH and concentration are
adjusted to the required concentration, and then the dye is ready for
encapsulation. Therefore, the sample preparation process prior to
encapsulation is tedious, time consuming and generally inefficient.

» The encapsulation of a dye with a concentration in excess of 100mM
will certainly create an osmotic pressure that will destabilize
liposomes and make them prone to nonspecific leakage unless the
external bulk aqueous solution is osmotically balanced with addition
of NaCl in excess of 100mM in order to maintain iso-molarity on both
sides of the membranes of the liposomes [35]. Presence of the salt at
high concentrations will most likely modify the membranes’
microenvironment and compromise the reliability and accuracy of the

SQF experiments.

In our study we have developed a novel and efficient method for
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determination of liposome encapsulation volume using capillary
electrophoresis with laser induced fluorescence (CE-LIF). The high
sensitivity of the CE-LIF method allows the use of fluorescent dyes (CF or
calcein) at much lower concentrations (<20uM) than that in SQF
experiments. In addition, CE-LIF allows the elution and detection of peaks
from: the intact (dye encapsulated) liposome, the internal standard, the
leaked dye (if any) and other peaks of interest there might be in the sample
within a single injection/run. This new method was used to study liposomes’
encapsulation and permeability behaviors. It combines the resolving power

of CE and the sensitivity of laser induced fluorescence spectroscopy.

In a related study, liposomes encapsulated with these dyes were also used to
mimic drug-membrane interactions, such as the effect of drugs on the
permeability of real membranes. The results indicate that the liposome
permeability mainly depends on the lipid composition, beside other factors.
The permeability behavior of liposome membranes show a great deal of
similarity to that of natural membranes [38]. As explained earlier, liposome
permeability studies using fluorescent dyes are useful in helping to
determine the optimum lipid formulation for liposomal encapsulation of
drugs, nucleotides, markers and other polar molecules. Permeability of
liposomes changes when their membranes are exposed to chemical or
physical stresses. Physical stress includes changes in temperature and
pressure, while chemical stress may include changes in pH and chemical
interactions with external compounds (drugs, antimicrobial peptides, etc...)
that might modify the lipid packing structure. Generally, there are two

possible ways of monitoring changes in liposome permeability during an
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interaction with an extra-vesicular solute. One way of monitoring the change
In membrane permeability, due to a solute’s interaction, is to encapsulate the
solute in the liposome interior and directly monitor its leakage to the extra
vesicular solution. But, monitoring the solute’s concentration, which might
be present both inside and outside of the liposome, could be quite
challenging unless the solute has fluorescence or other detection qualities to
enhance its sensitivity. A simple and more rugged method to study the
change in liposome permeability, due an interaction with a solute, is done by
incubating the solute with a dye encapsulated liposome and measuring
fluorescence of the leaked dye [39]. This perturbation by the solute may
create a structural (lipid packing) defects that would cause the leakage of the
encapsulated dye from the liposome aqueous interior through the lipid
bilayer to the outer agueous medium. Furthermore, the extent and rate of the
dye’s leakage depends on the size of the defect created (pore size), and how
large the dye molecules are as compared to the pore created. The deeper a
solute (from the outer agueous medium) partition into the hydrophobic
bilayer, the stronger is the perturbation on the lipid bilayer, thereby
enhancing the membrane’s permeability to the encapsulated dye [40;41].
Experimentally, the perturbation effect by different solutes can be compared
by measuring the relative fluorescence of the leaked dye before and after the
incubation of the liposome with each of the solutes. The extent of the dye’s
leakage from liposome due to contact with a solute is determined from the

relative fluorescence (F) of the leaked dye and is calculated by

oo 0

F —F
F = [Ft—o} X100% Equation (2)
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F. — Fluorescence after incubation of liposome with a solute
Fo — Initial fluorescence after dilution of liposome in iso-molar buffer
F..— Maximal fluorescence after total lysis of liposome by a detergent

A strong solute interaction with the liposomal membrane would result an
increase in the fluorescence (F) signal of the leaked dye, which is expected
to be dependent on the nature of the solute and its concentration in the bulk
aqueous solution [42;43]. A high F value indicates a strong solute-
membrane interaction. In the absence of any perturbing solute, the latency of
the encapsulated dye can be a measure for the stability of a liposome
preparation. The latency of an encapsulated dye, like carboxyfluorescein
(CF), is determined using a simplified version of Eq(2). A large latency,
Eq(3) below, of the dye indicates a high degree of membrane integrity with

most or the entire encapsulated marker still trapped inside the liposome [43].

0

%CF (latency) =1- {%} X100% Equation (3)

A CE-LIF method was used to monitor the effect of propranolol on the
permeability of dye encapsulated PC and PC/CH liposomes. Propranolol is a
non-selective beta blocker drug that is mainly used in the treatment of
hypertension. It exhibits a specific and non-specific membrane interaction
effects across a wide range of concentrations. In concentrations < 107M, it
acts specifically as an antagonist of the catecholamine receptor but at higher
concentrations it also displays a non-specific local anesthetic activity. In its
simplest presentation, the lipid theory of anesthesia postulates that

anesthetics dissolve in lipid bilayers of biological membranes and induce
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loss of sensation when they reach a critical concentration in the membrane
[44]. Above this critical concentration, anesthetics like propranolol affect the
membrane’s physical characteristics, which may indirectly influence the
structural conformations of the membrane-proteins that are part of the
membrane. Furthermore, the polar functional groups of anesthetic drugs
could interact with the membrane-embedded proteins in selective manners
[44;45]. Therefore depending on its concentration, propranolol can have
local anesthetic, as well as a beta adrenergic blocking activities. As can be
inferred from its molecular structure (Figure 3-1), lipophilic moieties of
propranolol can interact with lipid bilayer segment of membranes that would
modify the lipid packing structure thereby changing the liposomes’
permeability properties. Generally, different published studies on membrane
interaction with propranolol, and other beta-blockers, have showed that the
naphthalene moiety of the molecule partitions in the hydrocarbon region of
the bilayer modifying the lipid packing while the amine moiety of
propranolol interacts with the polar lipid head groups which are located near
the aqueous interfacial region [40-43;51]. In this study we developed a
simple capillary electrophoresis laser induced fluorescence (CE-LIF)
method, and used it to study the permeability of different liposomes, when
they interact with a therapeutic dose of propranolol (~1mg/ml, @ (1:1)

lipid/drug molar ratio).
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Experimental
Materials & methods
Chemicals

1,2-Dipalmitoyl-sn-Glycero-3-Phosphocholine (DPPC), DPPG, and
cholesterol are from Avanti Polar Lipids. 1M HEPES (pH 7.3 £0.1),
propranolol and Tris-HCI buffers, Mesityl oxide were purchased from
Fisher. Deionized 18MQ water was obtained in-house from a reverse
osmosis Millipore system. The hydrophilic marker dyes Calcein,
Carboxyfluorescein and Alexa fluor are obtained from Probes-Invitrogen.
Size exclusion gel Sephadex G-50 and MicroSpin filter columns (part # 27-
5330-01) were obtained from Amersham Biosciences. The molecular
structures of the lipids and fluorescent dyes used in this study are shown in
chapter 2 (Figure 2-1).

Capillary Electrophoresis

The CE-UV experiments were carried out on a laboratory-built instrument.
A Spellman SL30 high-voltage power supply was used to apply a positive
voltage over the length of the fused silica capillary (Polymicro
Technologies, Phoenix, AZ, USA), with an inner diameter of 50 um and an

outer diameter of 362 pum.

The CE-LIF system consisted of an argon ion laser (Omni Chrome, CA,
USA) modulated by a chopper controlled by a lock-in amplifier (EG&G,
Trenton, NJ, USA). The 488 nm modulated laser line was focused onto the
50 um 1.D.x362 um O.D. bare fused-silica capillary (Polymicro
Technologies, Phoenix, AZ, USA) through an upright microscope with a
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40X fluorite objective which both sent the excited fluorescent beam and
collected the emitted beam. The laser excitation beam would pass through a
dichroic filter (495nm) and the subsequent emission beam would pass
through a long pass (500nm) and short pass (515nm) filters and transmitted
to the photomultiplier tube (Hamamatsu, Bridgewater, NJ, USA). The signal
was then sent to the A/D converter and the lock-in amplifier. All data
acquisition and analysis for the CE-LIF experiments was performed using

PC/Chrom™ and LabView softwares.
Liposome size and size-distribution

The hydrodynamic diameter and the poly-dispersity (size-distribution index)
of all liposome preparations were determined by Dynamic Light Scattering
(DLYS) technique using the Malvern Zeta Sizer model 1000HSa. The
instrument calculates the average size and polydispersity (PI) of the
liposomes based on the measured time-dependent fluctuations of the light

scattered by liposomes [46].
Preparation of dye encapsulating liposomes

All liposome suspensions were prepared by the extrusion method developed
by Hope, M.J, and coworkers, with a slight modification, using the Lipex®
10ml thermo barrel extruder (Northern Lipids Inc., Vancouver, BC Canada)
[47](46). Lipids at a total concentration of 10mg/ml are first dissolved in a
3-5ml of chloroform in a 50ml round bottom flask, and a 10% methanol is
also added when anionic lipids like DPPG are present. A dried thin lipid film
Is formed around the flask inside walls after a 30-45 minutes of rotary

evaporation on the Bushi Roto-Vap, under low pressure and at 50°C. The
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dried lipid film is hydrated with 3-5 mL of pure buffer or a buffered-dye
solution with continuous shaking at a temperature above the lipid phase
transition temperature T,, (for DPPC > 41°C) to form a stable multi lamellar
vesicle (MLV) suspension. After vortexing and homogenizing the MLV
suspension, it was first extruded about 7 times on a single 200nm
Nucleopore Polycarbonate membrane (Whatman Inc. USA) in the 10ml
Lipex extruder at 60°C and a low N, pressure (<100psi). Finally, the
liposome suspension was extruded at least ten times through a double 100nm
Polycarbonate membrane at a pressure of 200-400psi. During all the
extrusions the temperature was maintained at least 10°C above the lipid
transition temperature (T,), SO as to maintain a reasonable flow at moderate
extrusion pressures. All the final liposome preparations were stored at 4°C

until further analysis.
Separation of un-trapped marker and liposome

The 6-carboxyfluorescein (6-CF) dye was encapsulated at 5uM
concentration during liposome formation. For the CE-LIF experiments the
encapsulated liposomes have to be separated from the free un-trapped
hydrophilic dye on Sephadex G-50 gel filtration micro-columns (750uL),
since the fluorescence signal due to the free (untrapped) dye interferes with
detection of the liposome peak Sephadex G-50 gels have an average
fractionation range of 500-10,000Daltons. The gel column is prepared first
by boiling about 1g of Sephadex G-50 fine powder in 15-20ml of DI-water
for an hour in a covered beaker. One gram of G-50 powder is converted to 7-

9ml thick slurry or gel. The gel is cooled to room temperature before it is
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filled into 2ml micro-columns filling 70% of the volume. The column is
equilibrated with (100uL) blank liposomes before loading the liposome/dye
mixture to separate the liposome from the unencapsulated dye. The
liposome/dye mixture (50-75uL) is gently injected on to the gel micro-
columns and the encapsulated-liposomes are separated from the free
(unencapsulated) dye after centrifugation for 2 minutes @1000rpm. The low
molecular weight dye (<5000) is trapped in the gel while the liposomes are
excluded and elute first with the void-volume at almost zero dilution. The
concentration of the trapped dye and the liposomes’ captured volume (CV)
are determined after liposome lysis and releasing of the trapped dye with a
detergent solution. The liposome captured volume (CV) for different lipid
compositions is determined based on dilution calculations as suggested by
Perkins et al [2]. The lysing agent was either a 0.2% (v/v) Triton-X100 or a
15mM deoxycholic acid (or sodium deoxycholate) solutions. Each of the
liposome samples prepared for CE-LIF run are spiked with 10nM Oregon-

green dye, which serves as an internal standard for CE analysis.
Results & discussion

The objective in this part of our project was to devise CE-LIF methods to

study the following liposome characteristics:

» The effect of lipid composition on the encapsulation ability of large
unilamellar vesicles (LUV) made by extrusion. The encapsulation of
different liposomes composed of various lipids (zwitterionic and

anionic) and cholesterol are compared by measuring the fluorescence
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intensity of the carboxyfluorescein dye trapped inside the liposome’s
aqueous compartment (after liposome lysis & leaking out the dye).

» The effect of freeze and thawing (FAT), before extrusion, on the
liposome capture volume (CV).

= The effect propranolol, a beta-blocker drug, has on the permeability of

dye encapsulated liposomes with different lipid compositions.

As discussed in chapter 2, the effect of size on encapsulation is linear
(Figure 2-7). The CE-UV electropherogram on Figure 2-7 qualitatively
shows that the fluorescence peak intensity is the largest for the 150nm
liposome and was the lowest for the 76nm liposome. In general, for
liposomes with the same lipid composition, the captured volume (CV) is

expected to increase with size.

The captured volume of a population of liposomes can be estimated from
measurements of the total quantity of the solute entrapped inside liposomes.
Here an assumption is made, similar to that made by Perkins [2;48], in order
to determine the (aqueous) captured volume by a mole of lipid. The
assumption is that, the concentration of the dye captured inside the liposome
is the same as the concentration of the loading solution (SuM). It is further
assumed that dilution of the trapped 5uM dye due to osmotic imbalance is
minimal, after the extra-liposomal dye is removed by gel filtration [2;48].
Then, the capture volume (CV) can be determined with a simple dilution

equation given below:

V,.C

V — lys ~lys ]
ve C Equation (4)

in
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Vic— Aqueous captured volume (uL) by liposome in the suspension.
Viys— Total volume of suspension after lysing agent added (uL).

Ciys— Diluted concentration of dye after liposome lysis (uM),

determined from calibration curve (Figure 3-3)

Cin— Concentration of dye entrapped by suspended liposomes, before

lysis, same as loading solution concentration (SuM)

The liposome captured volume per mole of lipid (L/mole) is determined
from V,. and the amount of lipid (mole) in each CE-LIF injected liposome
sample. Using this method, the captured volume calculated for large
extruded DPPC/CH (95:5) liposomes encapsulating 5um carboxyfluorecein
was 0.14L/mole (liter per mole of lipid used), while freeze-thawed (FAT)
then extruded liposomes had a 0.3L/mole captured volume. The liposome
captured volumes (CV) given above were calculated from the concentration
of the encapsulated fluorescent dye (C,s), which was determined from the

calibration curve (Figure 3-2), after detergent lysis of the liposome.

The freeze-thaw process of the lipid suspension enhanced the encapsulated
volume of the extruded liposomes by more than 100%. The DLS data on
table 3-2 shows the effect of liposome freezing and thawing (FAT) on the
encapsulation. Each of the FAT PC/CH liposome on Table 3-2B has double
the fluorescence, hence double the encapsulation, than a NON-FAT PC/CH
liposome with the same lipid composition seen on Table 3-2A. The freeze-
thawing of the lipid suspension before extrusion doubled the CV of
DPPC/CH (95:5) liposomes (0.14 to 0.30L/mole), since it breaks apart the

extra multi-layers of membranes, thereby improving the encapsulation
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capacity of water soluble compounds, as also cited by others [29;50]. The
freeze-thaw preparation method generates a size and encapsulation
variability in both pure PC and PC/Cholesterol liposomes, as seen from the
fluorescence and size measurements (Table 3-2) by CE-LIF and DLS
techniques. The relative fluorescence, or encapsulation, of the freeze-thawed
liposomes (FAT-LUV100) in Table 3-2B is almost twice that of the non-
FAT liposomes on Table 3-2A. The total lipid concentration of both
liposome batches, on tables A & B, are the same but the cholesterol content
increases down the table from the 95/5 to 65/35 PC/CH composition. The
effect of freeze and thawing of the multiple lamellar vesicle (MLV)
suspension, before extrusion, on the trapping efficiency has also been
studied by others [25-30]. According to Hope et al and others [27-29], the
rupturing of the inner onion like membrane layers of the MLV’s during the
repeated freezing process is due to the formation of ice crystals (expansion)
found in-between the lipid membrane. Subsequently, fewer large diameter
layers of the MLV re-seal back during thawing step, thereby increasing the
trapped aqueous volume of the PC-rich (low cholesterol) liposomes. But,
when the cholesterol content is increased, so does the rigidity of the (multi-
layered) PC-membranes, which becomes resistant to rapture, eventually

decreasing the capture volume of the unilamellar liposomes [27].

The effect of cholesterol on encapsulation property of DPPC liposomes is
shown on table 3-1. When the amount of cholesterol in the DPPC liposome
Is increased, from 5 to 45% by mole, the relative fluorescence of the
encapsulated dye decreased. In other words, as more cholesterol is

incorporated in the DPPC liposome, its encapsulation decreased. The 45%
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cholesterol-DPPC liposome was the largest in size, but has the lowest
encapsulation for the carboxyfluorecein dye. In order to quantify the dye, it
was first released from the liposome with sodium deoxycholate lysing agent
and then its fluorescence intensity measured with a CE-LIF system. Similar
trend on the effect of cholesterol composition and encapsulation (capacity)
Is seen in Table 3-2 which shows a decrease in fluorescence as the
liposomes’ cholesterol amount increases, using two different extrusion
methods of preparation, one including freeze-and-thaw (FAT) and the other
without the FAT step (non-FAT liposomes). For both FAT and non-FAT
liposomes, the PC rich liposomes (95% PC) had the highest fluorescence
from the encapsulated dye, while the fluorescence was low for the
cholesterol rich liposomes (45% cholesterol). But this decrease in
fluorescence, after increasing the cholesterol composition, was accompanied
by an enlargement of the liposome’s size. Predictably, one would expect the
encapsulation to increase proportionally with the increase in liposome size.
But, as shown on tables 3-1 and 3-2, the liposome encapsulation (relative
fluorescence) decreased, despite an increase in liposome size with
cholesterol composition. The possible reasons for the low aqueous
encapsulation by the cholesterol-rich liposome could be that the presence of
more cholesterol is excluding some dye molecules from the liposome
entrapment during the extrusion and the FAT process. Since cholesterol
imparts rigidity to the multi onion like membranes of the MLV, the
cholesterol-rich membrane could be more resistive to extrusion process
which produces the LUVs from the MLVs. As noted earlier, LUVS have a

better aqueous encapsulation capacity than MLVs. From studies by others,
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there has been some evidence that liposome membrane thickens with high
cholesterol composition [17]. So, as mentioned earlier in the introduction
(equation 3-1), an increase in membrane thickness (3) may also in part
contribute towards a decrease in encapsulation; in addition to other factors
[1;17].

The effect of anionic lipid (DPPG) on liposome size and aqueous
encapsulation is seen from the DLS and fluorescence results on Figure 3-2.

It shows that relative fluorescence and liposome size decrease with an
increase in the mole fraction of the negatively charged lipid, DPPG. The
relationship between the relative fluorescence and liposome size in this case
IS opposite to that observed for liposomes containing cholesterol. It is
evident that the liposome composition has more influence on encapsulation
than the size. The liposome with the most DPPG, which is the 80/20 PC/PG
liposome, had the lowest fluorescence, hence lowest CF encapsulation. The
electrostatic repulsion between the anionic lipid PG and the anionic dye CF
might contribute toward a decrease in encapsulation of CF by the PC/PG
liposomes. The size of PC liposomes decreased, when PG is added up t010%
by mole of the total lipid as seen on Figure 3-2. Generally, we have observed
that pure PC liposomes were always larger in size than mixed PC/PG
liposomes, for the same amount of total lipid and method of preparation. The
electrostatic repulsion between individual PC/PG liposomes, which hinders
aggregation, could be one of the reasons why a population of charged
liposomes has an average size that is smaller than a population of pure PC
and PC/cholesterol liposomes [1]. As stated in the experimental section, all

the liposomes with different lipid compositions were prepared under the
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same experimental conditions and finally extruded through 100nm
membrane filter. But, their variability in size and encapsulation comes from
their composition, mainly due to the presence of cholesterol and anionic
lipid, DPPG. The presence of more cholesterol and PG in DPPC liposomes
led to lower entrapment of the CF dye, as determined from the fluorescence
results. There is also a clear and direct relationship between the size and

cholesterol content of PC/CH liposomes.

The effect of the beta-blocker drug propranolol, on the permeability of PC-
liposomes with and without cholesterol was found to be quite different. The
fluorescence of the leaked dye is used for a qualitative comparison and it is
based on the CE-LIF peak intensities seen on Figure 3-4 and 3-5. In
addition, DLS results (table 3-3), also indicate that propranolol interacts
differently with liposomes based on their cholesterol content. The peak
height (Figure 3-4) of the dye that leaked from the cholesterol-rich liposome
(9mM cholesterol) was the largest and the smallest was from the cholesterol-
poor liposomes (1mM). This implies that the permeability/leakage of the
9mM cholesterol liposomes was more enhanced from the interaction with
propranolol than the 1mM cholesterol liposomes. Correspondingly, the
control experiment on the same dye encapsulated liposomes, without
propranolol, did not show any fluorescence due to a leaked dye (Figure 3-4).
In both Figure 3-4 and 3-5 the first eluting peak is from the intact dye-
encapsulated liposomes, while peak 3 on Figure 3-5 is from the leaked dye
by PC/CH liposomes incubated with propranolol. The liposomes were
incubated for 24 hrs with an equimolar amount of propranolol (1mg/ml), a

therapeutic dose, and the liposomes had different cholesterol composition.
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The liposomes with the highest cholesterol destabilized and leaked the most
from interaction with propranolol. Figure 3-4 shows that in the absence of

propranolol, there was not leakage for any of the liposome formulations.

Apparently, the presence of higher level cholesterol in the membrane could
enhance the interaction with propranolol, thereby creating membrane
packing irregularities that facilitate permeability and leakage of the trapped
dye. The perturbation of phospholipid membranes by beta blocker drugs and
other membrane-active solutes has been reported by few studies [40;51-54].
The findings from differential scanning calorimetry (DSC), X-ray and
neutron diffraction studies show that amphiphilic drugs, like propranolol,
insert deep into the hydrophobic region of phosphatidylcholine membranes
[51;55-57]. But, since all of these studies used lipid membranes without
cholesterol, it was vital for us to include cholesterol in our liposomes so as to
study the effect it has on the liposome’s permeability and morphology
during membrane-drug interaction. Generally, adding cholesterol to PC-
liposomes has been found to make the middle region of the membrane more
hydrophobic [58]. So, since propranolol has a very lipophilic naphthalene
moiety, it is expected to partition deeper into the hydrophobic acyl region of
PC/CH liposomes than in plain PC-liposomes [59-61]. The drug’s
penetration perturbs the lipid packing structure causing an enhanced
permeability/leakage of the encapsulated dye as seen from leakage-
fluorescence by the 4 and 9mM cholesterol liposomes in Figure (3-4a) and
(3-4b). The control liposomes, which have the same lipid/cholesterol
composition, but did not include propranolol in the buffer solution, exhibited

no leakage during the overnight incubation (Figure 3-4).
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The change in the average size and polydispersity index (PI) of
cholesterol/PC-liposomes, after propranolol interaction, was measured by
DLS. The result (Table 3-4) indicates that the liposomes with more
cholesterol composition (4 and 9mM) showed larger increase in size and Pl
than the PC-liposomes with only 1mM cholesterol. A few studies have
indicated that propranolol causes lipid rearrangement, followed by an
increase in the average size and polydispersity of PC-liposomes [52;53]. A
light scattering and FTIR spectroscopy study into this interaction, by Cao et
al, indicated that the size of DMPC liposomes increased, by up to 10%, after
interaction with D-propranolol [53]. They propose that the penetration of
propranolol between the lipid molecules makes the membrane interfacial
region more hydrophilic which then thickens the water-interface sub layer
(of the membrane) due to the increased number of water molecules binding
to the membrane interfacial region that has become more hydrophilic
[51;53]. Therefore, a deeper insertion of amphiphilic molecules, like
propranolol, could decrease lipid chain order and make the membrane less
compact thereby increasing its permeability [59-61]. This effect may be

enhanced in the presence of large cholesterol content in the membrane.
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Conclusion

In this project we developed a simple and sensitive CE-LIF method to
characterize the encapsulation and permeability properties of liposomes. The
encapsulation volume of large extruded DPPC liposomes was determined to
be 0.14 (L/mole of lipid), while the FAT liposomes roughly had twice the
encapsulation (0.3 L/mole) than the non-FAT DPPC liposomes. Also, as a
result of the high sensitivity of the CE-LIF method, a consistent and
reproducible data was obtained that shows an inverse relationship between
the cholesterol content and encapsulation capacity of DPPC/cholesterol
liposomes. Furthermore, the membrane perturbing effect of propranolol was
monitored using the CE-LIF and DLS techniques; which indicates that
cholesterol rich membranes are more destabilized from propranolol
interaction than non-cholesterol (or low cholesterol) membranes. This CE-
LIF method is more efficient and simpler than the quenched fluorescence
method. In addition, CE can be automated to analyze multiple samples and
routinely used to characterize liposome and colloidal formulations in
pharmaceutical and industrial applications. Generally, capillary
electrophoresis (CE) can be used to complement size exclusion
chromatography (SEC) and light scattering techniques, since electrophoretic

mobility is affected by both the size and charge of the colloid particles.
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Figure 3-1. Molecular structure of Propranolol
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Table 3-1. Fluorescence of encapsulated dye in a mixed DPPC (PC) and
cholesterol (CH) liposomes. Relative fluorescence of encapsulated dye is
measured by CE-LIF after liposome lysis with 10mM cholate solution.

Relative fluorescence of encapsulated dye in PC/CH liposomes

PC/CH Relative Fluorescence | Liposome size(hm)
(%)mole ratio (RFU) DLS data
95/5 174 105
75125 158 113
55/45 105 116
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Figure 3-2. The effect of DPPG composition on the encapsulation behavior
of DPPC liposomes. The relative fluorescence of liposome encapsulated dye
after detergent lysis.
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Figure 3-3 Calibration curve for the relative fluorescence of 6-
carboxyfluorescein (CF) dye at 488/520nm emission/excitation.
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Table 3-2 Fluorescence of the encapsulated dye by a non-FAT (A) and FAT
liposomes

Table A Table B
LUV100 (NON-FAT) FATLUV100
PC/CH |Rel.Fluo.| Size/nm PC/CH | Rel.Fluo. | Size/nm
95/5 132 106 95/5 250 113
80/20 123 110 80/20 240 117
65/35 83 118 65/35 179 119
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Table 3-3. DLS measurements of PC/CH liposome size and polydispersity
index (PI). Effect of cholesterol composition on liposome size during
liposome-Propranolol interaction.

- without propranolol after propranolol
Lipid conc Prop interaction
(PC+CH) mM
Pl Size/nm Pl Size/nm
(20+1) mM 0.064 101 0.07 106
(20+4) mM 0.086 112 0.131 124
(20+9) mM 0.075 118 0.118 123
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Figure 3-4. Electropherogram of dyed DPPC/CH liposomes in Hepes buffer;
different cholesterol composition. Control samples (without propranolol).
Normal mode CZE with LIF detector.
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Figure 3-5. Electropherogram of dyed DPPC/CH liposomes incubated with

propranol solution. CE-LIF conditions the same as in Figure 3-4.
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Chapter 4

Liposome lysis immunoassay using spectrofluorometric and capillary

electrophoresis methods
Abstract

The behavior and immunoassay application of contact sensitive (self lysing)
liposomes was studied using spectrofluorometric, DLS (dynamic light
scattering) and CE-LIF (capillary electrophoresis with laser induced
fluorescence) techniques. The non-lamellar DOPE lipid (dioleoyl
phosphoethanolamine) was mixed with a 20% stabilizer DPPC (dipalmitoyl
phosphatidylcholine) and 1% hapten-attached DPPE (dipalmitoyl
phosphoethanolamine) lipids to form a stable contact-sensitive dye
encapsulating liposomes. The biotin-attached liposomes aggregate and then
leak their marker content in a standard avidin solution. Similarly, anti-DNP
(dinitrophenol) antibodies have the same effect on DNP-attached liposomes.
The extent of aggregation and dye leakage is dependent on the concentration
of avidin (or anti-DNP). The DLS data shows the average size (Z,,) and
polydispersity index (PI) of (biotin/DNP attached) liposomes increased after
incubation with avidin and anti-DNP solutions. The relative fluorescence of
the leaked dye also increased with each increase in avidin and anti-DNP
concentrations. The fluorescence working range was expanded at higher
incubation temperatures (70-80°C) in both avidin and anti-DNP binding
curves. In addition, a 4-carbon linker moiety (-Cap-) enhanced the
sensitivity, and widens the response range of the anti-DNP fluorescence

detection, as opposed to when the DNP is directly attached to the liposome
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surface. The smallest concentration of avidin standard detected using the

fluorometric method was 50ng/ml.
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Introduction

Liposomes are spherical vesicles which consist of a phospholipid bilayer
surrounding an inner aqueous reservoir. Liposomes have found a number of
applications in different biotechnical and biomedical areas including drug
delivery, gene therapy and immunodiagnostics. Liposomes can be armed
with target-specific ligands, receptors, and antigens (or antibodies) that act
as homing or anchoring probes. Specifically, antibody (AB) directed
liposomes are called immunoliposomes. Furthermore, during or after the
preparation of the immunoliposomes it is possible to entrap almost any
water-soluble molecule (drugs, DNA, enzymes, dyes, etc...) within the

liposome interior.

Liposomes have been applied to numerous fields of research owning to their
unique structure. Their similarity to biological membranes makes them ideal
for studying cell membrane properties and their capacity to encapsulate a
large number of molecules in the core or in the bilayer makes them ideal
vehicles for drug delivery. These features, combined with the availability of
a large number of functional groups on the surface to which various receptor
molecules can be attached, makes them suitable for drug and genetic
material delivery as well as immunodiagnostic applications. Liposomes can
be made from charged or neutral lipids, and may also have a reactive surface
depending on the functionality of the lipid head group. These reactive
surface moieties have functional groups like amines, carboxyls, sugars or

thiols on to which homing or ligand molecules can be coupled [1].

107



Immunoassays are methods used to detect analytes like antibodies, antigens,
hormones or drugs in biological samples. They are routinely used in bio-
analytical studies, food analysis, and in the detection of environmental
pollutants and toxins. These assays rely on specific binding of an analyte to
its conjugate molecule, followed by detection of the resulting complex.
Such an assay is the detection, and quantitation, of an antigen in a sample
using a specific antibody (or vice versa). The antibody is labeled with a
reporter or a marker molecule to produce a desired signal and enhance the
detection of the antigen. Various signal generating agents such as enzymes,

dyes, isotopes, and spin labels are commonly used.

Immunoassays can be either homogeneous or heterogeneous depending on
whether or not a separation step is required during the process. In a
homogeneous immunoassay all the components are mixed in the same vessel
and it does not require a (physical/manual) separation step prior to the
detection process. A heterogeneous immunoassay will require an extra step
to remove unbound antibody or antigen from the site, usually using a solid
phase reagent, before the detection step. Because homogeneous assays do
not require this step, they are typically faster and easier to perform. Also,
these assays can be either competitive or non-competitive based on
presentation of the analyte. In competitive formats, unlabelled analyte
(usually antigen) in the test sample is measured by its ability to compete
with a labeled antigen in the immunoassay. The unlabeled antigen (analyte)
blocks the ability of the labeled antigen to bind because the binding site on
the antibody is already occupied. In the one step competitive format, both

the labeled antigen reagent (Ag*) and the unlabeled analyte compete for a
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limited amount of antibody. There is an inverse relationship between the
observed signal and analyte. In a non competitive assay, the signal measured

Is directly proportional to the amount of analyte bound to its conjugate.

Liposomes, when used as marker labels, are found to have a signal
enhancement effect leading to higher sensitivities in various immunoassay
applications since they provide an aqueous core, which encapsulates large
number of marker/reporter molecules. Also, a functionalized liposome
surface can provide sites for the attachment of ligands (antibodies or
antigens) as well as reporter molecules. Consequently, for every ligand
molecule on the liposome surface, there could be thousands of related
marker molecules, as opposed to conventional immunoassays that carry one
or a few marker molecules per analyte molecule. In principle, this liposome
signal enhancement effect provides a low detection limit and requires a very
small sample size. Liposome immunoassays have been developed in both

heterogeneous and homogeneous formats [2].

Various assay methods based on the selective interaction between antigen
and antibody have been used to detect specific antigens and antibodies.
Among many assay methods that depend on this immuno-interaction,
ELISA (enzyme linked immunosorbent assay) is the most popular, however,
it is tedious and time consuming. ELISA usually requires multiple steps of
manual separation of free and antigen-bound antibodies and many repeated
incubation and washing steps [3]. Liposome immunoassay is one of the
more recent alternatives to ELISA and other conventional immunoassays
that attempt to increase efficiency and sensitivity by amplifying the

analytical signal. The sensitivity is enhanced since each liposome can carry
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many ligand molecules on its surface and encapsulate a large number of

marker molecules in the interior compartment.

Liposome Immune Lysis Assay (LILA) is a homogeneous assay where the
liposomes carry a ligand (antibody or antigen) on the surface and marker
molecules in their interior compartments. Upon interaction between analyte
and the receptor (antigen or antibody), the encapsulated marker molecules
are released into the bulk aqueous solution and detected [3-5]. Liposome
lysis and marker release can happen after self-lysis or facilitated by an
external agent. For example, an antigen in a sample is analyzed using its
specific antibody-linked liposome, which after incubation forms the antigen-
antibody complex on the liposome surface. Adding a lysis facilitator
compound, like “complement” proteins, breaks-down the antigen-antibody
complex, which then destabilizes the liposome causing lysis and leakage.
Since complement specifically attacks the antigen-antibody pair, liposomes
that only have the conjugated antigen-antibody pair on their surface will
destabilize/lyse and release their marker contents. The fluorescence of the
released marker is related to the concentration of the antigen
(analyte/sample) that’s bound to the antibody-liposomes. The complement
system is a group of proteins that recognize and bind to antibody-antigen
complexes on membrane surfaces, whose activation eventually results in the
destruction of cells, invading microorganisms or in this case the complex
bound liposomes. Further sensitivity enhancement, by signal amplification,
can be gained by encapsulating a marker-generating enzyme like [3-
Galactosidase, which can catalytically form multiples of marker molecules

from non-fluorophore substrates. In addition, the encapsulated enzymes
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exhibit longer encapsulation than smaller marker molecules, due to their
bulkier size, which may enhance sensitivity of the assay [4-6]. But, enzymes
need a substrate to create a detection signal and are less rugged and create

more back ground noise than fluorescent dyes.

The sensitivity, and specificity, of a liposome lysis assay (LLA) can be
enhanced by separating the analytical (signal) from the rest of the sample
matrix, which can potentially create interference during fluorescence
detection. Accordingly, the combination of CE’s resolving power, speed of
separation, small sample requirement, low reagent consumption and a
potential for a fully automated operation coupled with the high sensitivity
detection by LIF makes CE-LIF the method of choice for liposome immune

lysis assay.

Different techniques have been used to prepare liposomes for potential
applications in immunoassays [7]. The liposome’s encapsulation volume and
its chemical/physical stability are two of the most important factors that are
determined by the liposome composition and preparation method
appropriate for a specific immunoassay format. Although there are different
types and ways of making liposomes for analytical detection purposes, the
discussion here will focus on unilamellar-vesicles made from phospholipids,
cholesterol and other reactive chemical groups used to functionalize the
liposome surface. As explained in the earlier chapter extrusion is the best
method to make homogeneously sized large unilamellar vesicles (LUV), or
liposomes, which are most suitable for immunoassay purposes. These
liposomes have an average diameter of 100nm, which provides a large

interior volume for marker encapsulation and an ample outer surface area to
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immobilize antigen or antibody-fragments (or Fab) for an optimal
immunoassay. Usually, haptens (small molecules, like antigens, that elicit
Immune response) are covalently coupled to the lipid head-groups, like
phosphatidylethanolamine (PE), and mixed with other lipids in an organic
solvent to prepare the surface-active liposomes. There are basically two
ways to couple haptens and antibody-fragments (Fab) onto the liposome
surface. They can be covalently bonded to the head-group of a lipid like PE
via their amine, carbohydrate, or thiol moieties, and then mixed with other
lipids to form the liposomes. Alternatively, an antigen or a fragment of an
antibody can also be conjugated to a preformed liposome that has a reactive
surface containing an amine, sulfhydryl, maleimide or a carbohydrate
groups. Separation of free Fab/antigens, which are not linked to the
liposome, can be done with chromatography or other physical means, like
centrifugation and dialysis. Ultimately, during the immunoassay application
of these antigen/Fab attached liposomes, the fluorescence of the leaked
marker will correlate with the concentration of antibody binding to the
antigen that is on the liposome surface. Various types of markers have been
encapsulated in liposomes including organic dyes, enzymes, substrates,
isotopes and other labels. The most commonly used are fluorescent and
colorimetric dyes like calcein, carboxyfluorescein (CF) and sulforhodamine
B which are soluble in water and can be encapsulated at high concentration
(~100mM) [8]. The fluorescence of the encapsulated markers is quenched
during encapsulation, but the fluorescence increases when it is leaked from

the liposome and is diluted in the extra-liposomal aqueous solution.

Enzymes like horseradish peroxidase (HRP) and alkaline phosphatase (AP)
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have also been trapped inside liposomes for detection purposes [9]. The
entrapped enzyme, upon release, converts the substrate molecules in the bulk
solution, to signal generating molecules. Although there is an advantage of
signal amplification, this assay lacks ruggedness and simplicity since the
enzymes require special handling and storage. In addition, the signal
generated from the substrate, may not be instantaneous with leakage of the
enzyme from the liposome. Radioactive labeled markers are also sensitive,
but their health hazard and the expensive instrumentation make them the
least preferred method. For some analytes, a comparison of the sensitivity
between a liposome-based and non-liposomal assays (ELISA and
fluorescein-labeling methods) has shown that there can be as much as a
hundred fold enhancement in sensitivity from using marker encapsulated
liposomal methods [2;10;11].

Generally, liposome assays can either be based on lysis of the liposome and
measuring the signal corresponding to the released marker that is related to
analyte concentration, or analysis of the analyte can be based on the
measuring the fluorescence of the marker still trapped inside the intact
liposome, without lysis, and relate the fluorescence to the analyte
concentration. The latter case is not very common and is based on selective
precipitation of the antigen/antibody cross-linked liposomes by
centrifugation and collecting the aggregated liposomes from the bottom of
the tube then measuring the marker associated with the aggregated
liposomes. In addition to monitoring the encapsulated marker, the
aggregation of receptor-anchored liposomes, by specific multidentate

ligands, has been monitored using light scattering/turbidimetry techniques
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and proposed as a possible method for the determination of antibodies in

biological samples [12].

Lytic assays can be either homogeneous or heterogeneous. Homogeneous
liposome lysis assays are done in solution phase with no washing of
unbound ligand required before detection. In heterogeneous lytic assay the
marker-encapsulated-ligand-coupled liposomes compete with a free ligand
(analyte) in the sample for a limited antibody that is immobilized on a solid
surface. After the incubation, the unreacted liposomes that didn’t bind to the
surface ligand will have to be rinsed away before measuring the fluorescence
of the marker from the surface bound liposomes. In a competitive assay
format, the signal intensity of the released marker is inversely related to the
amount of free ligand (analyte) in the sample. Generally, the fluorescence of
the encapsulated marker is measured following its release from the
liposomes’ interior by lysis or perforation of the membrane. Commonly,
there are four distinctly different methods used to induce liposome lysis,
namely the complement system, use of cytolytic agents, using surfactants or
detergents, and through self lysis due to phase transition by the lipids [5;7].
The complement system is a group of proteins that belong to the innate
Immune system that can be used to selectively lyse liposomes that carry the
bound antigen-antibody complex on their surface [13]. An antigen-antibody
complex formation is necessary to initiate the activation of the complement
protein. The complement can be used in both competitive and non-
competitive assays and the signal from the liposome released marker is
monitored using the appropriate detection technique. In competitive or

inhibition assay format, the signal generated is inversely proportional to the
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concentration of analyte in the sample [14]. Complement-based lytic
liposome assays have been shown to have comparable or even higher
sensitivity than conventional ELISA in a number of studies [2;15;16]. But,
the analytical application of complement enzymes has been limited due to
their delicate nature and non-specific lytic action . The non-specific lysis and
leakage of liposomes that do not carry the antigen-antibody complex is
known to occur in some assays, contributing to a high level of noise (signal)

which decreases sensitivity and reproducibility of the assay [17].

Lysis of marker encapsulated liposomes can also be performed by a
detergent, like Triton-X100, or a potent cytolytic agent like melittin. Melittin
Is a natural 26-amino acid protein from bee venom and lyses liposomes
rather slower than complement [18]. Melittin lyses lipid bilayers and does
not require the formation of an antigen-antibody on the liposome’s surface,
like complement does. In a homogeneous competitive cytolysin-mediated
liposome immunoassay, the antigen (analyte), an antigen-cytolysin
conjugate and the antibody are incubated altogether, and then the dye
encapsulated liposomes are added. The antigen-cytolysin conjugate has the
ability to lyse and leak the liposomes. During the incubation, the conjugated
antigen-cytolysin is competing with the antigen (analyte/sample) for the
limited antibody. When antibody binds to the antigen-cytolysin (conjugate),
the cytolysin becomes impotent to lyse the liposome. The more antibodies
bind to the antigen-cytolysin, and then less of it will be available to lyse the
liposome, which decreases the fluorescence signal. In general, cytolysin-
based assays require fewer steps, are faster and comparatively more versatile

than the complement-based assays. A main disadvantage of the cytolysin
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methods is reproducibility and some non-specificity by the lysing agent. In
addition, lysing agents like Melittin are poisonous venoms that can cause
harm unless extreme caution is taken while handling and working with them.
Also, covalently linking the cytolysin agent to either an antibody or antigen,
without any significant loss in immunological and cytolytic activities, is a
challenge. Therefore, the most efficient lysis assay would be one that
depends on self lysing liposomes, without adding external lysing agents like
Melittin and detergents (Triton X-100). And that is what we propose to do
in this part of the project.

There is a very limited amount of literature available on immunoassay
applications that depend on self lysing liposomes. Most of these studies
were published by Huang and coworkers who used a non-bilayer forming
lipid, like dioleoylphosphatidylethanolamine (DOPE) with other stabilizers
to form stable self lysing liposomes for immunoassay application [17;19].
These liposomes with a target specific molecule (antigen or antibody)
attached to their surface are stable and only undergo bilayer destabilization
when the antigen-antibody complex is formed on their surface. For
example, if a sample containing a multidentate antibody to be analyzed is
incubated with the antigen-attached liposomes (marker- entrapped), it cross-
links and destabilizes the liposomes causing aggregation and a
stoichiometric leakage of their marker content. In our study we have used
these contact sensitive liposomes to detect avidin and anti-DNP antibody on
a conventional fluorimeter and CE-LIF instrumental setups. An extended
explanation about their characteristics, synthesis and application in

fluorescence assays is given later in this chapter.
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Most immunoassay techniques currently used have a multiple well format in
order to increase throughput, and the different mixing, washing and
detection steps require automation. These non-flow based techniques are
usually sensitive, but suffer from some detection reproducibility due to
sample matrix interference. These and other problems often cause significant
well-to-well and plate-to-plate variations in the data collected [20;21]. Flow
injection assay (FIA) techniques have been found to help alleviate these
shortcomings and FIAs’ can also be automated easily [21]. FIA techniques
offer better analytical reproducibility through a more precise delivery,
analysis, and detection of the sample in a flow based reactor column [21;22].
But still, FIA methods do require some steps of washing to separate the
unbound (excess) marker molecules and to regenerate the reactor column
after every sample run. Therefore there is still a need for a more efficient and
reproducible method that includes a simultaneous online separation and
detection of the analytical signal on a flow based chromatographic setting
[23]. In the last decade or so, a limited number of chromatographic and
electrophoresis based liposome immunoassays have been developed to
analyze drugs, toxins, antigens and antibodies [23-25]. A liposome immune-
chromatographic method to detect the pollutant chemical, Alachlor, in water
and soil samples was developed by R.A. Durst [21;26]. In this assay,
capillary action causes Alachlor and Alachlor-tagged-dye-containing-
liposomes to migrate through an anti-Alachlor antibody zone on a plastic-
backed nitrocellulose strip where competitive binding occurs. Unbound
liposomes continue migration to a liposome capture zone, where they are

quantified colorimetrically. The amount of liposome-entrapped dye that is
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measured in this zone is directly proportional to the Alachlor concentration
in the sample. The nitrocellulose (TLC) plate serves as a sieving medium,
and a flow controlling media, for the migrating tagged liposomes. Similarly,
an immunochromatography method for the detection of Aflatoxin-B1
(AFBL1), a fungi toxin, using a dye encapsulating (AFB1)-tagged liposomes,
was developed by Wauchope and Ho [27]. This technique was capable of
detecting Aflatoxin B1 as low as 20ng, and was comparatively efficient and
cheaper than ELISA methods. Likewise, an electrophoretic technique
developed by Tsukagioshi et al. used Eosin Y-attached liposomes to
determine antibodies of human serum albumin with a capillary
electrophoresis technique. The intensity of the dye released from the Eosin
Y -attached liposomes, due to antigen-antibody interaction on the liposome
surface, was measured online with a chemiluminescence detection system
[25]. Being a competitive assay, the intensity of released dye was inversely
related to the concentration of analyte in the sample. Likewise, the dynamic
light scattering (DLS) technique has also been used to determine the
antibody-induced aggregation of receptor attached liposomes [28-30]. The
average size and polydispersity index of the liposomes increases when they

are incubated with specific antibodies due to their ensuing aggregation.

Our objective here is to study the binding interaction between a free
multivalent antibody and a liposome-anchored antigen using DLS,
spectrofluorimeter and CE-LIF instruments in a homogenous solution. In
addition, we intend to utilize these surface-active liposomes to develop
antigen/antibody assays using a capillary electrophoresis laser induced

fluorescence (CE-LIF) instrument setup. As indicated earlier, the majority

118



lipid (about 70-90%) used to make these liposomes is DOPE, which does not
form stable liposomes by itself, due its small hydrophilic head group. But
when it is mixed with a small percentage of stabilizing lipids, like PG, PA
and PC, it forms stable lipid bilayers and liposomes. These stabilizing lipids
have larger head groups than DOPE, and when present at 10-30% of the
total lipid content, they geometrically complement the smaller head group of
DOPE, and together pack into a planar or vesicular membrane structures.
Stabilizer lipids that have been used by others, and the resulting
compositions, are given in Table 4-1, including their minimum respective
concentration needed to form stable liposomes [17]. A crude but useful
model to predict the shape of lipid structures, when they are hydrated, is the

critical packing parameter (CPP), which is defined as

AxL

CPP:[ v J Equation (1)

V — Volume of lipid molecule
A — Lipid’s polar head group area
L — Lipid’s acyl chain length
According to this simple empirical model, single chain structures

(surfactants & detergents) pack into spherical (CPP < %) or rod like micelles

(% <CPP< %). Double chained lipids are characterized with V = (AL), i.e.

CPP ~ 1, and they can pack best into planar bilayers, and vesicles. Some
lipids, like DOPE, with relatively small polar heads (V > (AL), i.e. CPP>1)
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tend to pack into cone shaped inverse structures (inverted micelles and
Hexagonal Il phases) [31;32]. In addition, a stabilizer can also be
constructed by linking the immunoreactant molecule onto a lipid head-
group, like DNP-DPPE, and mix it at low proportions (~12%) with DOPE to
form stable marker encapsulated liposomes. Ultimately the stabilizer, the
DNP moiety that is attached to the DPPE, undergo an immunoreaction with
its conjugate (anti-DNP), in the sample solution, causing adjacent liposomes
to crosslink and aggregate. Such an example is given by Huang and Ho,
where DNP-PE stabilized (DOPE) liposomes lyse and leak their marker due
to an induced non-bilayer phase transition when the DNP-liposomes are
cross-bound by the multivalent anti-DNP antibodies [33]. Similarly, one of
the stabilizers on Table 4-1 (15% DPPG), together with a (0.1-1 % mole) of
the targeting molecule attached lipid (DNP-PE), can be mixed with DOPE to
form a stable liposome that is used to detect the corresponding conjugate of
the targeting molecule. A 0.1-1 mole % of the targeting molecule can also be
incorporated on a preformed stable DOPE liposome which is then used to
detect the corresponding conjugate of the targeting molecule. The preformed
liposome will have linker moieties like MPB (maleimidophenyl butyramide)
to attach the targeting molecules on their surface [34;34]. The different
methods of attaching a targeting molecule to liposomes are discussed in

review journal articles [1].

Generally, under conditions where DOPE based liposomes are brought in
close proximity, via a multivalent cross linker, they undergo a transition
from a bilayer to a reversed-hexagonal phase which results in the loss of

liposome integrity and membrane lysis, accompanied by leakage of their
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interior content [17]. Further, the factors stated below influence the extent of

liposome self-destabilization, and the ensuing content leakage.

» The binding affinity (strength) between the liposome attached ligand
and its conjugate (in solution) to be analyzed strongly influences the
efficiency of the assay. For instance, a strong affinity between the free
avidin and biotin-attached-liposomes, leads to an extensive liposome
destabilization and leakage of the encapsulated dye. These attributes
provide an assay method with a wide working range for detection
[30].

= The concentration of antibody in solution affects the aggregation of
antigen-attached-liposomes. The rate and extent of aggregation
increases as the amount of antibody added to the antigen-liposomes
increases. Carbonell and co-worker also observed the concentration
effect when they measured turbidity of biotin-liposome in the
presence of avidin. The turbidity of the liposomes was dependent on
the avidin concentration [29;30].

= Higher temperatures also facilitate the bilayer to a hexagonal (H;,)
non-bilayer phase transition. DOPE prefers the hexagonal (H,;) phase
above 10°C, so incubation temperatures of up to 70°C have been used
to induce faster lysis of the antigen-attached DOPE liposomes during
incubated with the specific antibody solution [21].

= The length of the organic spacer moiety that connects the antigen to
the liposome also determines the antigen-antibody binding strength

and the extent of liposome aggregation and content leakage [35;36].
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In the present study we investigated the interaction of biotin and DNP
attached DOPE-liposomes with avidin and anti-DNP antibodies,
respectively, in a homogeneous solution using DLS, fluorometry and CE-
LIF techniques. Our results demonstrate that avidin and anti-DNP antibodies
were able to induce dose dependent aggregation, and content leakage, from
DOPE liposomes that have biotin or DNP attached on their surfaces,
respectively. The aggregation of biotin-liposomes was inhibited by adding
free biotin which competes with the biotin-attached liposomes, for the
limited avidin present. The direct method, with biotin-liposomes, can be
used for avidin/streptavidin detection, while the competitive assay requires
the presence of free biotin to analyze avidin in different biological samples.
In addition, the qualitative effects of the spacer arm length and the
incubation temperature on the extent of liposome aggregation and the
subsequent dye-leakage were also examined. The DOPE liposomes were
stabilized by a 20% DPPC lipid.

Experimental
Chemicals, Materials & methods
Chemicals

1,2-Dimyristoyl-sn-Glycero-3-Phosphocholine (DMPC), 1,2-Dimyristoyl-
sn-Glycero-3-Phosphocholine (DPPC), 1,2-Dioleoyl-sn-Glycero-3-
Phosphoethanolamine (DOPE), 1,2-Dipalmitoyl-sn-Glycero-3-
Phosphoethanolamine-N-[6-[(2,4-dinitrophenyl)amino]caproyl] (DNP-cap-
PE), 1,2-Dipalmitoyl-sn-Glycero-3-Phosphoethanolamine-N-(2,4-
dinitrophenyl) (DNP-PE), 1,2-Dipalmitoyl-sn-Glycero-3-
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Phosphoethanolamine-N-Biotinyl (Biotin-DPPE), 1,2-Dioleoyl-sn-Glycero-
3-Phosphoethanolamine-N-Cap-Biotinyl (Biotin-cap-DPPE) were from
Avanti Lipids. Anti-DNP antibody, Avidin, Biotin, Carboxyfluorescein,
Alexafluor, 10mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) buffer at pH=7.5, and Whatman liposome extrusion polycarbonate
filters were purchased from Fisher Scientific. The hydrophilic marker dyes
Carboxyfluorescein and Alexa-flour were supplied by Molecular Probes-
Invitrogen Corporation. The size exclusion gel Sephadex G-50 and
MicroSpin filter columns (part # 27-5330-01) were obtained from
Amersham Biosciences. Figures (2-1), (2-2), (4-4) and (4-5) show the
molecular structures of the lipids and fluorescent dyes used in this study.
Deionized water having a resistivity > 18MQ/cm was obtained in-house

from a reverse osmosis Millipore system.
Materials & methods
Preparation of dye encapsulating liposomes

Liposomes were prepared by the extrusion method, which was developed by
Hope and coworkers, with a slight modification, using the Lipex® 10mL
thermo barrel extruder (Northern Lipids Inc., Vancouver, BC Canada)
[37;38]. The lipid mixtures were first dissolved in 3-5mL of chloroform in
50mL round bottomed flask. A dried thin lipid film was formed around the
inside walls of the flask after a 30-45 minutes of rotary evaporation on the
Buchi Rotavapor R-3000, under low pressure and >50°C. The dried lipid
film was hydrated with 3-5mL of pure buffer, or a buffered-dye solution,

with continuous shaking at a temperature above the lipid phase transition
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temperature, T, (for DPPC > 42°C) to form a stable multi-lamellar vesicle
(MLV) suspension. After vortexing and homogenizing the MLV suspension,
it was first extruded at least 5 times on a single 200nm Nucleopore
polycarbonate membrane (Whatman Inc., USA) in the 10mL Lipex extruder
at 60°C and low N, pressure (<100psi). Finally, the liposome suspension
was extruded about ten times through a double 100nm polycarbonate
membrane at a pressure of 250-350psi. After the last extrusion, the
liposomes should have an average size of 100nm and a very low (size)

polydispersity index (<0.1).
Biotin and DNP attached lipids

The biotin and DNP molecules are covalently attached to DPPE lipid head
group and are obtained from Avanti Polar Lipids. The attachment is either
directly to the lipid head group or via a four carbon spacer moiety (CAP) as
shown on Figure (4-4) and (4-5). Both varieties are obtained from Avanti
with the biotin, or DNP, already bonded to the PE head group of the DPPE
lipid. A 1-2% mole of the DNP or the biotin attached DPPE is mixed with
DOPE and DPPC (stabilizer), which are all, dissolved in the organic solvent.
After the hydration of the dried lipid with an aqueous dye solution and
multiple extrusion cycles, the dye-encapsulated ligand-attached liposomes

are formed.
Separation of un-trapped marker and liposome

The dye-encapsulated liposomes are separated from the free un-trapped dye
on Sephadex G-50 gel filtration micro-columns (Amersham Biosciences,
P/N 275330). The filtration micro-columns were prepared and packed in-
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house according to the following steps: The gel column was prepared first
by boiling about 1g of Sephadex G-50 fine powder in 15-20 mL of DI-water
for an hour in a covered beaker. One gram of G-50 powder was swelled to 7-
9mL gel volume. The gel was cooled to room temperature and packed into
70% of the micro-column’s total volume. The column was equilibrated with
(100uL) blank liposomes before it was used for separation of free and
liposome-encapsulated dye. The liposome / free dye mixture (~50uL) was
gently placed on the gel micro-column and the encapsulated liposomes were
separated from the un-trapped dye after centrifugation for 2 minutes at
1000rpm. The low molecular weight dye (<5000) was trapped in the gel
while the liposomes were excluded and eluted first with the void-volume
without dilution [39].

Measurement of liposome size and size-distribution

The hydrodynamic diameter and the polydispersity (size-distribution index)
of all liposome preparations were determined by DLS using the Malvern
Zeta-Sizer model 1000HSa. The Malvern measures the time-dependent
fluctuations of light scattered by the liposomes and uses it to calculate the
average size and polydispersity index (PI) of the liposomes [40]. The PI
indicates the width of the size distribution for a batch of liposomes. 100uL
of the liposome suspension was diluted with 900uL of a buffered salt
solution having a comparable osmolality of the liposome’s aqueous interior,
in a ImL low volume cuvette to make the liposome size measurements. The
DLS measurement of the avidin and anti-DNP incubated liposomes is done

prior to the fluorometer and CE-LIF measurements.
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Capillary Electrophoresis and spectrofluorometer analysis

The CZE-LIF experiments were carried out on a laboratory-built CE
instrument. A Spellman SL30 high-voltage power supply was used to apply
a positive voltage over the length of the fused silica capillary (Polymicro
Technologies, Phoenix, AZ, USA), with an inner diameter of 75um and an
outer diameter of 362um. The LIF system consisted of an argon ion laser
(Omni Chrome, CA, USA) modulated by a chopper and controlled by a
lock-in amplifier (EG&G, Trenton, NJ, USA). The 488 nm modulated laser
line was focused onto the capillary through an upright microscope with a
40X fluorite objective that both beamed the excited fluorescent beam and
collected the emitted beam. The laser excitation beam would pass through a
dichroic filter (495nm) and the subsequent emission beam would pass
through both a long pass (500nm) and a short pass (515nm) filter and be
transmitted to the photomultiplier tube (Hamamatsu, Bridgewater, NJ,
USA). The signal was then sent to the A/D converter and the lock-in
amplifier. All data acquisition and analysis for the CE-LIF experiments was
performed using PC/Chrom™ and LabView softwares. The assigned
excitation/emission wavelengths are 495/515nm on the LIF detector for all
the dyes used in this experiment. The samples for CE-LIF analysis are in
50uL aliquots and contain 25uL of the dye encapsulated liposome (20uM
dye), 1uL of the Alexa-fluor internal standard, and different amounts of
avidin (or anti-DNP), then diluted to volume with the buffer solution. The
detailed description of the Shimadzu spectrofluorometer and the CE-LIF

system are given in the experimental section of previous chapters.
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Conventional fluorescence experiments were performed on a Shimadzu
RF5301 spectrofluorometer instrument. Carboxyfluorecein fluorescence
measurements were conducted at 490/520nm (excitation/emission). After gel
filtration, the liposome which has the 50mM carboxyfluorecein has to be
diluted up to 100 times with a buffer in order to bring the fluorescence signal
down to the fluorometer detectable range, since that is where the
fluorescence is linearly related to concentration (<30uM). The samples for a
fluorometer run were prepared from a 10uL aliquot of ligand-attached
liposome solution mixed with varying amounts of antibody (or avidin) and
diluted to ImL by a 10mM HEPES buffer, with a 50mM NaCl at pH 7.4.
The liposomes were incubated with avidin (or anti-DNP antibody) in a water
bath, upto 70°C, for 5-10 minutes, to facilitate liposome aggregation and
leakage [17]. The fluorescence of the leaked dye is measured with a

Shimadzu spectrofluorometer and CE-LIF instruments.

The fluorescence readings from the CE-LIF are used to calculate the relative
fluorescence units (RFU), which is used in Table 4-5 and Figure 4-2. The
RFU is the ratio of the peak areas of the leaked dye (Carboxyfluorescein)

and the internal standard (Alexa Fluor) in the electropherogram.

F
RFU :( J Equation (2)

Fstd

F — Fluorescence after avidin or antibody addition
Fq — Fluorescence of internal standard (Alexa) in each sample

The fluorescence readings from the Shimadzu fluorometer are used to
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calculate relative fluorescence (%F), which is related to degree of the
marker leakage and the concentration of the avidin, or antibody. The relative

fluorescence (%F) is calculated by

F—F,

tFO

WF = x100% Equation (3)

F — Fluorescence after avidin or antibody addition
Fo — Initial fluorescence before avidin or antibody addition

F. — Maximum fluorescence with Triton X-100, complete

liposome lysis

The RFU and %F increase proportionally with the increase in concentration
of either avidin (for biotin-attached liposomes) or anti-DNP antibodies (for
DNP-attached liposomes). This is because the more analytes (anti-DNP &
avidin) are added more liposomes are cross-linked and aggregated, leading
to greater leakage of their dye content. The fluorescence values of this
(concentration dependent) leakage can be used to construct a binding curve,
relating the analyte concentration to fluorescence intensities, as shown in

Figure 4-1 and Table 4-5 for avidin and anti-DNP, respectively.
Results and discussion

As described in the experimental section, two pairs of reactants
(biotin/avidin and DNP/anti-DNP) were used to study the factors affecting
their binding on the liposome surface and also to examine the applicability
of self-lysing dye-encapsulated liposomes for antigen/antibody type binding

assay applications. The stability of the antigen attached liposomes has to be
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checked and confirmed before their reaction (incubation) with antibody can
be studied. This is done through DLS and fluorescence (latency)
measurements. A relatively high PI and fluorescence value, of a diluted
liposome sample, indicates lack of liposome stability. The extrusion method
yielded biotin and DNP-attached liposomes with low PI of 0.069 and 0.121,
with an average size of 165 and 121nm respectively. In both these cases the
DOPE lipid is stabilized by ~20% of DPPC to form stable dye-encapsulated
liposomes. Other workers have typically used charged lipids, with DOPE, to
form stable liposomes, and few anionic lipid examples are given in Table 4-
1 [17]. Although, both the neutral DPPC and charged lipids attract interfacial
water molecules and stabilize the DOPE-mixed lipids into forming a stable
unilamellar liposomes, we were only able use the uncharged DPPC-DOPE
liposomes for capillary electrophoresis (CE) based analysis method. Charged
liposomes have broader peaks in CE that would reduce the accuracy of
measuring peak migration time and area. In addition, if a charged stabilizer
Is used, the non-specific electrostatic interaction, between a charged
liposome surface and some oppositely charged constituents of a sample,
could adversely affect the (antigen-antibody) binding and the sensitivity of
the liposome lysis method. This electrostatic interaction might create steric
and other interferences, making the surface antigen less accessible and
weaken the affinity between the liposome-attached-antigen and the antibody
in solution. So instead, using the zwitterionc DPPC to stabilized DOPE-
liposomes would help us fulfill the objective of developing a more reliable

CE-LIF based liposome immunoassay method.
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In this study, we used both conventional fluorescence and CE-LIF
techniques that showed a strong correlation between the avidin concentration
and the relative fluorescence of the leaked dye, after the biotin-liposomes
bind with the avidin in solution. The reaction between DNP-liposomes and
anti-DNP antibodies also showed similar fluorescence-concentration
relationship, but with lower sensitivity. Generally, antigen/antibody type
binding assays using dye-encapsulated-liposomes with fluorescence
detection, has been the most preferred technique, over radioactive or
enzymatic encapsulation, because of its ruggedness and simplicity [7].
Together with fluorescence, DLS measurements are performed, on the
liposome samples, before and after incubation with the avidin or anti-DNP
antibody solution. Following the DLS analysis, the fluorescence of each
avidin spiked biotin-liposome sample was measured with a
spectrofluorometer and the % F calculated using Eg2. The Fluorescence
(%F) increases as more avidin reacts with biotin-liposomes. The DLS results
also showed an increase in liposome size and Pl values as the avidin (or anti-

DNP) concentrations were raised.

The extent of aggregation in the biotin-attached liposomes has been found to
be avidin concentration dependent and a similar trend was also observed for
DNP-liposomes when they were incubated with anti-DNP antibodies. Both
of the liposome size parameters, polydispersity index (PI) and the average
diameter (Z,,), of the biotin-liposomes increased proportionally with each
increase of avidin concentration, as can be seen in Table 4-2. Light
scattering techniques, like DLS and turbidimetry, have been used previously

to develop analytical methods that relate concentration of the
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analyte/antibody with the liposome’s average size and polydispersity index
[12;41]. The data from other published studies, and our DLS results show
that specific antibodies were the causes for the aggregation of the antigen-
attached liposomes. This is further supported by the data from the
competitive binding results on Table 4-4, where after each successive
addition of free biotin, the Z,, and PI of biotin-liposomes decreased
proportionally, in the presence of limited avidin. The successively added
biotin binds and deactivates the avidin thereby inhibiting the biotin-

liposomes from cross-linking and aggregation.

The results in Tables 4-2 and 4-3 show that with an increase in Avidin
concentration, the liposome’s average size (Z,,) and its polydispersity index
(P1) as well as the percent fluorescence (%F) of the released marker all
increased due to the non-competitive binding between Avidin and biotin-
cap-liposomes. The DLS results (Z,, and PI) in Table 4-2 show that a 0.5ug
avidin was smallest concentration that initiated significant (or detectable)
aggregation on this set of biotin-liposomes, than the blank solution. There
was an increase of 7% in liposome average size (Z,), and a 61% increase in
the polydispersity index (P1), from what it was in a blank (non-avidin) buffer
solution. But for the same biotin-liposome batch, a 1ug avidin was lowest
concentration that caused a significant %F increase (~23%), over the blank
(non-avidin) solution, as seen on Table 4-3. Comparing the DLS and
fluorescence results in Table (4-2), the smallest avidin concentration
detected by DLS was lower by 50% than by fluorescence, using this set of
biotin-liposomes at room temperature. This could be because the antibody

induced aggregation is a prerequisite before the marker leakage and a
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significant change in %F is detected. That means a detectable change in %F
was lagging behind the changes in size and polydispersity index. A few
other studies have also indicated that the antibody induced aggregation of
the antigen-attached-liposomes proceeds via an inverted micelle, or a similar
non-bilayer structure before a significant leakage of the encapsulated
fluorescent dye, as illustrated by the cartoon on Figure 4-6 [17;19;33;42]. An
expanded fluorescence binding curve, with a wider avidin concentration and
response ranges, was generated at higher incubation temperatures (80°C) as
shown in Figure 4-1. The avidin (detectable) concentration range covered in
Figure 4-1 was twice than in Table 4-3, and the fluorescence response range
(%F, y-axis) was 72% wider. In addition, the smallest avidin concentration
detected with this fluorescence binding curve (Figure 4-1) was 50ng using
the Shimadzu spectrofluorometer, or 50ng/ml since all the fluorometer run
samples have 1ml total volume. At elevated temperatures, the low degree of
hydration around the small DOPE head-group, may contribute for the
facilitated aggregation and leakage of the liposomes [17;43].

The accessibility of the biotin, DNP and other hapten molecules by the
specific antibody (anti-DNP and avidin) in solution depends on the length of
the linker used that connects the hapten molecules to the liposome surface
[44-46]. We have found that when the DNP moiety is attached to the
liposome through a 4-carbon carpoyl linker (DNP-Cap-PE) instead of a
direct (DNP-PE) attachment, it provided better sensitivity for anti-DNP
antibodies, as shown in Table (4-5B) than (4-5A). In addition, the DNP-Cap
might have a better stabilizing effect than just the DNP moiety since the

DNP-Cap-PE liposomes show a lower non-specific leakage (RFU,,,= 484),
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when diluted in a blank buffer (zero AB), than DNP-PE liposomes (RFU =
635). According to the results on Table 4-5B, the 4-carbon linker moiety
enhanced the sensitivity, and widen the response range of the anti-DNP
fluorescence detection, as opposed to when the DNP is directly attached to
the liposome surface(4-5A). This is consistent with other studies that
focused on determining the immunogenicity of DNP and other
hapten/antigen molecules that are attached to liposomes through different
length carbon chain linkers [44-47]. In a study by McConnell and
Balkrishnan, the binding affinity of the anti-DNP antibody, was enhanced by
two orders of magnitude when the DNP (antigen) is attached to the liposome
via a PEG-linker, compared to when DNP is directly attached to the
liposome (without a PEG linker) [45]. Similarly, a trinitorphenyl (TNP)
hapten attached to membranes with sufficiently short or long hydrophobic
spacers are known to be less effective for antibody binding than those with
intermediate chain lengths. Twelve (C,,) and zero (Co) carbon linkers were
less effective, since the hapten on the liposome surface becomes less
accessible for antibody binding than when an optimal six carbon (Cg) linker
is used. The reason suggested for the decrease in binding affinity, with the
short (Co) linker, has been the lack of accessibility to some of the hapten
moiety that is buried in the membrane and/or is due to steric constraints [46].
While the long spacer (C-12) weakens the TNP binding affinity, toward the
antibody in solution, since the long spacer is more inclined to fold back onto
the liposome surface thereby creating unwanted interaction between the TNP

and the liposome surface functional groups [46].
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The effect of incubation temperature on the detector response range of the
binding between biotin-liposomes and free avidin is shown on Figure (4-2).
The CE-LIF response range is wider, with more data points, in Figure (4-2B)
than in (4-2A). Similarly, the fluorometer data (Figure 4-1) also shows a
wider working range for the binding between avidin (antibody) and the
biotin-liposomes (immunoliposomes) at elevated temperatures, as well
observed by Huang and co-workers using a fluorescence spectroscopy
technique [17;19;42].

A fluorometer based competitive binding experiment between biotin and
biotin-liposomes for a limited amount of avidin on Table 4-4 shows a
decrease in fluorescence signal intensity due to a decrease in leakage of the
liposome encapsulated dye. This is because the cross-linkage and
aggregation of the biotin-liposomes decreases as more avidin binds to the
free biotin, thereby decreasing avidin’s availability to cross-link the biotin-
liposomes. This is supported by the DLS results in Table 4-4, which show a
decrease in size (Z,,) and polydispersity index (PI) of the biotin-liposomes,
as more free biotin competes for a limited avidin sites. In the absence of
avidin no significant aggregation or increased leakage (fluorescence) was
observed even at higher incubation temperatures, further confirming that
avidin induced cross linkage and aggregation is a prerequisite for liposome-
membrane destabilization and appreciable dye leakage [17].
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Conclusion

In this study our aim was to show that dye encapsulated, antigen attached
liposomes can be used to study antigen-antibody binding and further show
that this (antigen-attached) liposomes can also be used for the detection of
the specific antibodies in solution using fluorescence, CE-LIF and DLS
techniques. The lysis of the antigen-liposomes, due to a multidentate
antibody (or avidin), and the ensuing fluorescence analysis of the leaked dye
was successfully performed without a need for an exogenous lysing agent
like complement-proteins. Also, due to the simplicity, stability and
ruggedness of dye-encapsulated liposomes, they are better detection signal
enhancement tools, than enzymes or isotopic markers. The DLS and
fluorescence techniques showed that the liposomes’ size variables (PI, Z,,)
and the relative fluorescence (%F) of the leaked dye were all avidin (and

anti-DNP) concentration dependent.

In addition, this self-lysis liposome technique offers a wide fluorescence
signal range since the liposomes can encapsulate a very high concentration
of dye. Because of this, low concentrations of avidin standard solutions were
detected using the liposome/fluorescence technique. The fluorometer data in
Figure 4-1 shows the smallest concentration of avidin detected was 50ng/ml,
while the CE-LIF data on Figure 4-2 shows a higher value (~20ug/ml). This
liposome-fluorescence method, although not maximally optimized, was able
to provide comparable detection limits, even lower than some of the other

techniques, cited in the literature seen on Figure (4-3).
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Adapting a self-lysis liposome assay to CE-LIF was also successful in both
avidin and anti-DNP analysis. The CE-LIF technique can provide qualities
that are mainly needed in high throughput screening of a huge library of

candidate compounds and bioanalytical assay labs, since:

» The assay takes comparatively a short time and it can easily be
automated on a CE-LIF setup.

= The resolving power of CE and the detection range of LIF together
have the potential to provide assays with low sensitivities and good
reproducibility using an internal standard (a second fluorescent dye).
The CE can resolve the analyte from the interferents in sample matrix
and usage of an internal standard is possible with CE-LIF (not
fluorometer).

= The sample and reagent sizes requirement in CE is significantly
smaller than conventional fluorescence or similar colorimetric assays.

(lipids, dyes, antibody...)

Generally, the fluorescent-liposome techniques, together with DLS, can have
wide analytical applications since different hydrophilic or hydrophobic
molecules (also fragments of macro-molecules) can be linked or
encapsulated with liposomes as mentioned earlier. A shortcoming of the
method is that the sensitivity of the assay is dependent on binding strength
between the analyte and its conjugate antibody (or antigen) molecule that is
attached to the liposome. There could be orientational (or spatial) restrictions
involved during the liposome immunoassay, than in free solution
immunoassays, which could also affect the binding affinity. The smallest

concentration detected and the fluorescence working range was better for
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avidin analysis than anti-DNP, since an avidin/biotin binding is 6-7 orders of
magnitude stronger than the DNP/anti-DNP binding. Also, the accessibility
of the liposome-attached target molecule and the incubation temperature
seem to have an effect on the sensitivity and the working range of the

fluorescence method.

A broader application of this technique in the field of immunoassays will
depend on the success and ease of attaching different ligands to the liposome
surface, as noted in introduction of this chapter. A more detailed future study
using ligand/receptors, or antigen/antibodies pairs, with real world samples,
can further show some of the potentials and advantages of using marker
encapsulated liposomes over other labeling techniques, like enzymes,
isotopes and single-molecule markers. In recent years quantum dots and
nano-particles have been successfully encapsulated in liposomes as new
classes of fluorescent probes to enhance detection sensitivity and overcome
the limitations (quantum-yield and chemical interference) encountered from
using organic fluorescent molecules in biological assay and imaging

applications [48].
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Table 4-1. Charged lipid stabilizers and their minimum concentration
required to form stable DOPE liposomes. (Reference # 16)

minimum mole %
Stabilizer required to form | Charge
stable liposomes
DOPS 15 anionic
DPPG 15 anionic
DMPG 15 anionic
DOPA 20 anionic
DOPG 20 anionic

DOPS — dioleoyl glycero-phosphatidylserine

DPPG - dipalmitoyl glycero-phosphatidylglycerol

DMPG — dimyristoyl glycero-phosphatidylglycerol

DOPA — dioleoyl glycero-phosphate

DOPG - dioleoyl glycero-phosphatidylglycerol
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Table 4-2. Size, polydispersity and fluorescence measurement of biotin-
attached-liposomes*, using DLS and spectrofluorometric techniques after
reaction with different amounts of avidin.

Avidin(ug)|Za(nm)| Pl YoF**
0 165 | 0.069 44
0.5 176 | 0.111 38
1 181 | 0.137 54
2 219 | 0.231 59
4 252 | 0.244 65
8 450 | 0.741 73

Z., — Liposome average size in nanometers
Pl — Liposome polydispersity index

* — Liposome composition: Biotin-Cap-DPPE:DPPC:DOPE
(1:20:79 mole %), 10mM total lipid, 270mM Hepes buffer with
50mM Carboxyfluorescein @ pH of 7.5, assay run at room
temp (~ 25°C). standard samples have 1ml total volume

** _ OoF determination and calculations given in Table 4-3
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Table 4-3. Spectrofluorometer* measurement of dye released from biotin-
liposomes** after a stoichiometric reaction with avidin.

A(‘a‘gj)'” = F .| %F
0 14 | 30 | 55 | 44
1 14 | 35 | 57 | 54
2 14 | 36 | 53 | 59
4 14 | 38 | 54 | 65
8 14 | 42 | 55 | 73

%F = —— 0 [x100%
F-F

t "o

* Fluorescence measurement — spectrofluorometer set @
480/520nm, assay incubation temp ~ 25°C

** |iposome composition: same as in Table 4-2
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Figure 4-1. An expanded binding curve; a wide fluorescence response range
for biotin-Liposomes and standard avidin solutions incubated at 80°C.
(spectrofluorometric conditions and sample sizes same as Table 4-2).
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Figure 4-2. Effect of increased incubation temperature on the working range
of the avidin CE-LIF assay using biotin-attached liposomes. The
temperature is raised from 25°C, as shown below in (A), to 70°C in (B).
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Table I. Detection Limits of Available Avidin-Biotin

Assays

method

fluorometric
colorimetric
colorimetric
radioisotopic
radioisotopic
potentiometric
fluoromesric
spectrophotome-
tric
radioisotopic
fluorometric
radioisotopic
chemiluminescent
fluorometric
bacterial
radioisotopic
immunoassay
bacterial

detection Limits

[avidin],

ng/mL

170000
50 000
3

5000
100
5000

3000
10000

40
100

100

(biotin),
ng/mL

250
100

Assay
time

minutes
minutes
minutes
minutes
hours

minutas
minutes
minutes

hours
minutes
hours
minutes
minutes
days
day
1-20h
day

Figure 4-3. Detection limits of Avidin/Streptavidin for different analytical
techniques, from the literature*.

(*) Graph — Kada, G., Gruber, H.J, Kraiser, K., & Falk, H.

Bochimica et

Biophysica Acta 1427 (1999) 44-48

Table — Schray, K.J. & Artz, P.G. Anal. Chem. 1988, 60, 853-
855 and references, therein.
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Table 4-4. (A) & (B) DLS and fluorometer results for the competitive
binding of free biotin, and biotin-attached-liposomes, with limited avidin
present in solution

(A)
avidin | biotin
Z.,, (nm)| Pl %F
(ng) | (ng)
4 0 1530 1 53
4 2 312 [ 0561 39
4 4 215 [0.249 | 26
4 6 196 | 0.195| 23
4 8 191 [0.241| 24
(B)
competetive binding (free biotin Vs biotin-
60 1 attached-liposomes)
50 3
40
£ 30
20 A
10 -
0 ‘ ;
0 2 4 6 8 10
free biotin/ug
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Table 4-5. CE-LIF assay to determine the effect of (ligand) spacer on the
binding between DNP-liposomes and anti-DNP antibodies. (A) DNP directly
attached to the lipid DPPE (DNP-PE), (B) DNP attached via a four-carbon
spacer arm to DPPE (DNP-cap-PE)

(A)
Rel. Fluo.
Anti-DNP | Rel. Fluo. Units Average
(ug) |Units (RFU)1 (RFU)2 (RFUayg)
duplicate
0 644 625 635
1 657 627 642
2 692 669 681
3 815 835 825
4 778 789 784
(B)
'g?\flp R_el. Fluo. Rel.(II;IE(LJJ.);JnitS Average
(ug) Units (RFU)1 duplicate (RFU,y)
0 500 468 484
1 547 562 555
2 725 700 713
3 926 872 899
4 1011 922 967
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Table 4-6. Binding interaction results between DNP-attached-liposomes and
anti-DNP antibodies. DLS and fluorometer results as the anti-DNP
concentration is increased

Ant-DNP (nm)| Pl | %F (60°C)
IgE(ug)

0 121 | 0121 | 6363
0.05 62.22
0.1 62.91
05 62.95

1 137 | 0203 | 6343

2 64.28

5 148 | 0.307 | 6498
10 66.21
20 867 | 1.000 | 67.70
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Figure 4-4. Molecular structures of DNP-DPPE and DNP-cap-DPPE lipids
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Figure 4-5. Molecular structures of Biotin-DPPE, biotin-cap-DPPE and a
diagram of a dye encapsulated liposome composed of Biotin-cap-DPPE (and
other) lipids.
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Figure 4-6. A hypothetical mechanism (*) of avidin (antibody) induced
aggregation and leakage of dye-encapsulated, biotin-attached liposomes (via
a non-bilayer formation step)

*  G.K.Humphries and H.M.McConnell, Immune lysis of liposomes
and erythrocyte ghosts loaded with spin label,
Proc.Natl.Acad.Sci.U.S.A 71 (1974) 1691-1694.
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Chapter 5

Analyzing the interaction of liposomes with Indolicidin using

electrophoretic, fluorescence and light scattering techniques
Abstract

The interaction of indolicidin, a 13-mer cationic antimicrobial peptide, and
liposomes with various lipid and cholesterol composition was investigated
using light scattering, fluorescence and capillary electrophoresis methods.
Dynamic light scattering (DLS) results show a change in liposome size/size-
distribution after indolicidin interaction. The extent of this liposome
morphological change, in part depends on the liposome’s lipid composition.
Indolicidin caused lipid mixing and aggregation mostly in zwitterionic
DMPC and DMPC/CH (1,2-Dimyristoyl-sn-Glycero-3-
Phosphocholine/Cholesterol) liposomes, but anionic DMPC/DMPG
(dimyristoyl glycerophosphocholine + dimyristoyl phosphotidylglycerol)
liposomes did not show any significant DLS detectable aggregation after
interaction with an equal amount of indolicidin. Indolicidin’s innate
tryptophan fluorescence showed that the emission Ay Was blue shifted to a
lower wavelength in the presence of liposomes, and the A\nq Was larger in
the presence of DMPC/PG anionic liposomes. In addition, the emission
intensity of the peptide at A Was larger when incubated with anionic
liposomes. Fluorescence dequenching (leakage) experiments showed that
calcien encapsulated anionic liposomes leaked the most after indolicidin
interaction, and cholesterol mixed DMPC liposomes leaked the least. It is

assumed that the deeper membrane insertion of the hydrophobic residues
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caused the calcein leakage, and this effect is reinforced by the electrostatic
attraction between the cationic residues of the peptide and the anionic lipid
head groups. Indolicidin’s affinity for zwitterionic and anionic lipid bilayers
was compared using a capillary electrophoresis method. The CZE (Capillary
zone electrophoresis) separation of the lipid unbound peptide showed only
37% and 50% of the peptide stayed bound to DMPC/CH and DMPC
liposomes respectively, while 100% of the peptide was irreversibly bound to
the anionic DMPC/PG and DMPC/CH/PG liposomes, due to the additional
electrostatic attraction. A low pH LEKC (liposome electrokinetic
chromatography) injection of indolicidin, with DMPC/CH liposomes used as
pseudostationary phase, showed the peptide eluting in only 5.6 minutes,
indicating that cholesterol attenuates the peptide’s hydrophobic interaction
with zwitterionic liposomes. But, the LEKC with pure PC liposomes did not
elute the peptide peak within the specified run time, suggesting a stronger
binding than with DMPC/CH liposomes.
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Introduction

All living matters use a complex array of biological and chemical
mechanisms to defend themselves from invading pathogens. In mammals, as
In many other organisms, the major components of innate immune defense
mechanism against harmful pathogens are the cationic antimicrobial
peptides (AMP), which are produced in response to infection by pathogens
[1]. AMPs are produced predominantly in animals’ most exposed tissues
(skin, eyes, tongue, etc...), which are most likely to come in contact with
microorganisms. In higher organisms they are produced mainly on epithelial
surfaces and phagocytic cells. The typical character of AMPs is their
cationicity and amphipathicity by which they protect the host against

microbial infection [2-4].

The reason for the high interest in AMPs is because many of them appear to
act via a selective, but non-receptor mediated, permeabilization of microbial
membranes, and this confers a considerable potential for their development
as novel therapeutic agents that could overcome the (antibiotic) resistance
problem. AMPs might provide a new generation of antibiotics that will
address this drug resistance problem. Investigation of their structure-activity
behavior with artificial bilayers is helpful in deciphering the orientation of
proteins in membranes and in better understanding membrane interfacial
activity, which affects cell-signaling and membrane transport activities,

among others [2;5].

The modes of action of antimicrobial peptides elucidated to date include

inhibition of (bacterial) cell wall formation, membrane perturbation or
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deformation, formation of pores in the membrane resulting in the disruption
of membrane potential with eventual lysis of the cell and, finally, inhibition
of nuclease activity involving RNase and/or DNase activity[6-8]. In all
cases, an initial interaction with the outer membranes of bacteria is
necessary. This first point of interaction between the peptides and their
targets is often also the site of antimicrobial action as they interfere with the
membrane function to cause bacterial cell death. This interaction mainly

involves two binding properties:

1. The electrostatic interaction at the membrane interface among the
lipid head-groups, the polar residues of the peptide, and the solvent
molecules.

2. Once the peptide contacts the membrane, the hydrophobic interaction
between the non-polar peptide residues and the membranes
hydrophobic parts can take effect. Recent studies show that insertion
of the peptide’s hydrophobic moieties into the bilayer, which could be
followed by excessive permeabilization or destabilization of the
membrane is largely caused by this hydrophobic interaction.
Generally, the effect of these peptide interactions can be:
perturbation/deformation of the membrane, aggregation of apposing
bilayers, or the complete lysis and breakdown of the lipid bilayer
[8;9].

Formation of lipid domains in the membrane due to differences in affinity
toward the peptide by the different lipid components can also cause

membrane deformation or an aggregation between apposing membranes
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[10]. Cholesterol can create domains, or rafts as they are also called, in the

membrane due to solubility differences of the AMP.

Fundamental differences exist between microbial and mammalian cell
membranes that may represent a target for antimicrobial peptide action. Two
of the main differences between bacterial and mammalian cell membrane
types include lipid composition and packing structure. The plasma bilayer
membrane of many mammalian cells like erythrocytes is asymmetric with
neutral (zwitterionic) phospholipids and cholesterol comprising their outer
membrane leaflet. Bacterial membranes, in contrast, have predominantly
negatively charged lipids on their outer membrane surface. The structure of
AMPs is composed of both hydrophobic and hydrophilic moieties, also
termed as “amphipathic” property n, which is believed to play a key role in
antimicrobial mechanism of action. The hydrophilic and the cationic features
of AMPs are proposed to initiate interaction with the negatively charged
bacterial surface and other anionic phospholipid bilayer membranes. Then,
the hydrophobic moiety of the AMP will facilitate the insertion of the

peptide into the membrane’s interior [1;7].

Liposomes are convenient model systems to study the interaction between
AMPS and real membrane systems. Their composition can be varied to
resemble those of specific real membrane systems, both prokaryotic and
eukaryotic. Usually, a combination of zwitterionic lipids like
phosphatidylcholine (PC), sphingomyelin, phosphatidylserine,
phosphatidylethanolamine (PE) and cholesterol are used to mimic
mammalian or eukaryotic membranes. While PE and PC mixed with anionic

lipids like phosphatidylglycerol (PG), or PG derivatives such as
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diphosphatidylglycerol (DPPG) and cardiolipin are used to make membranes
resembling those of bacterial and prokaryotic cells [11]. Characterization of
liposomes charge and size prior to peptide interaction is important as they
can influence their interaction with AMPs. The lipid composition and its
concentration are also important parameters since the extent of liposome-
AMP interaction is primarily affected by the type of lipids and the (lipid-to-
peptide) concentration ratio. Compared to zwitterionic membranes, anionic
membranes have been found to be more susceptible to AMP action, mainly

due to the enhanced binding caused by the electrostatic attraction [12;13].

AMPs can be classified based on their structure, sequence homologies and
functional similarities [8;14]. Based on their structure they can be divided
into four broad families: 1) linear a-helical peptides include: cecropins,
magainins and mellittins, which adopt a random structure in dilute aqueous
solution and form a-helices or a helix-bend-helix motif in organic solvents
and upon contact with cell membrane phospholipids; 2) extended linear
structure peptides that are rich in proline, arginine, or aromatic amino acids,
like indolicidin from the cytoplasmic granules of bovine neutrophils; 3) -
sheet structure peptides, like gramicidin-S; 4) loop peptides cyclized with a
single cystine disulphide bond, like bacteriocins. Since many of these AMPs,
which are similar in structure, can have differences in spectrum of activity;

they can also be classified based on their activity against membranes:

1. AMPs that are highly potent against bacteria but not against
mammalian cells and fungi (e.g. insect cecropins, magainins, and
dermaseptins). These are active against both gram positive and

negative bacteria.
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2. Those toxic to both bacteria and mammalian cells including pig
cecropins, cattle indolicidin and insect defensins. However there are
also several AMPs that are active against fungi but not against

mammalian nor bacterial membranes [2;8;13].

AMPs range in size from 12 to 50 amino acid residues and there are now
more than 800 known in number that are derived from different animal and
plant species. The Cathelicidin group of AMPs were discovered over a
decade ago and possess a broad spectrum of antimicrobial activity.
Cathelicidins, which Indolicidin is one of, are gene-encoded “natural
antibiotics” that are produced by several mammalian species on epithelial
surfaces and within the granules of phagocytic cells. They have also been
found to be cytotoxic and homolytic toward both bacterial and mammalian
cells. Since their discovery over a decade ago, cathelicidins have been
speculated to function within the innate immune system, contributing to a
first line of host defense against an array of microorganisms. Consequently,
cathelicidins have captured the interest of basic investigators in the diverse
fields of cell biology, immunology, protein chemistry and microbiology
[15]. Their broad antimicrobial activity makes cathelicidins ideal templates
in combinatorial chemistry to design de-novo antimicrobial peptides for

therapeutic applications.

Indolicidin is a Cathelicidin, and also one of the smallest natural peptides
known to date. Its unique composition distinguishes it from the other mostly
a-helical or B-structure cationic peptides. It has a linear structure with 13

amino acids including, five tryptophans (39%), three prolines (23%), and an
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amidated carboxy terminus [16].Indolicidin has the highest Trp composition

of any natural peptide or protein known:
H-lle-Leu-Pro-Trp-Lys-Trp-Pro-Trp-Trp-Pro- Trp-Arg-Arg-NH2

The linear/extended conformation of indolicidin might be due to the bulky
tryptophan and proline residues. Structural analysis by H-NMR has revealed
that the substitution of proline with alanine enables the modified
(Indolicidin) peptide (CP10A) to adopt a helical conformation, rather than
the extended linear structure of the native Indolicidin [17]. Even though
indolicidin does not adopt a 3-turn nor a-helix structures in membrane
mimicking environments, it has a tendency to readily partition into
liposomes with different lipid composition. Indolicidin’s strong interaction
with anionic membranes is driven by the electrostatic interaction while its
partitioning capability into neutral lipid bilayers is mostly driven by the
energetically favorable hydrophobic effect due to the five tryptophan
residues [18;19]. Indolicidin is toxic to both prokaryotic and eukaryotic
cells. It has been shown to effectively kill gram-positive and gram-negative
bacteria, different fungi, mammalian lymphocytes and erythrocytes,
including that of humans’. Similarly, in studies with model lipid-bilayer
membranes, indolicidin has effectively leaked the encapsulated aqueous-dye
from both zwitterionic and anionic liposomes. But changing the Trp amino
acid residues to Phe has been shown to eliminate indolicidin’s hemolytic
activity [20]. Also, the amidation of indolicidin at the carboxy terminus
enhances its activity against anionic model membranes and bacteria due to
added cationicity [21].

163



Indolicidin’s exact mode of action against membranes is not clearly known,
although different mechanisms have been proposed based on observations
from experiments with real and artificial membranes. Some of the
mechanisms include: I) membrane permeablization by channel formation
[21]; 1) membrane insertion and formation of torroidal pore [22]; I11)
creating a trans-membrane defect by forming a head-to-tail peptide dimer
across the bilayer [23]; 1V) forming a transient trans-membrane agqueous
pore[24] and V) inhibition of DNA synthesis after self-permeation into the
cytoplasm [25]. The true mechanism can be one or a combination of the
above, depending on the lipid composition and nature of the membrane.
Although the exact mechanism of action is still under debate, it is clear that
indolicidin must first interact with the microbe’s external membrane thereby
enhancing its permeability and leak out its contents, or enter the cytoplasm
and disrupt cellular function. In light of this, it is apparent to see the
importance of characterizing the interaction between indolicidin and lipid
bilayers since knowing the nature of such interactions: 1) helps in
understanding the mechanisms employed by AMPs that will significantly
improve our understanding of how AMPs act to defend against infection; 2)
helps in designing peptide drugs that effectively kill pathogens, but are safe
for the host animal; and 3) helps to get a better insight into how membrane
proteins effectively anchor themselves within the lipid bilayers through their

membrane-active segments/moieties.

Different analytical techniques have been used to characterize the interaction
between indolicidin and different membrane mimetic entities. Some of the

techniques include: NMR spectroscopy [26], circular dichroism [27],
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fluorescence spectroscopy [22;23;28;29], Fourier transform infrared-
attenuated total reflection spectroscopy (FTIR-ATR) [30], quartz crystal
microbalance [24], electron microscopy [31], and turbidimetry [32]. But
mostly, the different forms of fluorescence technique have been the
preferred methods due to their simplicity and the extensive information that

can be gained from them.

The application of fluorescence spectroscopy to the study of membrane-
active peptides usually takes advantage of the presence of naturally
occurring, or engineered, tryptophan (Trp) residues in their primary
structure, and uses them as a probe. Several properties of this intrinsic-
fluorescent probe (Trp), including fluorescence lifetime and quantum yield,
are solvent environment dependent and can be used to determine the
peptide’s membrane partitioning and depth of penetration [33]. In addition,
spectral shifts undergone by the emission spectra of Trp residues, as well as
changes in accessibility to agueous quenchers can be exploited to
characterize peptide membrane binding. Further information regarding the
transverse location (degree of penetration) of the membrane-bound peptide
molecules can be gained through depth-dependent fluorescence quenching
experiments by attaching (hydrophobic) quenchers along the acyl chain of

membrane-building lipids [33].

The fluorescence intensity from Trp residues generally exhibits a significant
increase upon interaction with lipid bilayers. This enhancement reflects an
increase in the quantum yield, @, of the Trp residues upon inclusion in a less
polar environment. This is usually accompanied by a corresponding

variation in its mean fluorescence excited state lifetime. In addition to the

165



fluorescence quantum yield, the position of the maximum emission
spectrum, Amax, 1S also sensitive to its solvent environment. The transfer of
the peptide from the aqueous (polar) environment to the lipid bilayer (less
polar) characteristically causes a blue-shift in the emission from around 350
nm to as low as 325 nm. This property can therefore be used to obtain an
approximate description of the location/environment of peptide's Trp

residues in the membrane [33].

Fluorescence quenching using acrylamide and iodide quenchers has been
used extensively to investigate the microenvironments of tryptophan
residues in liposome suspensions [33]. As noted earlier, a peptide’s Trp
residues buried in the liposome’s hydrophobic core are somewhat shielded
from the aqueous solution. That means if the peptide inserts deep into the
liposome membrane, and the membrane’s integrity is not compromised, an
agueous quencher present in the extra-liposomal solution should have a
minimal quenching effect on the peptide’s innate fluorescence. In quenching
studies, the neutral acrylamide is usually preferred in order to avoid non-
specific electrostatic side-interactions between the quencher and other
charged species in solution. The Stern-Volmer relationship (Eg. 5-1) can be
used for a more quantitative relationship between the extent of fluorescence

quenching and the quencher’s concentration [33].

F
|:0 =1+ st [Q] Equation(1)

Where K, is the collisional Stern-VVolmer constant, F, and F are the

fluorescence intensities of the peptide in the absence and presence of the
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guencher respectively, and [Q] is the quencher concentration. The Ky,
constant is dependent on the chemical composition of the quencher, which
inhibits the excitation (of peptide) by depopulating the excited state and
decreasing the excited state lifetime and intensity. A plot of (Fy/F) as a
function of [Q] yields a linear plot with a slope equal to Ky,. A peptide that is
better protected from the aqueous quencher, i.e. one that is buried deeper
into membrane, will have a lower slope than one binding to the outer
membrane surface, which is accessible to aqueous quencher. For semi-
guantitative studies the (Fo/F) ratio can be used to compare the extent of Trp
guenching in different lipidic solutions at a constant quencher concentration.
In our study liposomes of different lipid composition were incubated with
constant concentration of indolicidin and acrylamide, in order to monitor the
extent of tryptophan fluorescence quenching due to collisional contact,
between quencher and indolicidin. The quenching of a peptide’s

fluorescence by an aqueous-quencher can mean one of two things:

1. The peptide stays at the liposome interface, so the agueous quencher
had easy access to it (weak interaction between liposome and

peptide), or

2. The peptide destabilized the membrane to the extent where water was
also able to penetrate deeper and cause a contact between peptide and
the quencher.

Another fluorescence experiment generally done in lipid interaction studies,
involves the usage of an aqueous dye encapsulated in liposome at high

(quenched) concentrations [34;35]. When these liposomes are incubated
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with membrane-active-peptides their lipid-bilayer undergoes a structural
change that causes the encapsulated dye to leak out to the extra-liposomal
buffer solution. Upon leakage, the quenched dye is diluted by the buffer
outside of the liposome, and starts to fluoresce according to its
concentration. The amount of leakage is usually proportional to the extent of
structural damage, or morphological change, caused on the lipid packing by
the peptide [12;22;36;37].

Dynamic light scattering (DLS) techniques have been used to monitor
morphological changes of liposome membranes after contact with cationic
antimicrobial peptides[32]. Because these peptides have both hydrophilic
and hydrophobic parts, like detergents, they readily partition into lipid
bilayers causing morphological and size changes to the liposome membrane
[10;32;38]. These changes in liposome size and size distribution can be
monitored with the DLS technique by measuring the liposome’s average
diameter (Z,,) and polydispersity index (PI) before and after peptide addition
[32;39]. Due to the strong hydrophobic peptide-membrane interaction,
several investigators have observed an overall increase in the Z,,, Pl and

turbidity of their liposome and bicelle suspensions [39;40].

Peptides carry a net charge at any pH different from their inherent pl-value,
which easily facilitates their characterization and separation using
electrokinetic methods like Capillary Electrophoresis (CE). The simplicity of
Capillary Zone Electrophoresis (CZE), with its high separation efficiency,
short analysis time and its ability to be coupled with multiple detection
techniques, including mass spectrometry, makes it an ideal technique for the

analysis of AMPs. However, there could be a problem of a non-specific
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electrostatic binding between cationic peptides and the capillary surface
silanol groups, which are ionized above a pH of 3. This wall interaction
effect at the surface of the bare fused silica capillary may degrade the
separation performance, and can lead to loss of sample, peak tailing,
unstable electro-osmotic flow and generally poor separation reproducibility
[41]. One way of circumventing this effect is to suppress the dissociation of
the silanol groups by running the separation at a very low pH, e.g. 2.5 [42].
But, using low pH running buffers (e.g. phosphate, pKal=2.15) will keep the
capillary silanols protonated, which eradicates the EOF and excessively
extends the run time. During low pH electrophoresis, the peptide’s own
electrophoretic mobility will be its only migration mechanism though the

capillary.

Micellar Elektrokinetic Chromatography (MEKC) and Liposome
Electrokinetic Chromatography (LEKC) have been used in the past, to some
degree, for the separation and characterization of peptides [43-45]. The use
of micellar or lipid bilayer structures as a pseudo-stationary phase in the
mobile phase during peptide electrophoresis can give significant information
about the nature of the interaction between real membranes and peptides
[46-49]. A few LEKC studies have shed some light on how membrane-
peptide interactions are affected by liposome composition and the nature of
the peptide [45;47;50;51]. But surprisingly, the amount of published work
related to the study of cationic antimicrobial peptides using CE methods has
been very limited. Mills and Holland studied the interaction of six cationic
peptides, including indolicidin, with bicelles by varying the short-to-long

lipid ratio (g-value) of the bicelles at different temperatures [47]. The
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peptide’s capacity factor seems to increase with higher g-values of the
bicelle. The capacity factor (k’) indicates the affinity of the peptide toward
the lipid bilayer, and its value decreases, for a fixed g-value of the
membrane, as the temperature is increased during the assay. In a different
study, Hertog et al monitored the binding and permeablization effects of
Histatin-5 and Histatin-5 derived peptides on liposome membranes with CE
and zeta potential techniques [52]. In Hertog’s study, trypsin encapsulated
liposomes were incubated with the Hestatin-5 family of peptides to
investigate the membrane translocation/perturbation ability of each peptide.
The strongest membrane perturbing peptide resulted in the leakage of the
trypsin from the liposome aqueous interior that leads to subsequent
degradation of the peptide outside of the liposome by trypsin. The extent of
peptide degradation by trypsin is monitored by comparing the peptide’s peak
height before and after incubation with the (trypsin) encapsulated liposome.
In this case, CE is used to separate and accurately quantify the free peptide
from its other lipid-bound forms and the rest of the sample matrix. One the
most popular methods used to separate and quantify the liposome-unbound
free peptide from the bound (or vice versa) has long been the centrifugation
technique, where the separation is based on differences in density between
the heavier lipid aggregates and the rest of the supernatant solution [52;53].
But, since large unilamellar vesicles (LUVS), or liposomes, do not sediment
well under centrifugation, heavier multilamellar vesicles (MLVSs), or sucrose
loaded LUVs are used which have a higher density than the extra-liposomal
solution. The heavier (up to 170mM sucrose-loaded) liposomes, together

with their bound peptide, pellet during centrifugation, leaving the (liposome)
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unbound peptide in the supernate. The concentration of the unbound peptide
In the supernate solution is determined after filtration [53]. Another potential
problem with this method is that the peptide can aggregate and co-sediment
without a significant binding with the liposome. Also, some peptide can be
lost due to the strong interaction between the peptide’s hydrophobic moieties
and the centrifuge tubes’ inside surface during the high-speed centrifugation.
On the other hand, CE is free of all the problems centrifugation has, and in
addition, it can offer better efficiency and sensitivity than the centrifugation

method for peptide-lipid interaction studies.

In this study, the interaction between indolicidin, a 13 residue cationic
antimicrobial peptide, and liposomes of different composition is monitored
using light scattering, fluorescence and CE methods. The lipid composition
of the liposomes is varied between zwitterionic to anionic. Cholesterol is
also incorporated in the DMPC liposomes to examine its effect on peptide
action (on the membrane). The average size (Z,,) of the liposome and its
polydispersity index (PI) are measured by DLS before and after peptide
incubation. The change in both Z,,and PI values can give insight into the
nature of perturbation caused by the peptide on the liposome membrane and
any fusion that has occurred thereafter. Indolicidin’s innate fluorescence,
from its tryptophan residues, is monitored during interaction with the anionic
and zwitterionic liposomes. The peptide’s fluorescence intensity increases
when it inserts into the hydrophobic membrane while its emission Amax Will
be blue shifted. After the peptide-liposome incubation, the extent of
(peptide’s) fluorescence quenching by aqueous acrylamide solution is

monitored to check the hydrophobicity and/or the structural integrity of the
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membrane microenvironment where the peptide is located. . The indolicidin-
induced leakage of calcein from zwitterionic and anionic liposomes is
compared using fluorescence measurements. The encapsulated dye is
guenched inside an intact liposome, but it dequenches and the fluorescence
increases after leakage and dilution in the extra liposomal-solution due to
peptide and surfactant action. CZE and LEKC methods are used to compare
the peptide’s affinity for zwitterionic and anionic liposomes. The
interpretation of the free (liposome-unbound) peptide’s peak area and
retention times data are used to support the observations with DLS and

fluorescence experiments.
Materials and methods
Chemicals

1,2-Dimyristoyl-sn-Glycero-3-Phosphocholine (DMPC), 1,2-Dimyristoyl-
sn-Glycero-3-Phosphocholine (DMPG), and cholesterol were from Avanti
Polar Lipids. 1M HEPES (pH 7.3 +£0.1), sodium phosphate monobasic,
phosphoric acid (99.99+%), 4-amino benzylamine, and acrylamide crystals
(electrophoresis grade) were purchased from Fisher. Deionized water
(18MQcm™) was obtained in-house from a reverse osmosis Millipore
system. Indolicidin (99.6% purity), and (Trp)s-OH peptides were purchased
from American Peptide Co. The hydrophilic marker dye Calcein was
obtained from Probes-Invitrogen. Size exclusion gel Sephadex G-50 and
MicroSpin filter columns (part # 27-5330-01) were obtained from
Amersham Biosciences. The molecular structures of the lipids and
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fluorescent dyes used in this study are given in chapter 2, figures 2-1 and 2-2

respectively.
Preparation of dye encapsulating liposomes

All the liposome suspensions were prepared by the extrusion method
developed by Hope and coworkers, with a slight modification, using the
Lipex® 10mL thermo barrel extruder (Northern Lipids Inc., Vancouver, BC
Canada) [54]. The lipids were first dissolved in a 3-5mL of chloroform in
50mL round bottomed flask. A dried thin lipid film was formed around the
inside walls of the flask after a 30-45 minutes of rotary evaporation on the
Bushi Roto-Vap, under low pressure and >50°C. The dried lipid film was
hydrated with 3-5mL of pure buffer, or a buffered-dye solution, with
continuous shaking at a temperature above the lipid phase transition
temperature, T, (for DMPC > 22°C) to form a stable multi lamellar vesicle
(MLV) suspension. After vortexing and homogenizing the MLV suspension,
it was first extruded about 7 times on a single 200nm Nucleopore
polycarbonate membrane (Whatman Inc. USA) in the 10mL Lipex extruder
at 60°C and a low N, pressure (<100psi). Finally, the liposome suspension is
extruded at least ten times through a double 100nm polycarbonate
membrane at a pressure of 250-3500psi. During all the extrusions the
temperature has to be maintained at least 10°C above the lipid transition
temperature (T.) of the liposome, so as to maintain a reasonable flow at
moderate extrusion pressures. All the final liposome preparations were

stored in a refrigerator (4°C) until further analysis.
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Separation of un-trapped marker and liposome

For fluorescence experiments, quenched-calcein dye (50mM) encapsulated
liposomes were separated from the free un-trapped dye on Sephadex G-50
gel filtration micro-columns (Amersham Biosciences, P/N 275330). The
filtration microcolumns can also be prepared and packed in-house according
to the following steps: The gel column is prepared first by boiling about 1g
of Sephadex G-50 fine powder in 15-20 mL of DI-water for an hour in a
covered beaker. One gram of G-50 powder swells to 7-9mL gel volume. The
gel was cooled to room temperature and filled into 70% of the micro-
columns’ total volume. The column is equilibrated with (100uL) blank
liposomes before it’s used for free-dye/liposome separation. The
liposome/dye mixture is gently placed on the gel micro-columns and the
encapsulated-liposomes are separated from the un-trapped dye after
centrifugation for 2 minutes at 1000rpm. The low molecular weight dye
(<5000) is trapped in the gel while the liposomes are excluded and elute first
with the void-volume at almost zero dilution. All four liposome
compositions had 10 mM DMPC, and additionally: the DMPC/PG
liposomes contain 5% DMPG, the DMPC/CH contain 5% cholesterol, and
the DMPC/CH/PG contain 5% DMPG and Cholesterol.

Capillary Electrophoresis

The CZE-UV and LEKC-UV experiments were carried out on a laboratory-
built CE instrument. A Spellman SL30 high-voltage power supply was used
to apply a positive voltage over the length of the fused silica capillary

(Polymicro Technologies, Phoenix, AZ, USA), with an inner diameter of
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75 um and an outer diameter of 362 um. The temperature of the system was
maintained at 25 °C using a circulating oil bath. The absorbance was
measured at 214 nm using a SSI 500 variable-wavelength UV detector. All
data acquisition and data analysis for CE-UV experiments was performed
using PC/Chrom” software (H & A Scientific, Greenville, NC). A 20mM
Hepes buffer was used as CE background electrolyte at pH 7.3 and an
equimolar phosphate buffer used at pH 2.5. Samples were injected
hydrodynamically by manually elevating the sample vial ~3cm above the
level for 4-6sec. All CE runs are performed under normal voltage polarity,
with a positive voltage applied at the injection port while detection was done
at the cathode end. The relative peak area is the ratio of the indolicidin and
the internal standard peak areas; the internal standard is (0.01%v/v)
aminobenzylamine solution. The indolicidin calibration solutions are
prepared in 10M Hepes buffer and have 10, 26, 52 and 104uM

concentrations.
Liposome size and size-distribution

The hydrodynamic diameter and the poly-dispersity index (PI, size-
distribution index) of all liposome preparations were determined by
Dynamic Light Scattering (DLS) technique using the Malvern Zeta Sizer
model 1000HSa. The Malvern measures the time-dependent fluctuations of
light scattered by the liposomes and uses it to calculate the average size and

poly-dispersity of the liposomes [55].
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Spectrofluorometric analysis

All fluorescence measurements were done on a Shimadzu RF5301
instrument (Kyoto, Japan). Indolicidin’s innate tryptophan fluorescence was
measured before and after liposome incubation between the range of 340-
355nm (emission), after it was excited in the 290-295nm range. The extent
of fluorescence quenching of liposome-interacting peptide was done by
0.2mM of acrylamide. Calcein dequenching measurements are done at
490/520nm (excitation/emission). After gel filtration, the calcein
encapsulated liposome suspension had to be diluted up to six times by the
buffer in order to bring the fluorescence down to a detectable range, where

the fluorescence is linearly related to concentration (<30uM).
Results and Discussion
Effect of indolicidin on liposome morphology (a DLS perspective)

Different studies have shown that the action of AMPs cause membrane
perturbations and defects such as phase separation or membrane thinning,
pore formation, promotion of non-bilayer lipid structure or membrane
disruption, aggregation or fusion, depending on the physical and molecular
properties of both the lipid and the peptide [9;10;23]. We performed DLS
measurements on the liposomes before and after peptide incubation to
examine the effect of indolicidin on the size and size distribution of
liposomes with various lipid composition liposomes. The three different
lipid compositions include: 10mM DMPC, 10mM DMPC with 5%DMPG
and 10mM DMPC with 5% cholesterol. The liposomes were incubated for a
short duration (<30min), or overnight, at ~20-500 lipid-to-peptide (L/P)
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molar ratios after which light scattering measurements were done. Also, a
tri-tryptophan hydroxide (TRPs;-OH) neutral peptide was also used to
compare its effect on liposome morphology to that of indolicidin’s. A higher
TRP3 concentration (L/P=50) was required than that of indolicidin, to cause
just a small increase in the average size (Z,,) and polydispersity index (PI)
on the DMPC and DMPC/CH liposomes, as seen on Table 5-1c. A more
pronounced effect on liposome structure is expected, from indolicidin, due
to its greater interaction with membranes and the subsequent
disruption/deformation of the liposome. As shown in Tables 5-1a & b,
indolicidin caused greater changes to the liposome Z,y and Pl values at a
much smaller peptide concentration than TRP3, at L/P of 571 and 100. The
averaged DLS results on Tables 5-1a and 5-1b indicate that indolicidin
seems to change the morphology, size and size distribution of zwitterionic
liposomes more than anionic liposomes. Mainly, the mixed DMPC-
cholesterol liposomes are showing the largest increase in average size and

widening of their size distribution after interaction with the peptide.

The difference between Tables 5-1a and 5-1b is the concentration of
indolicidin and its duration of incubation with the liposomes. The average
increase in Zy and Pl values is larger in table (a), than (b), since a higher
concentration of indolicidin is used. For pure DMPC liposomes, table (a)
shows a further increase of Z,y and Pl after 24 hours incubation. The
detailed results from the individual DLS experiment seen on Tables 5-2, 5-3
and 5-4 show how the liposome sizes, and the size-distribution, change after
adding 20ug/ml peptide (L/P=100). The intensity, from the different sizes, in

these detail tables is further broken-down based on the relative area
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distribution of different liposome populations. Hence, the DMPC-cholesterol
(DMPC-5%CH) liposomes (Table 5-3) show major differences both in size
and PI values after indolicidin interaction. As seen on the Table 5-3a, most
of the signal intensity by the indolicidin-free DMPC/CH liposomes, comes
from the 75-129nm size range, and it is decreased substantially when bigger
sizes (169-381nm) appear in large proportions after indolicidin incubation as
seen on Table 5-3b. That is, larger liposomes were formed (169-381nm)
after indolicidin interaction, which account for 25% of total liposome size.
This size range (169-381nm) was not registered (or did not exist) by the
DMPC-5%CH liposomes, prior to indolicidin addition. The change in size
distribution intensity (Table 5-2b) by DMPC liposomes, after an equimolar
indolicidin addition, was much lower than the DMPC-5%CH liposomes.
That is, only 3.3% of the total DMPC liposomes formed aggregates with
sizes in the 381nm range. While the PG mixed DMPC liposomes showed
extremely low size variability and no larger aggregates were created after
incubation with indolicidin, as seen on Table 5-1a. Also, the detailed DLS
run, Table 5-3, shows that >25% the DMPC/CH liposomes aggregated due
to the peptide, forming new sizes ranging from 222 to 382nm. Before
peptide addition, only 1.5% of the original liposomes had the largest
169.7nm size. These larger size vesicles (222-382nm) are aggregates formed
by the action of indolicidin. In comparison, only 3.3% of the DMPC
liposomes aggregated to a 381.6nm size after reacting with the same
concentration of indolicidin. The anionic DMPC/PG liposomes did not show
any significant aggregation or change in size distribution at the same peptide
concentration (L/P=100). The peak width, which is the width of the size
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distribution (related to PI), showed the smallest change by the DMPC/PG
liposomes, after indolicidin addition. Also, a higher indolicidin
concentration used in table 5-1b caused a more drastic change on the
liposome morphology than when lower concentration was used as seen on
table 5-1a. In a similar DLS experiment we did to test the effect of multiple
tryptophan residues on liposome size and size distribution, we used a
neutrally charged tri-tryptophan hydroxide peptide (TRP5s-OH). At twice the
indolicidin concentration (L/P=50), TRP; induced a much smaller change on
the liposome morphology compared to what indolicidin did, as seen on table
5-1c. For the DMPC/CH liposomes the change in the average size due to
TRP3 was about 6% (87nm to 93nm) and the PI increased by 25% (0.069 to
0.092). In comparison, at half the concentration used for TRP; (L/P=100),
indolicidin caused a 26% change in liposome average size (88.5nm to
120nm) and a 67% increase in the P1 (0.076 to 0.233) on the same
DMPC/CH liposomes. The higher membrane perturbation effect of
indolicidin, than TRPs, even at half the concentration, is to be expected since
it has six more hydrophobic and three more cationic residues, plus an amide

termination.

The zwitterionic membrane perturbation abilities of this comparatively short
cationic AMP, indolicidin, can be attributed to the hydrophobic effect
operating mainly on the 5 tryptophan and 3 proline residues, as noted by
Wimley and White [18]. A similar light scattering study done by others on
the aggregation of phosphatidylcholine (PC) vesicles by a similar peptide
fragment from the hemagglutinin HA2 protein showed a two to three fold

increase in the average diameter of the vesicles after peptide interaction, as
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measured by DLS [39]. The fusion and aggregation of zwitterionic
liposomes by proline rich [56] and some cationic a-helical peptides has been
reported in other studies [38;39]. The honey bee venom, melittin, a cationic
26 amino acid peptide that is highly hemolytic, has also been found to be
fusogenic and inducing phosphatidylcholine bicelles into forming very large

lipid aggregates at low (P/L) concentrations [40].

The higher degree of aggregation, induced by the (cationic) peptide, that was
observed in the zwitterionic liposomes (Table 5-1) than the anionic
liposomes might at first look like an experimental anomaly. But actually, the
low peptide concentration used may not be enough to overcome the
electrostatic repulsion between apposing anionic membranes and cause
significant aggregation, or fusion, between adjacent liposomes. As for the
interaction of indolicidin with zwitterionic bilayers, the hydrophobic
residues that are spread out along the peptide chain at different orientations
can simultaneously interact with adjacent liposomes and induce membrane
mixing and fusion. So in the presence of indolicidin, cholesterol could play a
role in the lipid mixing process which destabilizes (or aggregates)

cholesterol containing DMPC liposomes, more than pure DMPC liposomes.

In a recent study on indolicidin, including three other related AMPs, and
their interaction with model membranes, it was learned that indolicidin had a
significant effect on the morphology of giant PC/cholesterol liposomes [8].
Peptide induced polymorphism has also been observed in a regular DPPC
liposomes with NMR and electron microscopy methods [57;58]. In another
study, an AFM (Atomic Force Microscopy) scanning experiment showed the

coalescence of sphingomeylin/cholesterol suspended liposomes into larger
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aggregates after reacting with a 0.5ug/ml indolicidin [59]. Gramicidin-A,
another tryptophan rich non-cationic AMP, has also been reported to cause
aggregation of phosphatidylcholine (PC) liposomes via a (proposed)
transient non-bilayer structure forming mechanism [58;60]. Similarly, the
bacterial toxin peptide pneumolysin was found to cause lipid mixing and
fusion between cholesterol rich membranes [61]. This is because cholesterol
has a small hydroxyl head group and wide cross-sectional area around its
fused-ring structure that can be induced to pack into a transient non-bilayer
(Hy)) structure [62;63]. This structure of cholesterol enhances the membrane
fusion process once the peptide induced lipid mixing commences between
adjacent membranes [64;65]. In another study, the size distribution of a
100nm extruded POPC (1-Palmitoyl-2-Oleoyl-sn-Glycero-3-
Phosphocholine) liposomes became broader after incubation with a very
high concentration (L/P=3.3) of TRP; peptide [32]. But, when the POPC
liposomes are incubated with a very low concentration of indolicidin
(L/P>100), the turbidity measurements showed an immediate and sharp
increase. The increase in turbidity implies the formation of larger liposome

aggregates [32].

In all the studies mentioned above, including ours, the major driving force
behind membrane perturbation is suggested to be the strong hydrophobic
effect from the multiple tryptophan groups present in the peptides. The
presence of five tryptophan residues enables indolicidin to strongly interact
with zwitterionic membranes that may cause a packing disruption near the
interface and down the lipid acyl chain [8;32;66]. In some studies, changing

the Trp residue into a different amino acid has drastically decreased the
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hemolytic activity of indolicidin toward zwitterionic membranes [20;67;68].
Besides strong membrane partitioning, due to its hydrophobicity, the size of
the aromatic side chains in tryptophan also plays an important role in
disrupting membrane integrity both in anionic and zwitterionic membranes
[69]. This is why, as mentioned above, replacing the Trp residues of a
hemolytic-peptide by Tyr or another aromatic amino acid reduces the
activity of the mutated peptide toward zwitterionic bilayers [66;70].
Therefore, in the absence of a significant electrostatic interaction between
indolicidin and the zwitterionic liposomes (DMPC and DMPC/CH), the only
cause for liposomes morphological change can be attributed to the Trp
hydrophobic effect that creates the membrane fusion and aggregation, via

lipid mixing, as observed in our DLS results [30].

Tryptophan insertion and membrane permeability (a fluorescence

perspective)

Two distinctly different fluorescence methods were used to monitor the
degree of interaction between the peptides, indolicidin and TRP3, and the
liposome membrane. In one, the intensity and the Stokes shift by the
emission band of the innate tryptophan fluorescence, around 295/350nm
ex/em, was measured in the presence of liposomes with different lipid
compositions. While in the other method, the percent fluorescence change of
the leaked aqueous dye (calcein), due to membrane perturbation by
indolicidin, was measured and compared for the different composition

liposomes at 488/520nm (excitation/emission).
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Figure 5-1 shows indolicidin’s innate fluorescence emission after incubation
in a 1mM liposome solution and a 10mM Hepes buffer. The liposomes are
incubated with 10uM indolicidin, which gives a lipid-to-peptide (L/P) ratio
of 100. As seen in Figure 5-1, the maximum tryptophan fluorescence
emission is observed for the peptide in DMPC/PG/CH liposome ([1] I-p-g-
h). The next highest emission is also by the peptide in the anionic liposome
DMPC/PG solution ([2] I-p-g). The lowest emission is observed when
peptide is in the 10mM Hepes buffer. Indolicidin registered lower emission
intensity in both zwitterionic liposomes than when it was in the anionic
liposomes. Also, the tryptophan emission maximum (Aya) Was blue shifted
to a lower wavelength (343nm) in the anionic liposomes than from its
emission in Hepes buffer (356nm), a 13nm difference. But, when the same
liposomes are incubated with uncharged tri-tryptophan (TRP5) peptide, the
order of emission intensity was reversed, with the peptide having the
maximum emission in the zwitterionic DMPC and DMPC/CH liposomes.
The (L/P) ratio used with the tri-tryptophan peptide was lower than with
indolicidin, i.e. a larger TRP; concentration was used. The blue shift in
emission (Alma~6nm) observed for TRP3in the DMPC was small; 350nm in
DMPC to 357nm in Hepes, compared to that of indolicidin’s (AAma=13nm)
in the anionic liposomes. In other words, the A-shift in Figure 5-
1(indolicidin) is larger (~13nm) than in Figure 5-2 (TRPs), which is ~7nm.
Generally, the cationic indolicidin shows wider blue shift and higher
intensity in anionic liposomes while the neutral tri-tryptophan peptide has

higher emission intensity and a small blue shift in zwitterionic liposomes.
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The fluorescence spectrum of peptides, like indolicidin, is dominated by its
Trp fluorescence, which is sensitive to the hydrophobicity of the solvent
[33;36;71;72]. Generally, the maximum fluorescence wavelength (Ay) Of @
tryptophan moiety that is exposed to an agueous/hydrophilic environment
(e.g., lying on the surface of a lipid bilayer) is around 354nm. But the Aax
will be blue shifted (Stokes shift), to a shorter wavelength, for tryptophan
residues that are buried deeper into the more hydrophobic environments, like
the acyl chain region of a membrane. Also, tryptophan’s fluorescence
guantum yield (emission intensity) increases upon binding with lipid
bilayers, compared to when it is in an aqueous solvent [71;72]. The
fluorescence spectra on Figure 5-1 show that indolicidin’s maximum
fluorescence (Amax) Was blue shifted more, from the Hepes buffer, when it
was incubated with anionic than zwitterionic liposomes. The Trp Amnax Was
343nm in DMPC/PG/CH liposomes and 347nm in DMPC/CH liposomes.
But still, Trp has the longest emission wavelength (356nm) when in the
lipid-free Hepes buffer. Similar results are obtained in other published
studies with indolicidin having the shortest emission Ay When interacting
with anionic micelles and lipid bilayers [22;26]. This means, the Trp resides
are buried deeper into the more hydrophobic acyl chain when indolicidin
interacts with anionic artificial lipid bilayers and anionic bacterial
membranes, than zwitterionic membranes [16]. The main reasons suggested
for the enhanced membrane perturbation ability of indolicidin, and other
AMPs, against anionic membranes is the initial association and further
sequestration of the cationic peptide by the anionic lipid head groups via

electrostatic attraction. Once the peptide is sequestered onto the liposome
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surface, via electrostatic interaction, it is followed by the rapid insertion of
the bulky tryptophan residues, and the other hydrophobic residues between
the lipid head groups that eventually cause perturbation on the lipid packing
structure of the bilayer [22;35;68;73].

The importance of the peptide’s charge for membrane action is covered well
in the literature. One such study by Dathe et al. on the AMP magainin
discovered that increasing the peptide’s net charge from +3 to +5 enhances
its antimicrobial activity against bacteria [74]. In our study, the uncharged
tri-tryptophan peptide (TRP3) showed an opposite Trp-fluorescence profile
than indolicidin when interacting with anionic and zwitterionic liposomes.
As seen on Figure 5-2, the fluorescence intensity for TRP;was larger when
interacting with zwitterionic liposomes than with anionic liposomes. Also,
the maximum fluorescence blue shift for TRP3 in liposome solutions was
shorter (~7nm) than that of indolicidin’s (13nm). Although TRP; has a high
content of tryptophan residues as indolicidin, it was not able to insert deeper
even at twice the concentration of indolicidin, and cause a significant blue
shift as the Trp residues in indolicidin. This could be due to lack of charged
residues that could have electrostatically anchored the tri-peptide to the
bilayer surface thereby facilitating the insertion of TRP residues into the

bilayer.

Indolicidin’s innate fluorescence quenching by a 0.2mM aqueous acrylamide
solution was performed to monitor accessibility of tryptophan residues, to
the polar quencher. The acrylamide quencher was reacted with the same
compositions used above in the emission experiment (L/P=100, 10uM

indolicidin & 1mM lipid) and the extent of quenching is compared when the
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peptide is in zwitterionic and anionic liposomes (Vis-a-vis in plain buffer).
As seen in Figure 5-3, after reacting with 0.2mM acrylamide, indolicidin’s
fluorescence emission dropped by 33% in plain buffer, by 31% in
DMPC/CH, by 15% in DMPC and by 12% in DMPC/PG liposomes. The
lowest fluorescence drop for tryptophan was in DMPC/PG anionic liposome
solution. The quenching experiment indicates that the anionic liposomes
offers better shielding than DMPC or DMPC/CH, for the peptide’s
tryptophan residues from the polar acrylamide quencher. All tryptophan
fluorescence measurements for the peptide-liposome samples have been
background subtracted with the blank liposomes. The tryptophan residues
(of indolicidin) that are incubated with PG containing liposomes had the
lowest acrylamide quenching (12%) than both DMPC (15%) and DMPC/CH
(31%), since they were located in the hydrophobic membrane region and
were shielded better from the polar acrylamide than the ones incubated with
the zwitterionic DMPC and DMPC/CH liposomes. The tryptophans of
indolicidin were protected the least from the agueous quencher when
incubated with the cholesterol/DMPC liposomes. The tryptophan
fluorescence quenching results in Figure 5-3, by aqueous acrylamide, also
support the proposed mechanism where the indolicidin’s membrane
insertion is strengthened due to the electrostatic sequestration of the peptide
by the anionic lipid head groups. Generally, indolicidin in the presence of
liposomes, whether zwitterionic or anionic, showed less fluorescence
decrement than when in a buffer, since its Trp residues were less accessible
to the polar quencher, as is also observed in other published reports
[8;22;75].
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The next fluorescence experiment involved the use of a dye-encapsulated
liposome to monitor the interaction of indolicidin with the lipid membrane.
The liposomes had different anionic and zwitterionic lipid compositions,
including cholesterol, and a 50mM quenched calcein dye inside.
Fluorescence measurement of the leaked calcein dye from the encapsulated
liposomes, due to membrane perturbation, was done at a lipid-to-peptide
(L/P) concentration of 48. Lower peptide concentration (L/P) ratios did not
induce detectable leakage change or reproducible results. Also, we avoided
using very high peptide concentrations, (L/P) of below 10, since indolicidin
has been found to permeablize both anionic and zwitterionic membranes
similarly at elevated peptide concentrations [28]. The maximum
fluorescence intensity corresponding to 100% leakage was determined after
complete membrane disruption with 0.1% (v/v) Triton X-100. The percent

leakage (%F), after each peptide interaction, was calculated as follows:

(F - Fo)
(F—FK)

YF = X100

Equation (2)

Where, Fy and F denote the fluorescence intensity before and after peptide
addition, and F; represents the fluorescence intensity after addition of Triton
X-100. The fluorescence results on Figure 5-4 show that the anionic
DMPC/PG liposomes leaked the most with %F of 83 , while the zwitterionc
liposomes, DMPC and DMPC/CH, had a 63 and 45 (%F) respectively. Note
that, the DLS result in Table 5-2b, where DMPC/CH liposomes destabilized
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or aggregated the most after indolicidin interaction, seems contradictory to
the calcein leakage results on Figure 5-4. However, the reason calcein
leakage was minimal for DMPC/CH liposomes, in spite of
aggregation/fusion, might be because their fusion/aggregation mechanism
involves minimal or no leakage of the liposomes’ aqueous content. In
addition, cholesterol is also known to make the membrane less permeable to
ions and polar substances. So, this attenuation in (peptide) action could also
be due to inhibition of peptide’s deeper insertion by the cholesterol in the
bilayer. Cholesterol is shown to curb the (peptide-induced) lysis in a study
by Raghuraman, where a >50% decrease in calcein leakage observed when
the 40% cholesterol is incorporated into DOPC liposomes [76]. As also
indicated by others [8;22], the high %F of the leaked calcein from the
anionic DMPC/PG liposomes is either induced by indolicidin’s membrane
perturbation effect, or formation of organized indolicidin pores (or both)
despite having the lowest change in Pl and size variability after indolicidin
interaction. Similar leakage-fluorescence results have been observed by
others, after anionic liposome interaction with indolicidin at a comparable
(L/P) concentrations [14;77].

Affinity of Indolicidin for lipid bilayers (a capillary electrophoresis study)

One way to study indolicidin’s affinity toward lipid membranes is via a
separation technique that helps determine the amount of free (membrane-
unbound) peptide. Separation and detection of free indolicidin from the
bound (liposome+indolicdin) was done on a Capillary Zone Electrophoresis
instrument, with UV detection (CZE-UV), for each of the four different

liposome compositions, at a low pH. At low pH values, the silanol groups of
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the capillary wall are protonated (uncharged) and the EOF is extremely low.
Similarly, the peptide becomes cationic and migrates toward the cathode
(detector). But zwitterionic, and also anionic, liposomes will not elute due to
lack of EOF, during low pH CZE. The electropherogram peak area of free
(unbound) indolicidin is compared when it is incubated with different
liposomes, against a standard calibration where indolicidin is in Hepes
buffer. The lowest relative peak area by the free peptide, or absence of a
peak, indicates a strong binding with the liposome (whose peak didn’t elute
at low pH CZE). The relative peak area is the ratio of the indolicidin to the
internal standard peak area, and the internal standard (aminobenzylamine)
has equal concentration in all liposome and calibration samples. A 10uM
indolicidin is incubated with each of the different liposome solutions,
zwitterionic and anionic. In addition, the degree of indolicidin’s affinity
toward lipid membranes was also monitored with both zwitterionic and
anionic liposomes used as a pseudostationary phase in a Liposome
Electrokinetic Chromatography system (LEKC). A strong binding between
the peptide and liposomes will lead to the peptide co-eluting with the
liposome peak at the longest retention time of the run (Tjiy-liposome
retention time). But, for weaker binding between the peptide and liposome,
most or all of the peptide will elute in a reasonable time somewhere between
the internal standard peak and Tip,. The LEKC run seen in Figure 5-5 is an
injection of a 16 puM standard indolicidin solution, into 10mM DMPC/CH
LEKC at pH 2.5, which shows the internal standard peak at 2.179 and
indolicidin peak at 5.640 minutes. But, there was no indolicidin peak eluting

when pure PC liposomes were used as an LEKC pseudo stationary phase. As
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expected, there were no indolicidin peaks observed during the LEKC with

anionic DMPC/PG liposomes (data not shown here).

From the tables in Figure 5-6 and 5-7, the relative peak area of the free
(unbound) indolicidin in the liposome solution is compared with that of the
indolicidin calibration solution (Figure 5-8). The relative peak area of the
10uM indolicidin in the calibration buffer solution (from Figure 5-8) is
larger than the area of the unbound indolicidin in the liposome solutions
(Figure 5-6 & 5-7), since some of the indolicidin is bound in the liposome
samples. The relative peak area of the 10 uM standard solution was 1.945 as
determined from the calibration curve (Figure 5-8). The relative peak area of
the unbound indolicidin peak in the DMPC/CH liposome solution was ~47%
of that of the standard calibration solution with the same concentration.
While the unbound indolicidin in DMPC liposome solution had ~37% of the
area compared to same 10 uM calibration standard solution. This peak area
comparison indicates that more indolicidin stays bound to DMPC liposomes
than to the mixed DMPC-cholesterol liposomes. So, it can be said that
cholesterol could be weakening indolicidin’s binding to PC
(phosphatidylcholine) membranes. This observation is also supported by the
acrylamide quenching results (Figure 5-3), since after liposome-indolicidin
interaction, the accessibility of the aqueous acrylamide quencher to the
tryptophan residues, was the highest for the cholesterol rich liposomes
[78;79]. So most of the indolicidin molecules are not strongly bound to
liposome, hence migrate as a free cationic peptide during the CE run. But for
the peptide in the DMPC/PG, and DMPC/CH/PG anionic liposomes, a peak
from a free indolicidin is absent from the electropherogram (Figure 5-7)
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since the entire peptide is bound to the liposomes. Obviously, under the
acidic CZE conditions, neither the liposome-peptide conjugate nor the free
liposomes (anionic or zwitterionic) are expected to elute due to EOF absence
at low pH. As expected, the DMPC/PG electropherogram (Figure 5-7)
shows no peak from a free (liposome-unbound) indolicidin, since almost
100% of the peptide stays bound to the anionic DMPC/PG liposome. It is
also expected that a multi-cationic peptide like indolicidin will have a strong
binding to the anionic liposomes due to strong electrostatic interaction. In
addition, the insertion of tryptophan residues into the bilayer interior that
observed from Trp fluorescence experiments (Figure 5-1) indicates a
significant hydrophobic interaction, which can also complement the

electrostatic binding that exists between indolicidin and anionic liposomes.

The interaction of a 16uM indolicidin with a DMPC/CH zwitterionic
liposome is shown on the LEKC run in Figure 5-5, which shows the internal
standard (amino benzylamine) and the indolicidin peaks at 2.179 and
5.6min, respectively. The background electrolyte is a 20mM phosphate
buffer at pH 2.5 and contains 10mM DMPC/CH liposomes as a pseudo-
stationary phase. Normally, a solute with a very strong hydrophobic
interaction with the liposome pseudo-stationary phase would be expected to
have the same elution time as the liposome peak (Tjiy). Also, under acidic
and normal electrode polarity LEKC conditions the DMPC/CH liposomes,
together with a strongly partitioning solute, are not expected to elute due to
lack of bulk electro osmotic flow (EOF). However, the indolicidin peak
eluting at 5.6min (Figure 5-5) indicates that some of the peptide molecules

are not strongly bound to the DMPC/CH liposome, and migrate as free
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peptide. This could be because cholesterol prohibits the peptide from a
strong hydrophobic interaction and deep insertion into the zwitterionic lipid
bilayer, as observed for a similar AMP, melittin [80]. After comparing the
CZE-electropherograms of indolicidin when it is with zwitterionic and
anionic liposomes, it can be said that the major driving force behind its
partitioning ability onto membranes is electrostatic interaction. Together
with the DLS and fluorescence findings, both CZE and LEKC results seem
to support the argument that the majority of the indolicidin molecules stay in
the (zwitterionic) liposome interfacial aqueous region, especially when
cholesterol is present, and induce morphological changes to apposing
liposome membranes. In addition to separation and analysis of indolicidin in
a liposome solution, CZE has been used to monitor the stability of the
liposomes after peptide addition. At neutral pH, CZE runs of liposome
samples with up to 79uM indolicidin yields a liposome peak, confirming
that liposomes stay intact even at such a high peptide concentration (Data

not shown here).
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Conclusion

Indolicidin is amphiphilic and has been found to perturb both zwitterionic
and anionic liposome membranes. It induces a lipid mixing and fusion even
in otherwise stable phosphatidylcholine (DMPC) and mixed DMPC-
cholesterol liposomes. Detailed examination of the DLS results show
variability in size and size distribution (PI) of zwitterionic liposomes after
indolicidin interaction. The concentration of indolicidin was ~10uM at lipid-
to-peptide ratio of 100 in both zwitterionic and anionic liposomes, but the
anionic liposomes did not show any significant change in size or Pl after the
interaction. Cholesterol seems to enhance the lipid rearrangement and fusion

of the DMPC-cholesetrol liposomes in the presence of indolicidin.

Indolicidin’s innate Trp fluorescence maximum (Amax) Was blue shifted and
its emission intensity increased in the presence of liposomes, than when it
was in Hepes buffer. The blue shift by the uncharged tri tryptophan peptide
(TRP3) in liposome solutions was smaller than indolicidin’s, i.e., 3nm for
TRPsand 13nm for indolicidin. Indolicidin's fluorescence intensity increases
in the following order when incubated with the liposomes; Hepes buffer <
DMPC/CH < DMPC < DMPC/PG < DMPC/PG/CH. Also, indolicidin’s Trp
fluorescence was better protected from aqueous acrylamide quenching when
incubated with anionic than zwitterionic liposomes. The extent of quenching
by acryamide increases in the order: DMPC/PG < DMPC < DMPC/CH <
buffer.

When calcein encapsulated liposomes were incubated with indolicidin they

showed variability in degree of leakage based on their lipid composition.
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Anionic liposomes leaked more than zwitterionic liposomes, although the
zwitterionic DMPC/CH liposomes underwent significant lipid mixing and
fusion after indolicidin interaction, as seen from the DLS results. The dye
leakage, and the Trp fluorescence result, seems to indicate that indolicidin
inserts deeper into anionic membranes causing more permeablization than in

zZwitterionic membranes.

It was possible to separate and quantify the free indolicidin (liposome-
unbound) from the zwitterionic liposome-indolicidin mixture with a CZE-
UV method under low pH. About 47% of the peptide was in free lipid-
unbound form when incubated with DMPC-cholesterol liposomes, compared
to 37% when incubated with just DMPC liposomes. But, all of the
indolicidin was in a liposome-bound form when incubated with anionic
liposomes, since there was no peak detected of the free liposome-unbound
indolicidin.

For the most part, CE and fluorescence results have demonstrated that the
electrostatics is the more dominant factor, than the hydrophobic, during
indolicidin interaction with anionic membranes. Indolicidin interacts
hydrophobically at the zwitterionic membrane interface inducing lipid
mixing and liposome fusion. The fluorescent dye leakage results mainly,
together with that of CZE and LEKC, clearly show that cholesterol
decreases the effect of indolicidin on the phospholipid bilayers, at least by

reducing the penetration of the peptide deep into the membrane.
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Table 5-1. DLS results (size & PI) of peptide-liposome samples. Liposome
diffracted light was measured at a 90° angle from the incident.

Table 5-1. (a) & (b). Liposome size & Pl was measured after 30 min and
24hrs incubation with indolicidin @ (L/P) molar ratio of 571 (a) and 100 (b).

Table 5-1(c). Liposome size & Pl after incubation with tri-tryptophan
peptide (3-TRP) at peptide (L/P) concentration of 50.

Table 5-1a
without with indolicidin (40ug/ml),
indolicidin (L/P~571)
30min 24-hrs
incubation incubation

lipid comp |Zav/nm| Pl |Zavinm| PI Zav Pl
10mM DMPC [87.7+0.2| 0.066 [102.6+0.0| 0.177 [110.6+2.0] 0.253
0,
1OmMCP|_(|3+5/o 86.6+0.7| 0.069 |106.5+0.0| 0.219 |102.3+2.1) 0.21
10mM PC+ 5%PG|86.8+0.3| 0.041 | 87.2+0.0 {0.0415|87.5+0.6| 0.04

0
1OmM PC+ 5% 85.6+0.3| 0.047 | 88.2+0.0 |{0.0616|86.9+0.3 | 0.056

PG+ 5%CH
Table 5-1b (30min incubation)
: : L with indolicidin
without indolicidin
thout indolicid (LIP=100)
lipid comp Zavinm Pl Zav/inm Pl
10mM DMPC 87.7+0.2 | 0.066 | 114.3+1.0 0.195
10mM PC+ 5% CH| 86.6+0.7 | 0.069 | 120.0+4.6 0.233
10mM PC+ 5%PG | 86.8+0.3 | 0.041 | 89.4+2.8 0.068
10mM PC+ 5%
PG+ 5%CH 85.6+0.3 | 0.047 | 89.9+2.2 0.051
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Table 5-1c

) with TRP;

without TRP; (L/P=50)

Lipid comp Zavinm Pl Zavinm| PI
10MMDMPC | 87.7+0.2 | 0.066 |91.9+0.8| 0.08
10mMM PC+5% CH | 86.640.7 | 0.069 |92.8+0.0| 0.092
10mM PC+ 5%PG | 86.8x0.3 | 0.041 |88.3+0.9] 0.048
10mM Z&Ea% PG*| 656403 | 0047 |88.5+1.6| 0.044
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Table 5-2. DLS results of size distribution of DMPC liposomes before (a)
and after (b) interaction with a 10uM indolicidin. The intensity column
relates the percentage of liposomes constituting a certain size.

TABLE 5-2(a) TABLE 5-2(b)
DMPC DMPC-INDO
Size(hm) | Intensity Size(hm) | Intensity
5.1 0 5.1 0
6.6 0 6.6 0
8.7 0 8.7 0
114 0 114 0
14.9 0 14.9 0
19.5 0 19.5 0
25.6 0 25.6 0
33.5 0 33.5 0
43.9 1.4 43.9 1.2
57.6 10.7 57.6 10.9
75.4 26.2 75.4 26.4
98.8 36.3 98.8 35.3
129.5 25 129.5 23
169.7 0.4 169.7 0
222.3 0 222.3 0
291.3 0 291.3 0
381.6 0 381.6 3.3
500 0 500 0
Peak Analysis by intensity Table 5-2(a)
Peak Area Mean Width
1 100 95.5 74.5
Peak Analysis by intensity Table 5-2(b)
Peak Area Mean Width
1 96.7 94.5 73.4
2 3.3 381.6 104.4
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Table 5-3. DLS results of size distribution of DMPC/CH liposomes before
(a) and after (b) interaction with a 10uM indolicidin.

Table 5-3 (a) Table 5-3 (b)
DMPC-5%CH DMPC-5%CH-INDO
Size(nm) |Intensity Size(nm) | Intensity

51 0 5.1 0

6.6 0 6.6 0

8.7 0 8.7 0
11.4 0 114 0
14.9 0 14.9 0
19.5 0 19.5 0
25.6 0 25.6 0
335 0 33.5 0.8
43.9 1.7 43.9 2.8
57.6 11 57.6 6.2
75.4 25.8 75.4 10.9
98.8 35.3 98.8 15.8
129.5 24.7 129.5 19.2
169.7 1.5 169.7 19.3
222.3 0 222.3 15.3
291.3 0 291.3 8
381.6 0 381.6 1.7
500 0 500 0
Peak Analysis by intensity Table 5-3(a)

Peak Area Mean Width

1 100 95.9 76
Peak Analysis by intensity Table 5-3(b)
Peak Area Mean Width
1 100 150.4 205.1
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Table 5-4. DLS results of size distribution of DMPC/PG liposomes before
(a) and after (b) interaction with a 10uM indolicidin.

Table 5-4(a) Table 5-4(b)
DMPC-5%PG DMPC-5%PG-INDO
Size(nm) | Intensity Size(nm) | Intensity

5.1 0 5.1 0

6.6 0 6.6 0

8.7 0 8.7 0
114 0 11.4 0
14.9 0 14.9 0
19.5 0 19.5 0
25.6 0 25.6 0
33.5 0 33.5 0
43.9 3.7 43.9 3.2
57.6 13.1 57.6 12.4
75.4 25.2 75.4 24.7
98.8 31.7 98.8 31.7
129.5 22.6 129.5 23.3
169.7 3.6 169.7 4.7
222.3 0 222.3 0
291.3 0 291.3 0
381.6 0 381.6 0

500 0 500 0
Peak Analysis by intensity Table 5-4(a)

Peak Area Mean Width

1 100 95 82.2

Peak Analysis by intensity Table 5-4(b)

Peak Area Mean Width

1 100 96.7 83
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Figure 5-1. Fluoresence emission spectra of 10uM indolicidin incubated in
1mM liposome solution (L/P=100) and in 10mM HEPES buffer. The
excitation wavelength was 294nm and emission was monitored at 320-
410nm. Spectral lines belong to (top to bottom): [1]-DMPC/PG/CH, [2]-
DMPC/PG, [3]-DMPC, [4]-DMPC/CH, [5]-10mM HEPES buffer.

200



3T-lipo (fluorescence)
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Figure 5-2. Fluoresence emission spectra of 10uM 3-TRP peptide, incubated
in 0.5mM liposome solution (L/P=50) and in 10mM HEPES buffer. The
excitation wavelength was 297nm and emission was monitored at 320-
410nm. Spectral lines belong to (top to bottom): [1]-DMPC, [2]-DMPC/CH,
[3]-DMPC/PG, [4]-DMPC/PG/CH, [5]-10mM HEPES buffer.
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% Fluorescence Quench of tryptophan by
acrylamide
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Figure 5-3. Percent innate tryptophan fluorescence (of indolicidin) quenched
when acrylamide is added into indolicidin solution with Hepes buffer and
different liposome solutions (DMPC/CH, DMPC and DMPC/PG). Percent
fluorescence drop (Y-axis) versus tryptophan’s environment (lipid or buffer)
on X-axis. The %F drop is related to (Fo/F) in Stern-Volmer equation
(Equation 1)
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Figure 5-4. Percent Fluorescence (%F) of the leaked calcein dye due to
indolicidin perturbation on the liposome membrane. Average %F:
DMPC=64%, DMPC/PG=83%, and DMPC/CH=45%.
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Indolicidin calibration
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Figure 5-5. Indolicidin calibration curve, peptide is dissolved in 10mM
Hepes buffer pH=7.3. Capillary zone electrophoresis was run on 20mM
Phosphate buffer at pH 2.5 in 75um bare fused silica capillary. CZE run at
25kV and UV detection at 214nm. The relative peak area is the ratio of the
indolicidin to the internal standard peak area, and the internal standard a
0.001% aminobenzylamine solution.
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Figure 5-6. CZE of 10uM indolicidin incubated with (A) 1mM DMPC
liposomes and (B) 1mM DMPC/5%CH liposomes. Peak 1 is (0.01%v/v)
amino benzylamine and peak 2 is indolicidin. CZE is run on 20mM
phosphate buffer @ pH2.5 in 75um bare fused capillary. CZE run at 25kV
and UV detection at 214nm

205



(A)

TmiM DMPC/A%PG 10uM indalicidin

1287.6]

11552
my ] A 1125 978
a8z 0]
£3.7]
280 4] WWM
1451501
22407 pg 11 14 16 1.8 21 23 8 18 3.0
Peak RT Area
1 1.552 1125.978

(B)

10mM indeolicidin TimM DMPC/5% PG & CH

1500.0] H ;;:5 ﬁaacﬂe
vy’ ]

11200

7Fa0 0]

200 W
20 o_ﬂ"'"’”‘w

-00.0 12 1.4 17 19 2.4 =3 8 =8 a0 3z

Peak RT Area
1 1.573 1093.478

Figure 5-7. CZE of 10uM indolicidin incubated with (A) 1mM DMPC/5%
PG liposomes and (B) 1mM DMPC/5%PG & CH liposomes. Peak 1 is
(0.01%v/v) amino benzylamine. CZE conditions same as in Figure 5-6.
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LEKC of 16uM Indolicidin, BGE-DMPC/CH liposomes

073 in phosphate buffer pH=2.5
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Figure 5-8. LEKC of 16uM indolicidin, Buffer- 20mM phosphate buffer pH
2.5 with 10mM DMPC/CH (55:45) liposomes. Peak 1 (2.179min) is amino
benzylamine internal standard and peak 2 (5.640min) is indolicidin. LEKC
was performed in 75um bare fused silica capillary at 25kV and UV detection

at 214nm.
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Chapter 6
Future trends

In each of the previous chapters in this thesis we have tried to show different
application of marker encapsulated liposomes in the areas of immunoassays,
membrane characterization, and peptide-membrane and drug-membrane
Interaction studies. Their resemblance to real membranes provides liposomes
with an enormous potential in a number of applications in the areas
mentioned above including encapsulation/delivery of drugs and invitro/in
vivo delivery of imaging probes. Based on the liposome applications
discussed earlier, here we propose a further study on development of
applicable methods in the areas of drug-membrane interaction, specifically
in high throughput drug screening, and in homogeneous immunoassay with
fluorophore liposomes using sensitive high resolution techniques like CE-

LIF, DLS and fluorescence, beside others.

Valid information regarding a drug molecule’s passive absorption into
membranes is important in determining its ability to transverse cell
membranes, which eventually determines its bioavailability. In addition, this
information is vital in order to minimize the high attrition rate in early drug
development stage, due to poor permeability and pharmacokinetics, which
has been recognized as one of the leading causes of failure [1]. From
Lipinski Rule of Five it is known that drug like compounds that strongly
interact with lipid membrane have a higher permeability and bioavailability;
therefore, it is important to constantly look for high throughput

methods/models that can help predict the passive absorption of a large
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number of potential drug molecules into biological membranes, during the
early stages of drug development [2;3]. Permeability studies based on
octanol/water partitioning, equilibrium dialysis, column chromatography,
and pH-metric titration are all laborious, low throughput, and usually
provide poor statistical correlation due to their inadequate mimicry of real
biological membranes. Accordingly, dye encapsulated liposomes on multi-
well plates can be used to quickly screen the membrane activity of a large
number of drug-like compounds by monitoring the fluorescence intensity of
the leaked dye, after short drug-liposome incubation. In chapter three of this
thesis, we showed the effect of a beta-blocker drug, propranolol, on the
permeability of zwitterionic liposomes made from phosphatidylcholine and
cholesterol. The extent of liposome’s (membrane) perturbation by
propranolol was expressed by the fluorescence intensity of the leaked dye.
This liposome fluorescence method can be extended and used to determine
the membrane activity and permeability of a large number of potential drug
compounds that are generated by combinatorial chemistry in pharmaceutical
industries during lead generation phase. Two important parameters, the
concentration of liposome bound drug and the extent of its membrane
perturbation from the fluorescence of the leaked dye, can be determined
simultaneously (and rapidly) for a batch of compounds by using a liposome
based CE-LIF screening assay. The format of the assay can be either on a
conventional capillary or a microchip electrophoresis and both of these
formats can be automated to analyze multiple samples from deep well plates
in short run times. Because of sensitivity and other desirable qualities,

capillary and microchip electrophoresis, with LIF detection, are the best
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suited flow based techniques, for liposome-based high throughput screening
(HTS) of drug-membrane interactions. Other non-flow based analytical
techniques, using solid supported lipid membranes, and fluorescent
liposomes, have been proposed and used as a quick membrane mimicking
assays to determine the permeability of drug-like compounds in HTS
environment using colorimetric and fluorescence detection [4-6]. Artificial
membrane based assays can be made from a variety of lipids in order to
mimic different types of real membranes that provide insight to diverse
biological activities occurring on membrane surfaces. These drug-membrane
interaction assays using artificial membranes are more efficient, rugged and
reliable than cell based assays, since they don’t require sterile culture facility
and are not restricted by narrow pH and other physiological requirements. In
addition to permeability and related membrane behavior of small drug-like
compounds, fluorophore liposomes can be used to study the membrane
property of bigger membranophillic molecules like hormones, peptides and

proteins [7].

The other successful application of marker encapsulated liposomes has been
in signal amplification in the area of immunoassays, since they can
accommodate a large number of marker molecules in their internal
compartment and receptor molecules on their wide surface area [8;9]. In
Chapter 4 of this dissertation we showed how biotin and DNP attached
carboxyfluorescein-liposomes were used to successfully analyze avidin and
anti-DNP antibodies in a homogenous assay using fluorescence and CE-LIF
techniques. This immunoassay application using contact sensitive DOPE

liposomes can be further expanded to analyze real world antibody, or
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antigen, samples in solution, after immobilizing either of the antigen or
antibody molecules on the liposome surface. Most commonly, the PE moiety
in DPPE is linked to the antigen, or antibody, which is used to detect and
analyze its conjugate analyte in a sample. The linker functional group for
most proteins is their amino acids, a thiol group in Fab” fragments or a
hydroxyl group in glycolipids and glycoproteins. For an antibody, a thiol
linker is created by first performing a pepsin digestion which yields Fab”
dimers followed by reduction with dithiothreitol (DTT); this step generates
thiol-terminated Fab” monomer fragments. Then, following removal of DTT,
the Fab” fragments are mixed with the liposome vesicles resulting in a stable
thioether cross-linkage [10;11]. In our study, the Biotin and DNP moieties
were covalently attached to the DOPE lipid head group and used as

receptors for the detection of avidin and anti-DNP antibody in solution.

Detection in this liposome immuno-lysis assay (LILA) relies on the self-
lysis of the liposomes, after antigen-antibody binding, and the ensuing
release of the encapsulated marker, which is then measured and related to
the analyte concentration. The sample matrix and the liposome lysis debris
might introduce a potential signal interference, or inhibition, effect during
conventional (in a test-tube/cuvette) test methods. So to enhance the quality
of fluorescence detection, it is necessary to isolate/separate the released
marker, from the interference, in liposome lysis assays. From these
measurements, reliable qualitative and quantitative relationships can be
made about the antigen-antibody complex created on the liposome surface.
This is possible if the chemical interferences in the sample matrix are

resolved from the marker molecules during analysis and prior to detection.
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Accordingly, capillary electrophoresis with laser-induced fluorescence (CE-
LIF) is the most fitting hyphenated technique for liposome immune lysis
assay since the CE offers the highest resolution, speed, automation
capability, and LIF is the most sensitive online detector that easily interfaces
with CE. In addition, CE-LIF requires little or no sample preparation,
consumes a very small sample (or reagent) and yet it can provide sensitivity
and selectivity that is better or comparable to conventional fluorescence
techniques like ELISA [12].

In an alternative assay format, intact (non-lysis) marker-encapsulated-
antigen-attached liposomes can also be used as labeling agents to detect
antibody analytes on CE-LIF with a high sensitivity. The liposomes for this
application can be made from a thicker membrane forming lipids, like DSPC
(C18), distearoylglycerophosphocholine, and cholesterol, in order to keep
the liposome intact with the marker inside during the entire assay process.
The lipid composition of the liposome has to be optimized to provide a
strong leak resistant membrane and the encapsulated marker needs to be
membrane impermeant, with desirable fluorescence qualities. This type of
liposome immunoassay is based on the CE separation of the liposome
reacted antibody (analyte) from the free unreacted liposome (label) to
determine the concentration of the antibody in a sample using LIF detection.
The assay can be either competitive or non-competitive. The thousands of
marker molecules inside the liposome will increase the sensitivity of the
assay by multiple folds than a conventional single fluorescein labeling
technique and the high CE resolution allows the simultaneous measurement

of an internal standard and other compounds of interest in the assay, or
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sample, during the same run. In Recent years, a new class of fluorescent
reporters called quantum dots have been successfully encapsulated inside
liposomes, as an alternative to organic dyes, for immuno assay applications
[13; 14]. Quantum dots are semi conductor nano-particle probes that offer up

to 20 times brighter signal, than organic dyes, because of higher quantum

yield.
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