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ABSTRACT

Liposomes play an important role in medical and pharmaceutical science as e.g.
nanoscale drug carriers. One of their most important features is their size and size
distribution, influencing both their biodistribution and passive targeting abilities
upon intravenous administration. To this day there is no single method for size
characterisation of liposomes that fulfils all following criteria: being fast and easy to
perform, covering the whole size range of liposomes from tens of nanometers up to
tens of micrometers as well as determining size distributions rather than mean sizes
in a non-destructive manner.

In this thesis a method for size characterisation of liposomes by asymmetrical flow
field-flow fractionation coupled online with multi-angle light scattering (AF4-MALS)
was established. Key factors influencing the fractionation behaviour of various lipo-
some samples such as cross flow rate, focus flow rate, sample load, ionic strength of
the carrier liquid and membrane effects were identified and characterised. Finally,
size distributions obtained by AF4-MALS were compared to mean particle sizes and
size distribution measured with other standard methods such as photon correlation
spectroscopy (PCS), size exclusion chromatography in combination with PCS
(SEC-PCS) and cryogenetic transmission electron microscopy.

Satisfactory fractionation of liposomes within reasonable experiment time was
obtained by the use of programmed cross flow gradients. Both sample load mass and
ionic strength of the carrier liquid were shown to extensively influence the elution
behaviour of liposomes and may cause overloading of the channel for extreme values.
Further, it was demonstrated that ionic strength of the carrier solution different to the
ionic strength of the medium used during liposome preparation may change the
vesicles in terms of osmotic shrinking/swelling during an AF4 run. The limit of
detection was improved by the use of stained liposomes and for fitting of MALS data,
the coated sphere model was found to describe liposomes best in terms of quality of
fit.

The suitability of AF4-MALS for the size characterisation of liposomes was
proven. Size characterization by AF4-MALS gave similar size distributions as the
other standard methods tested, yet it was performed in less time and gave a better in-

sight into the whole size distribution of the liposome samples used in this study.
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1T INTRODUCTION

1.1 Liposomes

Liposomes or phospholipid vesicles are composed of one or several phospholipid
bilayers surrounding an aqueous core (Bangham et al, 1965). They form
spontaneously upon contact of phospholipids with aqueous medium and mechanical
agitation. Liposome sizes may range from about tens of nanometers to tens of
micrometers for giant uni- and oligolamellar liposomes (New, 1990). It is a common
practice to roughly categorise them according to particle size and lamellarity into
small unilamellar vesicles (SUV) up to 100 nm, large unilamellar vesicles (LUV)
between 100 and 800 nm and multilamellar vesicles (MLV) (Woodle and
Papahadjopoulos, 1989). There is a variety of preparation techniques that results in
liposomes of different sizes and lamellarity. Dispersions of MLVs can be obtained
from the rehydration of lipid films. Starting from MLV dispersions SUVs can be pre-
pared by e.g. sonication of the dispersion (Papahadjopoulos and Watkins, 1967),
extrusion through membrane filters by high pressure (Olson et al., 1979, Hope et al.,
1985) or by high pressure homogenisation (Mayhew et al., 1987). LUVs can be pre-
pared by e.g. detergent removal techniques from mixed micelles (Milsmann et al.,
1978) and LUVs and MLVs can be obtained from reverse-phase evaporation (Szoka
and Papahadjopoulos, 1978).

Liposomes can both encapsulate hydrophilic compounds in their core and incor-
porate amphiphilic or lipophilic compounds in their bilayer membrane (Gregoriadis,
1978). Due to their membrane-like structure liposomes are well tolerated and have
the advantage of being bio-degradable. Through the choice of phospholipid composi-
tion or additives to the bilayer membrane such as cholesterol, charged or
ligand-carrying phospholipids, the versatility of liposomes can further be increased by
e.g. liposomes with charged surfaces or long circulating pegylated liposomes. During
the last decades liposomes have gained increasing interest as drug carriers
(Gregoriadis, 1978, Lasic, 1993) and a number of liposomal formulations are under
FDA approved clinical studies or have been approved such as AmBisome®

(amphothericin B), Doxil®/Caelyx® (doxorubicin) and DaunoXome® (daunorubicin).



1.2 Importance of particle size characterisation of liposomes

1.2.1 Physical aspects

The particle size is one of the key issues during the manufacturing process of lipo-
somes. It gives important information about the control of the preparation technique
and can be utilised for process optimisation. Particle size measurement is performed
on routine base for batch to batch comparison and plays an important role in scaling-
up processes. During storage of liposome dispersions the control over particle size is
an important variable in terms of physical stability. Very small liposomes (smaller
than 40 nm) are prone to fusion processes due to the high curvature of their bilayer
membrane (New, 1990). For larger, electro-neutral liposomes aggregation through
van der Waals forces due to the greater area of membrane contact is described (New,
1990). Particle size influences the ability of liposomes to incorporate/encapsulate drug
compounds. Whereas for lipophilic and amphiphilic compounds a high lipid to core
ratio, namely SUVs or MLVs is preferred, a bigger aqueous core volume, as for LUV,

is desired for the encapsulation of hydrophilic compounds.

1.2.2 Physiological aspects for liposomes used as drug carriers

Formulation of chemotherapeutic agents in form of liposomes is one of the main
applications of liposomes as drug carriers. The advantages of this type of formulation
are: the agents are better protected from metabolism and degradation during circula-
tion in the blood stream, formulation of poorly-soluble agents is enabled and
administration of higher doses of less toxic formulation is possible (Mayer et al.,
1989). The volume of distribution for the application of free chemotherapeutic agents
often is very large. Formulation of the agents in liposomal drug carriers reduces the
volume of distribution drastically and higher concentrations at the site of action can
be achieved (Allen and Stuart, 1999). For liposomes without surface modifications the
circulation time in the blood stream is limited by uptake through the
reticuloendothelial system (RES). It has been shown that small liposomes (smaller
than 70 nm) are taken up from the blood stream by liver parenchymal cells while
large liposomes (larger than 300 nm) accumulate in the spleen. An optimum size
range of 70 to 200 nm has been identified to give highest blood concentration of
ganglioside GM,-containing liposomes in mice (Liu et al., 1992, Abra and Hunt,
1981). In another study it was demonstrated that biodistribution of liposomes
depends not only on the mean particle size but also on the size distribution. Of two

liposome samples with nearly identical mean diameters the more heterogeneous sam-



ple shows less distribution to the RES because of a larger fraction of small liposomes
(Liu and Huang, 1992).

The endothelium of most healthy tissues represents a size selective barrier with
tight junctions being impermeable to particles larger than 1.8 to 2 nm (Seymour,
1992). In tumours the microvascular permeability is increased drastically for larger
particles. A cut-off size between 400 and 600 nm has been found for liposomes
penetrating through tumour vessels (Yuan et al., 1995). The combination of a leaky
endothelium for tumour vessels and no lymphatic clearance, the so called enhanced
permeation and retention (EPR) effect, have been found to be responsible for the
accumulation of large macromolecules in tumour tissue (Matsumura and Maeda,
1986). Thus for small liposomes passive targeting of liposomal drug carriers into
tumours can be achieved and higher doses can be administered with less systemic

toxic effects.

1.3 Methods for size characterisation of liposomes

1.3.1 Limitations of commonly used methods

Techniques used for the size characterisation of liposomes comprise freeze frac-
ture electron microscopy ffEM, negative stain electron microscopy, atomic force
microscopy and size exclusion chromatography (SEC). The most direct way of size
determination of particle sizes down to one nanometer is by looking at the particles
via electron microscope techniques.

For analysis of liposomes by ffEM samples are first frozen quickly in order to pre-
vent structural damage before they are fractured. The fractures are shadowed by
deposition of platinum and carbon at an angle of 45 degrees before being visualised
by TEM. The fracture plane usually runs through the bilayer membrane in case of
small liposomes such that a correction of half the thickness of a bilayer has to be per-
formed. For larger liposomes the problem is that the fracture plane not always runs
through the liposomes at its equatorial section such that wrong particle sizes are de-
termined. In addition large liposomes are more likely to be fractured than small
liposomes so that large liposomes are overestimated in the size distribution (Egelhaaf
et al., 1996).

Another TEM based technique is negative stain electron microscopy. Here, lipo-
somes are placed on a grid and treated with a heavy metal salt solution for staining. A
thin electron-dense film of stain will form around the liposomes. In the electron

micrographs the liposomes will thus be visible as dark spots (New, 1990). During the



treatment with the stain flattening of the liposomes occurs and must be corrected for
in the size analysis. Variability of identical samples treated in the same manner is de-
scribed (New, 1990). However, for both techniques similar limitations exist as seen
for cryo-TEM. Only a small fraction of the sample is investigated and particle sizes
from a large number of independent pictures have to be measured. Also instruments
are costly, measurements have to be performed under vacuum and sample
preparation is relatively time consuming.

Atomic force microscopy (AFM) is a relatively new scanning probe microscopy
technique. Mainly a method for characterisation of surfaces at the nanoscale, it can
also be used for the direct measurement of liposome sizes at room temperature in
both water and air (Kanno et al., 2002). The liposomes are immobilised onto very
smooth surfaces and thus scanned by the AFM tip. A laser beam measures the
deflection of the tip while it passes over the sample. Measurements should be
performed in the so-called tapping mode in order to minimise deformation of the
liposomes during measurements. AFM covers the whole range of liposome particle
sizes. Sample preparation is easier than for the aforementioned electron microscope
techniques, and visualisation is performed under physiological conditions. However,
liposomes might be destroyed due to adhesion to the surface such that planar bilayers
are formed (Edwards and Baeumner, 2006). A size-selective adsorption behaviour has
been reported: small liposomes remain intact when adsorbed to the surface, while
large liposomes rupture and adsorb to the surface as bilayer discs which might even
fuse into each other (Reviakine and Brisson, 2000).

SEC or gel exclusion chromatography is a widespread method for size characteri-
sation of liposomes. Particles are separated according to their hydrodynamic radii via
interaction with pores in the gel. Large particles will penetrate pores to a lesser extent
and elute earlier than smaller particles. For direct determination of particle sizes from
retention times, size standards are required. SEC is a quick and convenient method
for size characterisation of small liposomes. Liposomes above a size of approximately
300 nm, however, will elute from the column mainly unfractionated (Nozaki et al.,
1982). Careful pre-saturation of the column with liposomes is required in order to
prevent reduced recovery rates due to the adsorption of liposomes to the gel material
which might result in wrong size distributions (Ruysschaert et al., 2005). A further
bias of the size distribution can occur from large liposomes of low rigidity entering
pores and thus eluting too late (Edwards and Baeumner, 2006). The need of size stan-
dards is a drawback and should be avoided by combining SEC with e.g. light

scattering detectors online, or collection of fractions with subsequent size characteri-



sation, however, shear forces are exerted onto sample material in tight packed

columns that are required for such combination.

1.3.2 Cryogenic transmission electron microscopy

For the sub-technique cryogenic transmission electron microscopy (Cryo-TEM)
specimens are prepared without chemical treatment such as fixation, dehydration and
resin embedding which can potentially cause artefacts. Samples are immersed quickly
into liquid ethane at its freezing point. Due to the fast cooling rates occurring during
this process the water in the sample is vitrified. Through the vitrification,
supramolecular structures such as liposomes are better preserved because the
rearrangement of water molecules during formation of ice crystals is mostly pre-
vented (Vinson et al., 1991). The technique has demonstrated its suitability for the
direct imaging of morphological changes of liposomes during exposure to osmotic
pressure, although it only creates two-dimensional projections (Mui et al., 1993). Size
determination can be performed by manual measurement of a sufficient number
(n >500) of liposome diameters in enlargements of the electron micrographs as de-
scribed by Olsen for negative stain electron microscopy (Olson et al., 1979). Cryo-
TEM gives an insight into the size distribution of the liposome sample, however, still
only a small fraction of the sample is analysed. In addition cryo-TEM is a relatively
costly method, the sample preparation is complex and requires a lot of experience in

order to prevent artefacts or destruction of the sample.

1.3.3 Photon correlation spectroscopy

Photon correlation spectroscopy (PCS), also known as dynamic light scattering or
quasi-elastic light scattering, is a widely used method for the determination of particle
sizes in nano-scale. The method is based on measuring time dependent fluctuations of
light scattering from a particle. These fluctuations are caused by random movements
of the particle in the suspending medium as described by the Stokes-Einstein equa-
tion:

kT

D. =
67nry

(1)

T

where T is the absolute temperature, k is the Boltzmann constant, # is the viscosity of

the suspending liquid and ry is the hydrodynamic radius.

The scattering intensity collected at time points ¢ is multiplied with the scattering

intensity collected at time points slightly earlier (¢ -t"), resulting in the so-called



auto-correlation function C(t’). The plot of the auto-correlation function against
values of t” shows a characteristic exponential decay. The decay time constant 7 is
obtained from this plot and correlates directly to the translational diffusion
coefficient by:

1 2q°D, (2)
T

where q is the scattering vector given by:

4m . 0
q= TSIH(E) (3)

where n is the refractive index of the medium, A the wavelength of the incident light,

0 the scattering angle.

Mean hydrodynamic radii can thus be determined from the translational diffusion
coefficient using equation 1. PCS is a fast, direct and non-invasive method for the size
determination of small sample volumes of narrow size distribution. However, there
are certain limitations for more heterogeneous samples. The light scattering intensity
is proportional to the sixth power of the particle size in the range up to 100 nm. When
small particles are measured in the presence of e.g. a few large particles the mean par-
ticle diameter, therefore, will overestimate the large particles. Also the relatively high
sensitivity of PCS towards contamination with dust can be explained by this
behaviour. There are different approaches for distribution analysis of polydisperse
samples such as linear and quadratic fitting to the correlation function. However,
such determined size distributions do not represent the real situation well and the
resolution remains relatively poor.

One attempt for improving the performance of PCS analysis of liposomes is to
fractionate the sample by size exclusion chromatography prior to the size determi-
nation. From the lipid concentration and particle sizes of the fractions a size
distribution plot can be constructed. However, the approach is time-consuming and

technically demanding.

1.3.4 Field-flow fractionation

Field-flow fractionation (FFF) is a family of separation techniques developed by
Giddings in 1966 (Giddings, 1966). The sub-families have a common principle of
separation. Analytes are transported through a thin channel in a laminar flow
(hereafter called channel flow) with longitudinal direction. Separation takes place

through the application of a field of force, applied in perpendicular direction, which



drives the analyte into different heights over the lower channel wall (hereafter called

accumulation wall). A steady state concentration profile is established as given by:
(4)

where c is the concentration at height x, ¢; is the maximum concentration over the

accumulation wall, and the mean layer thickness 1 is given by the relation as:

D

1=—
Ul

(5)

where D is the diffusion coefficient of the analyte and U the drift velocity of the

analyte towards the accumulation wall.

Due to the parabolic flow profile of the channel flow, analytes having different
values of 1 will occupy different heights over the accumulation wall and thus be
separated. It can be seen from equation 5 that both the strength and the type of the
applied field and/or the diffusion coefficient influence the mean layer thickness.

A wide range of different fields exist such that analytes of various physical
properties can be separated, which makes FFF to a very versatile method.
Gravitational-FFF employs Earth’s gravity for driving analytes into different laminae.
Sedimentation-FFF uses a similar principle with the channel being arranged in a cen-
trifuge-like manner such that particles are separated by the exertion of acceleration
forces. Gradients of heat in thermal-FFF, electrical fields in electrical FFF and mag-
netic fields in magnetic-FFF are only a selection of further fields that can be applied.
A second flow of solvent as field of force was first introduced in 1976 (Giddings et al.,
1976). Flow-FFF is probably the most versatile sub-technique of the FFF-family due
to its non-specific, hydrodynamic field (Kowalkowski et al., 2006). A constant evolu-
tion of the method has taken place with the development of various channel shapes
and dimensions. Further presentation of the sub-families is given in reviews written
about this technique, e.g. (Giddings, 1993, Colfen and Antonietti, 2000) or in the
Field Flow Fractionation Handbook (Schimpf et al., 2000).

1.3.4.1 Asymmetrical flow field-flow fractionation

The sub-technique of flow-FFF introduced by Wahlund and Giddings in 1987 is
called asymmetrical flow field-flow fractionation (AF4) (Wahlund and Giddings,
1987). In case of AF4 the separation channel consists of an impermeable top block

and a bottom block holding a semipermeable ultrafiltration membrane (the accumu-



lation wall) on top of a porous frit (Figure 1.1). The perpendicular field is caused by
restricting the channel flow at the outlet. This restriction will force portions of the
carrier liquid to leave the channel through the bottom block and thus cause the cross

flow.

Impermeable
top block

Semi-permeable
. ~~ membrane

— Frit

Cross-flow out

Figure 1.1: Cross section through an AF4 channel.

Prior to elution the analyte will be concentrated at a position close to the injection
port during a focussing step. Equilibrium heights over the accumulation wall in AF4
depend on the diffusion coefficient of the analyte and the applied cross flow rate with
larger particles being driven closer to the accumulation wall. Retention times are
dependent on the equilibrium height at which the analyte travels in the parabolic flow
profile of the channel flow and can be expressed by:

mn-d \Y

t — . _ Cross 6
' 2-kT V ()

Channel

where t; is the retention time of the analyte; # the viscosity; d the stokes diameter; w
the channel thickness; k the Boltzmann constant; T the absolute temperature; V

Cross

the cross flow rate and V. the channel flow rate.

Channel

From equation 6 the calculation of hydrodynamic diameters can be performed
directly from retention times for known channel dimensions at a constant channel -
to cross flow ratio. For such conditions the hydrodynamic diameters should linearly
increase with retention time. In cases where cross flow gradients are used, however,

the relation is not so straightforward. Furthermore, the elution behaviour of analytes



may show aberrations from the aforementioned relation, induced by e.g. electrostatic
forces, non-parabolic flow or steric exclusion(Giddings, 1997). For such cases a
combination with an independent method of size determination is desirable such as
light scattering (Giddings, 1993, Roessner and Kulicke, 1994).

1.3.4.2 AF4 in combination with static light scattering

Static light scattering measures the intensity of scattered light at different angles
around a particle causing scattering, a so-called scatterer. The detection method is
called multi-angle light scattering (MALS). The MALS detector contains a flow cell
surrounded by a set of 18 photo diodes that measure the intensity of scattered light at
different angles. For fractionations with water as solvent, 16 out of the 18 photo cells
are used at effective scattering angles between 14.44 and 163.28 degrees. Each detector
measures the excess light scattering of the solution, Re (also called Rayleigh ratio)

relative to the scattering caused by the solvent, as expressed in equation 7.

2
(IG - IG, solvent )r

B IV )

0

where 0 is the scattering angle, Ro is the Rayleigh ratio, Iy the scattered intensity of the
analyte, Is soivent the scattered intensity of the solvent, I, intensity of the incident laser
light, r the distance between the scattered volume and the photo cell, and V is the

scattering volume.

With the knowledge of the Rayleigh ratio and the concentration of a scatterer a
direct determination of weight average molar masses M,, and z-average mean square
radius (%), of solute molecules is possible by equation 8 developed by Zimm in 1948
(Zimm, 1948).

R

—% =M,,P(q) - 2A,cM,*P*(q) (8)
Kc

and K = 47°n,*(dn/dc)*A, N, (9)

where c is the mass concentration of the analyte; M, the weight average molar mass;
P(q) the theoretically-derived form factor; A, the second virial coefficient, n, the
refractive index of the solvent, dn/dc the refractive index increment of the analyte in

solvent, Ao the wavelength of the light and Na Avogadro’s number.

The classical way of solving the Zimm equation is constructing a plot of the

scattering intensity at the different angles and at different concentrations and



extrapolating against both a scattering angle and a concentration of zero. From the
resulting extrapolation one can determine the molar mass M, the second virial coeftfi-
cient A, and the root mean square radius (rg?), from the intercept with the ordinate
and the initial slopes, respectively.

The MALS detector is coupled online to the AF4 system. Software collects sets of
data points (so called slices) at each second. For each of those slices the Rayleigh
ratios at the different angles are calculated and thus elugrams can be constructed. In a
fractionation setup like the AF4-MALS the concentration of the eluting analyte is very
low and, therefore, the term A, in equation 8 can be neglected. There are different fit
methods for deriving M,, and (r,*), assuming arbitrary particle shapes. For the Zimm
fit method a plot of K-c-R¢! on the ordinate vs. sin*(6/2) on the abscissa is constructed
and by polynomial fitting M, and (rg®), can be determined. The Zimm fit method
works best for radii smaller than 50 nm. For the Debye fit method a plot from the in-
verse of the ordinate of Zimm fit method (Ry-K'-c!) vs. sin?(6/2) is constructed
(Debye, 1947). This method suits for a wider range of particle sizes (~100 nm). For
the Berry fit method the square root of the ordinate of the Zimm fit method
K3.c%*-Rg?? is plotted against sin*(6/2) (Berry, 1966). The Berry fit method is mainly
used for large molecules larger than 50 nm. In case of successful separation it is
assumed that each slice of the eluting sample contains molecules of very narrow
distribution of molecular weight. The z-average weighted mean square radius can be

calculated over the whole peak from equation 10 (Wyatt, 1993):

r2) ¢ M
(r*) :—Z<g>t - (10)
‘ z CtMt
where (r?), is the z-average weighted mean square radius and ¢, M and (rg*): are the

concentration, molar mass and mean square radii for the t" slice, respectively.

Instead of polynomial fitting particle sizes can also be derived using a theoretical
form factor P(q) that describes the angular dependence of the scattered light from the
shape of the eluting particles. For polystyrene latex standards it was shown that using
a sphere model as form factor led to smaller errors than the traditional polynomial
fitting (Shortt et al., 1996). For the liposomes in our study we tried to apply the form
factor of a hollow sphere that was found to describe light scattering of vesicles well
(Pecora and Aragon, 1974, van Zanten, 1996).
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The hollow sphere model is defined by:

2
P(q) =| ————(singr, —qr, cosqr, —sinqr; + qr, cosqr, )} (11)
q(ry —17)
4
where q = |q| = M sin(g) (12)
A 2

where q is the scattering vector, n, the refractive index of the suspending medium, Ao

the in-vacuo wavelength, r, the outer radius and r; the inner radius.

When the hollow sphere model is used, the coating thickness and the core and
coating refractive indices are to be specified. The resulting radius when using the
hollow sphere model is a geometric radius. The relation between rms-radii (or radii of
gyration) and geometric radii for coated/hollow spheres is given by equation 13 (van
Zanten and Monbouquette, 1991).

3
1rg2 =gr2—° (13)

where r,; is the radius of gyration, and r; and r, the inner and outer radius, respec-

tively.

1.3.5 Why size characterisation of liposomes by AF4-MALS?

No single method for size characterisation of liposomes is capable of determining
size distributions in an accurate and reliable manner alone. Besides electron
microscopy, none of the methods covers the whole range of liposome particle sizes
from 10 nm up to several micrometers (Woodle and Papahadjopoulos, 1989). AF4-
MALS has experienced its commercial breakthrough during the last decade. User-
friendly, fully-automated systems can be purchased from different vendors and the
separation range from a few nanometers up to micrometers covers most of the size
spectrum of liposomes. According to producers it is a robust and easy to use method
which exerts less shear forces onto the analyte than e.g. SEC. In combination with
MALS absolute particle size distributions can be plotted without the use of standards.
AF4 has shown its applicability for the analysis of e.g. proteins (Litzen and Wahlund,
1989, Wahlund and Litzen, 1989, Yohannes et al., 2006b), plasmids (Wahlund and
Litzen, 1989), polysaccharides (Wahlund and Litzen, 1989, Wittgren and Wahlund,
1997b), viruses (Litzen and Wahlund, 1989, Litzen and Wahlund, 1991b, Litzen and
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Wahlund, 1991a), virus-like particles (Wei et al., 2007, Chuan et al., 2008) and cells
(Wahlund and Litzen, 1989, Lee et al., 2003a) and has shown the potential of being a
standard analytical tool for the measurement of liposomes (Arifin and Palmer, 2003,
Yohannes et al., 2006a, Setala Niko et al., 2007).

The method is expected to be fast, requires small sample volumes and has a high
fractionation power (Colfen and Antonietti, 2000). It gives an insight into the size
distribution rather than mean particle sizes of a liposome sample. However, the
number of publications about AF4-MALS of liposomes is limited compared to other
applications and the technique has still not found wide-spread use. AF4 of
nanoparticles is governed by a number of interdependent parameters rendering
method-development a rather complex task. There are several potential sources of er-
rors influencing retention times such as steric exclusion, van der Waals and
electrostatic forces among analyte and between analyte and accumulation wall or er-
rors in the measurement of experimental parameters (Giddings, 1997), which are not
expressed in the standard equation of retention time. The following thesis describes a

practical approach for the method development for AF4 of liposomes.

12



2 AIMS OF THE THESIS

The aims of this thesis were to establish a working and reproducible method for size

characterisation of liposomes by AF4-MALS.
More specific aims have been:

e To identify and characterise the primary factors governing the fractionation

and size determination of liposomes by AF4-MALS.

e To investigate the performance of the instrumental setup such as adsorption of
sample to the separation channel, detector sensitivity and accuracy of different
methods for analysing MALS data.

e To compare the results from AF4-MALS with other, well-established methods
of size determination of liposomes in terms of resulting size and size distribu-

tion as well as to define limitations of the chosen methods.
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3 MATERIALS AND METHODS

3.1 Materials

Egg-phosphatidylcholine (Lipoid E80°) was a kind gift of Lipoid (Lipoid GmbH
Ludwigshafen, Germany). Soy-phosphatidylcholine liposomes produced by detergent
removal using soy-phosphatidylcholine (Lipoid S75°) were provided by the Depart-
ment of Pharmaceutical Technology, University of Freiburg. Lissamine Rhodamine
PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl)) (ammonium salt) (Rh-PE) was purchased from Avanti Polar Lipids (Avanti
Polar Lipids, Alabaster, AL, USA). Sudan Red G (reagent for Ph. Eur.) and bovine
serum albumine (BSA) (lyophilised powder, ~98%) was purchased from Fluka
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany). Sodium nitrate (NaNOs,
99.5%), sucrose (Ci12H2,011, for biochem. Reag., Ph. Eur.), Tris-HCl (C4H;CINO;3,
p.a.) and Triton X-100 (CysH2,0O(C,H40),, p.a.) were purchased from Merck (Merck
KGaA, Darmstadt, Germany). Calcium chloride hexahydrate (CaCl,-6H,O, p.a.) was
purchased from Kebolab (Kebo lab AS, Oslo, Norway). Nanosphere size standards
were purchased from Duke Scientific (Duke Scientific Corp., Palo Alto, CA, USA). All
carrier liquids for AF4 runs and dilution media for PCS measurements were prepared
from ultrapure water (Millipak 20 Express, Millipore S.A., Molsheim, France) and
further filtrated with 0.1 pm membrane filters (Vacucap 90 filter units with 0.1 pm
supor membranes, Pall Life Sciences, Ann Arbor, MI, USA). For filter extrusion poly-
carbonate membranes with defined pore sizes were used (Isopore membrane filters,
Millipore Ireland B.V., Cork, Ireland and SPI pore filters, SPI supplies, West Chester,
PA, USA). Phospholipids B enzymatic test kit was purchased from Wako Chemicals
(Wako Chemicals, Neuss, Germany) and Phospholipides enzymatique PAP 150 was
purchased from Biomerieux (bioMérieux sa, Marcy-I'Etoile, France). Sephacryl” S-
1000 superfine was purchased from Amersham Biosciences (Amersham Biosciences
AB, Uppsala, Sweden).

3.2 Methods
3.2.1 Preparation of liposomes

3.2.1.1 Preparation of lipid dispersion
Liposomes containing dye were produced as follows: egg-PC, Rh-PE or Sudan Red

in molar ratio 1:20 and 1:200 respectively were dissolved in chloroform. A thin film
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was formed by removing chloroform by rotary evaporation and drying of the film at
5kPa for additional 2 hours. Subsequently the film was rehydrated using 10 mM
sodium nitrate.

Liposomes without dye (called native Liposomes for the rest of this thesis) were
produced by mixing egg-PC with 10 mM sodium nitrate to a concentration of
100 mg-mL"! and stirring the mixture by a magnet stirrer for 45 minutes at room tem-
perature.

Some native liposome dispersions were treated with freeze thaw cycles. The dis-
persion was shock frozen in liquid nitrogen and completely thawed in a water bath at

50 degrees Celsius. This procedure was repeated five times.

3.2.1.2 High-pressure filter extrusion

The resulting lipid dispersions were sequentially extruded through polycarbonate
membrane filters (Millipore, Billerica, USA) of decreasing pore sizes from 800 nm
down to 30 nm (pore size of the final extrusion step will be specified in results and
discussion chapter). Depending on the sample volume different extrusion devices
were employed: for up to 1 mL a hand-driven syringe extruder (LiposoFast , Avestin,
Inc. Ottawa, ON, Canada) was used, for sample volumes between 1 and 15 mL a Lipex
extruder (Lipex Biomembranes Inc., Vancouver, BC, Canada) operated at a pressure
of 1 MPa was used and for larger sample volumes a custom-made high pressure filter
extruder driven by a membrane pump as described by Schneider (Schneider et al.,

1995) was used. The samples passed each filter pore size ten times.

3.2.1.3 High-pressure homogenisation

Lipid dispersions were homogenised using a non-continuous APV Gaulin Micron
lab 40 homogeniser (APV Gaulin GmbH, Liibeck, Germany) as described in (Brandl
et al., 1990). Each sample was processed ten times at a pressure of 70 MPa at room
temperature. After homogenisation the liposome dispersions were autoclaved to
ensure forced healing of membrane defects and fusion of small vesicles of

unfavourable curvature (Tardi et al., 2001).

3.2.1.4 Detergent removal

Large single bilayer liposomes can be prepared by detergent removal from mixed
micelles by dialysis (Milsmann et al.,, 1978). The liposomes were produced by
Christian Schifter, Department of Pharmaceutical Technology, University of Freiburg

(Schifter, 2008). In brief: mixed micelles were prepared by film method from mixtures
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of soy-PC and n-Octyl-B-D-glucopyranoside in molar ratio 1:6. Dialysis was per-
formed in a custom-made dialysis chamber using Diachema very high permeability
membranes with a cut-off of 5 and 10 kDa (Dianorm GmbH, Munich, Germany).
Dialysis was performed at a flow rate of 15 mL-min' for one hour and then at

7 mL-min™ for at least 20 hours.

3.2.2 Quantification of liposomes

For the determination of recovery of AF4 experiments the accurate amount of

phospholipid had to be known.

3.2.2.1 Determination of lipid concentration by enzymatic test kit

Quantification of phospholipids was performed using an enzymatic Kkit
(Phospholipid B enzymatic colorimetric method, Wako or Phospholipides
enzymatique PAP 150, biomerieux) according to the protocol developed by
(Grohganz et al., 2003). The kits consist of Phospholipase D, Choline oxidase and
Peroxidase which hydrolyze phospholipids to free choline, oxidise choline to betaine
and hydrogen peroxide and couple hydrogen peroxide to 4-aminoantipyrine yielding
a chromophore, respectively. The chromophore was then measured in a 96-well plate
reader at 492 nm against standards of known amounts of egg-PC dissolved in disso-
lution of Tris-HCI, Triton X-100 and calcium chloride hexahydrate.

3.2.2.2 Determination of values of dn/dc and absorptivity

Online quantification of liposomes using a differential refractive index (dRI)
detector requires knowledge of the refractive index increment (dn/dc) of the
respective sample. The dn/dc value was determined using the same differential
refractive index detector as used in the AF4 measurements (Optilab rEX, Wyatt
Technology Corp., Santa Barbara, CA, USA). Distinct dilutions of liposome sample of
known phosphatidylcholine content were flushed through the detector at
0.50 mL-min™ using an HPLC pump and a manual injector equipped with a sample
loop of 2.0 mL. The resulting differential refractive index values (measured against
10 mM sodium nitrate solution in the reference cell as blank) were measured and
plotted against the concentrations of the liposome dilutions. From the steepness of
the curve the value of dn/dc was derived to be 1.4636 (+ 0.0001) mL-g* (n = 3).

For recovery determination from absorbance detected by UV-VIS, knowledge of
the absorptivity is required. Distinct concentrations of the respective liposome disper-

sion were injected offline into the UV-VIS detector that is used online for AF4
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experiments, absorbance was measured and from the slope of the plot of absorbance
vs. concentration the absorptivity was determined. In case of Sudan Red liposomes

absorbance was calculated to be 89430 mL-g'-cm™.
3.2.3 Particle size analysis

3.2.3.1 Photon correlation spectroscopy

PCS measurements were performed on Submicron Particle Sizer Model 380
(Nicomp Particle Sizing Systems, Santa Barbara, CA, USA) as described in
(Ingebrigtsen and Brandl, 2002). In brief: samples were diluted with freshly filtrated
medium yielding a count rate between 250 and 350 kHz and measured ten times with
at least 10° counts to assure statistical reliability. For each individual replicate the
distribution type was chosen independently as described in (Frantzen et al., 2003).
Mean values of the hydrodynamic radii were calculated.

For accurate determination of particle sizes by PCS the values of viscosity and
refractive index of the solvent were necessary for the experiments where aqueous
media containing sucrose was used. The viscosity of the sodium nitrate/sucrose solu-
tion, determined by a capillary viscometer (Ubbelohde viscometer, capillary type Oc,
Schott-Gerdte GmbH, Hotheim, Germany) at 25 degrees Celsius, was 0.9898 mPa-s.
The absolute refractive index determined by batch measurements in a refractive index
detector (Optilab rEX, Wyatt Technology) was 1.339. Both values were checked
measuring nanosphere size standards in sodium nitrate/sucrose using the determined
values and comparing the resulting sizes with measurements performed with the same

standards in sodium nitrate solutions.

3.2.3.2 Size exclusion chromatography

Dispersions of liposomes were fractionated by size exclusion chromatography. In
a glass tube a column of approximately 23 cm height was packed with Sephacryl
S-1000 Superfine. Fractionation was performed at a flow rate of approximately
1.6 mL-min"' and took about 60 minutes for a sample volume of 2 mL liposome dis-
persion. Fractions were collected following the extent of turbidity. Lipid
concentration of the fractions was determined by the enzyme test, size determination

was performed by PCS.
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3.2.3.3 Measuring of zeta potential values

Zeta potentials of liposome dispersions were measured at the Pharmaceutical
Institute, University of Oslo with help by Tove Larsen. Measurements were performed
on a Malvern Zetasizer 2000 (Malvern Ltd, Malvern, UK). The liposome dispersions
were diluted with pure water and 5, 10, 20, and 50 mM sodium nitrate solutions in

triplicates. Each dilution was measured five times.

3.2.3.4 Cryogenic transmission electron microscopy

Cryo-TEM was performed by Dr. Markus Drechsler, Macromolecular
Chemistry II, University of Bayreuth, Germany as described in e.g. (Wittemann et al,,
2005): a drop of the sample (2 pul) was put on an hydrophilised lacey carbon filmed
copper TEM grid (Science Services GmbH, Munich, Germany), where most of the
liquid was removed with blotting paper, leaving a thin film stretched over the carbon
film lace. Hydrophilisation was done in a Gatan Solarus  (Model 950) plasma
cleaning system (Gatan GmbH, Munich, Germany). For the preparation at 70 degrees
Celsius a semi-automatic driven custom-made environmental chamber device was
used. The specimens were instantly shock-vitrified by rapid immersion into liquid
ethane and cooled to approximately 90 K by liquid nitrogen in a temperature-
controlled freezing unit (Zeiss Cryobox, Zeiss SMT GmbH, Oberkochen, Germany).
The temperature was monitored and kept constant in the chamber during all the
sample preparation steps. After freezing the specimens, the remaining ethane was
removed using blotting paper. The specimen was inserted into a cryo-transfer holder
(CT3500, Gatan GmbH, Munich, Germany) and transferred to a Zeiss EM922 Omega
EF-TEM. Examinations were carried out at temperatures around 90 K at an
acceleration voltage of 200 kV. Zero-loss filtered images (E = 0 eV) were taken under
reduced dose conditions (100-1000 electrons-nm™). All images were registered
digitally by a bottom-mounted CCD camera system (Ultrascan 1000, Gatan GmbH,
Munich, Germany) combined and processed with a digital imaging processing system
(Gatan Microscopy Suite 1.8). Enlargements of the electron micrographs were printed

and diameters of the liposomes (n > 1000) were measured manually.

3.2.3.5 Asymmetrical flow field-flow fractionation

The bottom block of the 29 cm long AF4 channel (Wyatt Technology Europe
GmbH, Dernbach, Germany) was made from PEEK. It was holding a permeable frit

through which the carrier liquid exits from the channel, the so-called cross flow
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outlet. The upper block was made of a transparent polycarbonate inlay in an
aluminium block, and had drills for channel inlet, injection inlet and channel outlet.
The permeable frit supported a pre-cut membrane which served as accumulation wall.
Regenerated cellulose (RC) ultrafiltration membranes with a 10 kDa cut-off were used
as membrane materials during this study. Between the two blocks a spacer was fitted
which defined the trapezoidal channel dimensions. The channel had a length of
26.5 cm, a width near inlet and outlet of 2.2 and 0.6 cm, respectively, and a thickness
of 250 um unless stated otherwise.

The various flow settings which are used during an AF4 experiment were con-
trolled by Eclipse 2 separations system (Wyatt Technology Europe). The Eclipse 2 was
connected to a standard Agilent HPLC system 1100 series (Agilent Technologies,
Santa Clara, CA, USA) consisting of an micro vacuum degasser G1379A, an isocratic
pump G1310A and an autosampler G1313A.

The system was coupled online with a variable wavelength UV-VIS detector
(G1314A VWD detector, Agilent Technologies), an 18-angle static light scattering
detector (Dawn EOS, Wyatt Technology Corp., Santa Barbara, CA, USA) and a dRI
detector (Optilab rEX, Wyatt Technology USA). The system was controlled by Eclipse
software version 2.5 (Wyatt Technology Europe). Data acquisition and procession
were performed using Astra 5.3.2.17 (Wyatt Technology USA). The geometric radii of
the liposomes were calculated using the data from 15 angles from the MALS detector
applying the coated sphere model.

Table 3.1 displays a typical separation method for AF4 of liposomes consisting of
the three basic flow settings focusing, elution and washing of the channel. During all
settings a constant flow rate of 1.00 mL-min' was kept through the detectors to
reduce pressure fluctuations. Focusing of the sample is performed during steps two to
four (Table 3.1).

Table 3.1: A typical separation protocol for AF4 of liposomes.

delta t Time Mode X start X end Focus Flow
1 2.00 2.00 Elu. 0.00 1.00 -
2 1.00 3.00 Focus - - 1.00
3 5.00 8.00 Foc+Inj - - 1.00
4 2.00 10.00 Focus - - 1.00
5 35.00 45.00 Elu. 1.00 0.10 -
6 10.00 55.00 Elu. 0.00 0.00 -
7 10.00 65.00 Elu+Inj 0.00 0.00 -

During focusing the carrier liquid enters the AF4 channel both from its inlet and

outlet and meets at a position close to the injection point. At that position
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accumulation of the analyte within a narrow band is achieved (Wahlund and
Giddings, 1987). The analyte is pressed towards the accumulation wall, which
increases the concentration of the analyte and diffusion towards a steady state
position will start. According to its diffusion coefficient the analyte is aligning at a
certain height over the accumulation wall. During elution (step five) the carrier liquid
enters the channel only from the inlet. By restricting the flow at the channel outlet the
carrier liquid partially has to exit the channel through the bottom block which causes
a cross flow perpendicular to the main flow direction. In the example from Table 3.1 a
cross flow gradient ramping from 1.00 to 0.10 mL-min"' was applied. Finally, the cross
flow is turned off and both the channel and the injection loop are flushed with carrier
liquid (step six and seven). During this project various separation protocols were
applied, with cross flow gradients reaching from 0.80 to 0.15 mL-min™ up to 2.00 to
0.15 mL-min™. The applied conditions will be specified in the results part.

3.2.3.6 Multi-angle light scattering
The photo diodes at the different angles of the MALS detector need to be

normalised against the diode at the 90 degree angle for correction of their different
distances and refraction angles towards the sample cell and production-related
differences among the photo diodes. A mass of 25 ug of BSA was fractionated by AF4
and normalisation was performed with the peak of the BSA monomer.

For the coated sphere model used in this study the coat thickness, refractive index
of the coat, refractive index of the medium and the dn/dc need to be specified. Coat
thickness was specified with 3.7 nm (van Zanten and Monbouquette, 1991), the
refractive index of the coat was 1.45, namely the refractive index of egg-PC (Blessing
et al., 1998). The refractive index of the medium was specified with 1.333 and the
dn/dc was 1.464, as determined experimentally.

Geometric radii were obtained directly from Astra using the so-called particle
template. For known particle shapes size determination is possible from MALS data
only, without information on the concentration of the eluting sample. For known
refractive indices an amount of eluting particles, the number density, can be
calculated. The number density template calculates the amount of particles from the
MALS data. The calculation is based on the light scattering intensity of each slice and

the chosen form factor, i.e. coated sphere and gives a number of particles per mL.
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4 RESULTS AND DISCUSSION

4.1 Method development

4.1.1 Influence of the focus flow rate

A typical AF4 method includes an injection/focusing step prior to the elution step
(see Table 3.1). Focusing improves the resolution of the fractionation and reduces
band broadening and premature elution of analytes (Schimpf and Wahlund, 1997).
On the other hand, during focusing an concentration of the analyte occurs which may
lead to analyte/analyte- and analyte/accumulation wall-interactions (Litzen, 1993,
Schimpf and Wahlund, 1997). Obviously, this is undesired and focusing conditions
should thus be chosen carefully. In order to investigate the impact of focusing
conditions on the outcome of AF4 of liposomes, soy-PC LUVs were fractionated
using identical elution conditions and varying the focus flow rate systematically (1.00,

2.00 or 3.00 mL-min™ for 7 minutes) (publication 2).
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Figure 4.1: AF4-MALS elugrams of soy-PV LUVs for different focus flow rates. Lines

show Rayleigh ratios, scattered symbols the geometric radii.
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Figure 4.1 displays the elugrams of the MALS detector obtained from
fractionations with the three different focus flow conditions (Rayleigh ratio vs.
elution time along with the geometric radii derived from MALS). With increasing
focus flow rates the top of the peak shifts to later retention times and the peak shape
changes from steep to the left (1.00 mL-min focus flow rate) to steep to the right
(3.00 mL-min™). This shift to later elution times can be explained by the analyte
approaching the accumulation wall closer with increasing focus flow rates. As argued
in publication 2 a focus flow rate of 2.00 mL-min™ seems preferable since the shape of
the fractionation curve obtained under these conditions is most symmetrical. A plot
of number density (particles per mL, determined from the light scattering intensity)
vs. geometric radii (Figure 4.2) showed a slight shift towards smaller particle sizes
with smaller focus flow rates, however, the MALS derived mean radii remained

unchanged.
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Figure 4.2: Size distribution plots of soy-PC LUVs for different focus flow rates.
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One would expect that particle size determination by the combination of AF4-
MALS vyields better results than retention time dependent particle size determination.
In the latter case the calculated particle sizes might be subject to variations that are
not described by the theoretical retention model (equation 6) such as seen here for the
focus flow and thus be incorrect.

When varying the focus flow conditions within the chosen limits aggregation
artefacts could not be observed in contrast to literature reports for other analytes
(Schimpf and Wahlund, 1997). For virus-like particles no aggregation sensitivity was
found which is in accordance with our results (Chuan et al., 2008). In order to
evaluate the total amount of particles eluting from the channel at different focus flow
conditions the AUC of the UV-VIS signal was calculated. The observed reduction in
AUC was marginal (data not shown) and much less pronounced than that reported
from other analytes, e.g. humic acid macromolecules (Schimpf and Wahlund, 1997).
Sample losses induced by enhanced focusing are generally regarded as an effect of
adsorption to the accumulation wall due to enhanced interaction between analyte and
membrane at higher focus flow. For the setup in this study adsorption does not seem
to play a major role.

It has been reported for cow pea mosaic viruses that changing the focus flow rate
did not significantly influence the performance of the fractionation because a secon-
dary relaxation of the analyte occurs at the beginning of the elution step (Litzen and
Wahlund, 1991a). Since the focus flow rates studied here showed satisfying

fractionation, they were all used throughout this study.

4.1.2 Determination of optimum cross flow rate

The equilibrium height of a sample over the accumulation wall is determined by
the equilibrium of the strength of the applied cross flow and the back-diffusion of the
analyte according to its diffusion coefficient. Finding appropriate cross flow rates,
therefore, is the pivotal step in the development of a fractionation method since it
directly influences the quality of fractionation. Elution within a reasonable
experimental time and sufficient resolution of the sample fractionation are the two
main requirements. In order to investigate the influence of cross flow rate on lipo-
some fractionation behaviour two liposome samples were fractionated using varying
cross flow rates (publication 2). Soy-PC liposomes produced by detergent removal
with a size of around 200 nm were used as well as egg-PC liposomes coloured with
Sudan Red produced by filter extrusion through 100 nm filter pore size.

For the separation of the 100 nm liposomes constant channel flow rates of

1.00 mL-min"' as well as varying isocratic cross flow rates between 0.40 and
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1.20 mL-min™" were applied. In Figure 4.3 the Rayleigh ratio at the 90 degree angle
and the MALS-derived geometric radii are displayed for all elugrams.
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Figure 4.3: AF4-MALS elugrams of 100 nm Sudan Red liposomes at different isocratic

cross flow rates. Lines show Rayleigh ratios, scattered symbols the geometric radii.

With increasing cross flow rates a shift towards later retention times could be ob-
served as it was expected from the AF4 theory. For high cross flow rates the
equilibration height over the accumulation wall is reduced and particles will be eluted
later. It could be seen that for low cross flow rates between 0.40 mL-min' and
0.70 mL-min™ separation from the void peak at the beginning of the separation was
poor i.e. peaks starting directly at ten minutes. The curves for particle sizes first show
a rapid drop before they increase steadily. An explanation may be that at the
beginning of the fractionation larger particles are not yet driven towards their
equilibrium height and thus elute too early. This explanation appeared plausible since
the phenomenon of dropping radius curves at the beginning of fractionations is also
seen for runs with higher cross flow rates. The drop in calculated radii might also be

explained from the switching from the focus - to the elution step which is causing
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fluctuations in pressure disturbing the detectors at the beginning of the fractionation.
In another study those effects were reported for modified celluloses (Wittgren and
Wahlund, 1997a) and natural colloids (Baalousha et al., 2006). To prevent the effects
of switching between focus - and elution mode sufficient separation from the void
peak is desired.

For cross flow rates of 1.00 mL-min™ and above, better separation from the void
peak was observed. However, peak broadening increased and elution of particles from
the channel was not completed when the cross flow was turned off after 50 minutes. A
possible explanation is that for higher cross flow rates the particles are driven very
close towards the accumulation wall. Attractive interactions between the liposomes
and the accumulation wall may become stronger and cause delayed elution of the
sample as also described for cationic potato amylopectin (Lee et al., 2003b) and for
ferritin and cow pea mosaic virus (Litzen, 1993). A plot of the UV-VIS signal versus
geometric radii (Figure 4.4) is supporting this theory because it shows decreasing
AUC:s for increasing cross flow rates. At the same time, however, resolution at the

lower end of the size distribution was improved as smaller particle sizes were

resolved.
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Figure 4.4: Size distribution plots of 100 nm Sudan Red liposomes for different cross

flow rates.
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In summary, none of the isocratic methods could satisfactorily fractionate the
100 nm liposome dispersion. Therefore, a cross flow gradient with decreasing cross
flow rates from 1.00 to 0.15 mL-min™ over 30 minutes was applied. The resulting
elugram (Figure 4.5) showed both separation from the void peak and elution of the

whole sample within the elution step.
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Figure 4.5: AF4-MALS elugram of 100 nm Sudan Red liposomes with cross flow

gradient. Line shows Rayleigh ratio, scattered symbols the geometric radius.

For the separation of 200 nm liposomes similar behaviour could be observed as
described in publication 2. Isocratic cross flow rates were varied between
0.10 mL-min™" and 0.40 mL-min"' with constant channel flow rates of 1.00 mL-min™
(Figure 4.6). Again, poor separation from the void peak for low cross flow rates and
peak broadening for higher cross flow rates appeared. Both effects were observed at
lower cross flow rates than for the extruded liposomes. This can be explained by the
larger size of the liposomes produced by detergent removal and their narrower size

distribution compared to the extruded liposomes.
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Figure 4.6: AF4-MALS elugrams of 200 nm liposomes at different isocratic cross flow

rates. Lines show Rayleigh ratios, scattered symbols the geometric radii.
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Figure 4.7: AF4-MALS elugram of 200 nm liposomes with cross flow gradient. Line

shows Rayleigh ratio, scattered symbols the geometric radius.
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Again, the use of a cross flow gradient of 1.00 to 0.10 mL-min™" over 35 min
resulted in satisfying fractionation, even though a small part of the sample did not
elute within the elution step before the cross flow was turned off (Figure 4.7).
Throughout this project cross flow gradients were applied for fractionating liposome
dispersions. A cross flow rate gradient of 1.00 to 0.10 mL-min"' was used as a
universal method for most samples, however, gradients starting with stronger cross

flow rates had to be applied for e.g. smaller liposomes.

4.1.3 Elution behaviour for different sample load masses

To our knowledge there is no information in literature regarding the influence of
sample load on AF4 of liposomes. For symmetrical channels of varying dimensions
liposome sample loads between 20/40 pg (Moon and Giddings, 1993) and 200 pg
(Korgel et al., 1998) are reported. In another study using an AF4 system comparable
to ours the sample load of virus-like particles was varied in the range between 2 and
20 pg without observing overload phenomena (Chuan et al., 2008).

Three different sample loads of soy-PC LUVs were fractionated, as shown in
Table 4.1, using a channel flow rate of 1.00 mL-min" and a cross flow gradient of 1.00
to 0.10 mL-min"' over 35 minutes (publication 2). In Figure 4.8-Figure 4.10 the
elugrams from the Rayleigh ratio at the 90 degree angle along with the MALS-derived

geometric radii are displayed over elution time.

Table 4.1: Sample load masses injected into the AF4 channel.

Sample Concentration [mg-mL"] Injection volume [pL] Sample load mass [pg]
1 2.0 50 100
2 0.2 50 10
3 0.2 5 1

For the first and second injection of sample load mass of 1 ug (Figure 4.8) the
liposomes elute at delayed elution times and mainly after the cross flow rate was
turned off. Values calculated for the geometric radii derived from MALS were unsta-
ble and not increasing steadily. For the third and fourth injection more reproducible
elution behaviour appeared and the geometric radii curves became very similar. In
addition, sample load masses of 1 pg showed an unfavourable signal to noise ratio and
were close to the lower limit of detection. Saturation effects became more significant
as can be seen from the clear shift in retention time and increasing AUCs for

following injections (see also chapter 4.1.6).
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Figure 4.8: AF4-MALS elugrams of a sequence of injections of soy PC LUVs at a sample

load mass of 1 ug. Lines show Rayleigh ratios, scattered symbols the geometric radii.
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For the sample load mass of 10 pug (Figure 4.9) the curves of the Rayleigh ratio
appeared smooth and close to symmetrical. Compared to the 1 pg sample load mass a
shift to earlier retention times was observed. The calculated geometric radii more or
less followed a straight line, in accordance with the FFF theory. For both the 1 ug and
10 pg sample load masses the calculated radii curve of the first injection deviate from

the following injections. Therefore, the first run should always be discarded.
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Figure 4.10: AF4-MALS elugrams of a sequence of injections of soy PC LUVs at a
sample load mass of 100 ug. Lines show Rayleigh ratios, scattered symbols the geometric
radii.

The 100 ug sample load mass resulted in a very distorted light scattering signal
which was steep to the left (Figure 4.10). The geometric radius curve was deviating
strongly from linearity showing a decrease first and then an increase. The phenomena
seen for this sample load mass are typical for overloading of the channel. At high
particle concentrations two effects will influence the fractionation: first, during
focusing, a portion of the particles may be hindered from reaching its steady-state re-
laxation position with respect to the distance from the accumulation wall. And

second, the particle concentration in the height over the accumulation where the
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sample migrates will become too high. As consequence from both effects, some
particles will end up in a layer which migrates at a higher velocity within the
parabolic flow profile due to repulsion between the particles, and elute earlier. The
overloading phenomenon is expected to be more pronounced for particles of narrow
size distribution such as detergent removal liposomes in this study. A similar explana-
tion was given for monodisperse polystyrene latex beads, separated by sedimentation
field-flow fractionation (Hansen et al., 1989).

In summary, retention times were decreasing with increasing sample load masses.
Similar observations have been reported for wheat protein glutenin with sodium
phosphate buffer as carrier (Arfvidsson and Wahlund, 2003) and for humic sub-
stances in distilled water (Benincasa et al., 2002).

In summary, for optimisation sample loads of 10 pg appear ideal for the chosen
setup because they allow complete relaxation and good signal to noise ratio.

A validation procedure of the autoinjector revealed that the injected volume was
approximately 0.45 pL too high for all injection volumes. That means that injection
volumes of at least 5 pL should be used and the desired sample load mass should

rather be adjusted by dilution of the analyte than by changing injection volumes.

4.1.4 Influence of the ionic strength of the carrier liquid

Influences of the sample load and the ionic strength of the carrier liquid are
strongly related and have to be discussed in close context. For investigating the
influence of ionic strength on fractionation behaviour, three liposome samples were
prepared by filter extrusion through 200 nm membrane filters: Rh-PE liposomes in
1 mM sodium nitrate (publication 4), Rh-PE liposomes in 10 mM sodium nitrate
(publication 4) and native egg-PC liposomes in 10mM sodium nitrate
(publication 2). Fractionation was performed using a cross flow gradient of 1.00 to
0.15 mL-min™' for 30 minutes. A low sample load mass of 2 pg was injected onto the
channel in order to prevent overloading. For dilution and as carrier liquid water and
sodium nitrate solutions of increasing concentration (5 to 50 mM) were used.

The elugrams displayed in Figure 4.11 represent the progression of the light
scattering signals (Rayleigh ratio) along with the MALS-derived geometric radii for
the different carrier liquids. In water the liposomes begin to elute at 10 minutes
immediately after the void peak and the elugram shows a distorted elution profile
with a sharp rise at the beginning followed by a shoulder. At the same time, for the
tirst half of the peak the progression of geometric radii with elution time does not

show a steady increase as expected from AF4 theory. Both the irregular peak shape
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and the unexpected progression of measured geometric radii point towards a sub-op-

timal size fractionation of the particles and overloading of the channel.
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Figure 4.11: AF4-MALS elugrams of Rh-PE liposomes prepared in 1 mM sodium
nitrate with carrier solutions of different salt concentrations. Lines show Rayleigh

ratios, scattered symbols the geometric radii.
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Salt concentrations as low as 5 mM sodium nitrate solution already cause a major
change in elution profile towards a broad, non-distorted peak occurring at later elu-
tion times (15 to 35 minutes). The Rayleigh ratio signal returns to baseline level
indicating a complete fractionation of the liposomes within the time frame of the
chosen method. The geometric radius curve is rising steadily as expected from AF4
theory. With further increased salt concentrations of the carrier liquid (10 to 50 mM)
the peak shape becomes more and more unsymmetrical and liposomes elute over an
even longer period of time. The observed shift towards later retention times and
broader peaks goes in parallel with a change of the slope of the geometric radius
curves.

For 20 and 50 mM sodium nitrate solution retention on the channel is that much
enhanced that separation is not completed within the elution step, causing an artefact
peak at 40 minutes when the cross flow is turned off. This is an indication that under
the chosen conditions a certain fraction of the liposomes has not left the channel until
the cross flow is reduced to zero.

Furthermore, at around 35 minutes the calculated particle size curves approach a
maximum, deviating from the expected continuously increasing radii. Obviously, the
size fractionation is incomplete for such relatively high salt concentration and small
cross flow rates, at least within the chosen time-frame.

The experiment was repeated using Rh-PE liposomes prepared in 10 mM sodium
nitrate. Zeta potential values were measured upon dilution in water and sodium
nitrate solutions of varying concentration between 5 and 50 mM. Figure 4.12 displays
the zeta potential values of the Rh-PE-liposomes in the different media. With
increasing salt concentration the strongly negative zeta potential value was found to
decrease more and more, approaching a value of -15mV in 50 mM sodium nitrate

solution.
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Figure 4.12: Zeta potential values of Rh-PE liposomes prepared in 10 mM sodium
nitrate, measured upon dilution with sodium nitrate solutions of different

concentrations.

These liposomes were fractionated by AF4 using the same set of salt solutions as
carrier liquid. Elugrams from the MALS detector and geometric radii are given in
Figure 4.13. Surprisingly, all elugrams looked very similar in terms of elution time
and peak shape, apart from that obtained from fractionation in water. At the same
time the geometric radius traces became superimposable for 5, 10 and 20 mM sodium
nitrate carrier solution. Only in 50 mM sodium nitrate solution a moderate decline of

the trace towards smaller radii at the end of the run appeared.
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Figure 4.13: AF4-MALS elugrams of Rh-PE liposomes prepared in 10 mM sodium
nitrate with carrier solutions of different salt concentrations. Lines show Rayleigh

ratios, scattered symbols the geometric radii.

Other than in the previous set of experiments (Figure 4.11), the differences in
retention time and peak shape became negligible for all salt solutions (except for the
sample in water). Despite the fact that the liposomes had shown significantly different
zeta potential values, no considerable differences in retention occurred with
increasing salt concentration.

The Rh-PE liposomes are bearing a negative net charge on their surface because
Rh-PE is negatively charged. In order to exclude charge effects the same experiment
was performed using electroneutral egg-PC liposomes without dye. Figure 4.14 shows

the Rayleigh ratio at the 90 degree angle along with the derived geometric radii.
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Figure 4.14: AF4-MALS elugrams of egg-PC liposomes prepared in 10 mM sodium
nitrate with carrier solutions of different salt concentrations. Lines show Rayleigh

ratios, scattered symbols the geometric radii.

Again, the elugram obtained with distilled water is very different from the others.
An early and narrow peak is observed with considerable indication of overloading.
For all sodium nitrate solutions the sample eluted much later as compared to distilled
water and showed reasonable fractionation with linearly increasing radii within the
given elution time. For the 20 and 50 mM sodium nitrate carrier liquid, a slightly
larger fraction of particles was eluting towards the end of the gradient at 40 minutes,
and smaller radii were calculated within the main peak. The zeta potential values
measured in the different carrier liquids are displayed in Figure 4.15. Despite the fact
that egg-PC liposomes do not bear a net charge, all samples showed negative zeta
potential values. The liposomes diluted with water had an increased negative zeta
potential value compared to the dilutions in sodium nitrate solution and a plateau
was reached at an concentration of about 10 mM sodium nitrate. An explanation for
this was reported: at low ionic strengths, the negatively charged phosphatidyl groups

are located at the outer end of the head group region. As the ionic strength increases,
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the choline group approaches the outer region of the bilayer surface while the
phosphatidyl group hides behind the surface (Makino et al., 1991).
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Figure 4.15: Zeta potential values of native liposomes prepared in 10 mM sodium
nitrate, measured upon dilution with sodium nitrate solutions of different

concentrations.

Changes in elution behaviour with carrier liquids of different ionic strengths as
seen for the Rh-PE liposomes in 1 mM sodium nitrate have earlier been observed for
various nanoparticles (Litzen and Wahlund, 1991a, Moon et al., 1998, Arfvidsson and
Wahlund, 2003). Moon et al. examined the influence of both Tris and PBS buffers of
different ionic strengths (8-160 mM) on the retention of negatively charged lipo-
somes using a symmetrical field-flow fractionation system and measuring particle size
by PCS offline. They found that retention of charged liposomes may deviate from FFF
theory both at low and high ionic strength and thus FFF requires establishment of
proper ionic conditions of the carrier liquid.

At low ionic strengths there is a significant zone without analyte in close vicinity
to the accumulation wall. Strong electrostatic interaction (repulsive) between particles
and the accumulation wall and particles themselves give easily rise to overloading
effects (Martin, 1998) as it is seen for all fractionations of the liposome samples in

water. The increased effective volume of the particles due to an enhanced electrical
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bilayer, and exclusion effects from the layer closest to the accumulation wall lead to a
displacement of the analyte to higher distances and thus premature elution (Hansen
et al., 1989). Already for sodium nitrate concentration of 5 mM the elution behaviour
changed drastically and it seems that no overloading effects occurred for any of the
fractionations with carrier liquids containing salt.

However, the decrease in calculated geometric radii with increasing ionic
strengths cannot be explained by this theory. Therefore, the experiment was repeated
with liposomes (with and without Rh-PE) prepared with ionic strengths closer to
those of the carrier liquids (10 mM sodium nitrate) and zeta potential values were
measured. Independently from their surface charge the elution behaviour of both
liposome preparations for all sodium nitrate solutions was very similar and geometric
radii were almost identical. Even though dilution with sodium nitrate solutions of in-
creasing concentrations led to different zeta potential values, no such difference was
observed from the AF4 experiments. Mori et al. described the influence of particle-
wall and particle-particle interaction on retention behaviour in SdFFF and found that
perturbations due to electrostatic repulsive and van der Waals attractive forces were
not significant at ionic strengths above 10° M (Mori et al., 1990). Obviously, a salt
concentration of 5 mM sodium nitrate is appropriate for successful fractionation of
liposomes and preventing channel overloading.

The change in fractionation behaviour of liposomes with carrier liquids of in-
creasing salt concentration is large if, at the same time, the difference in salt
concentration between liposome interior and carrier liquid is big (first set of experi-
ments), but rather marginal when the difference in salt concentration is moderate
(second and third set of experiments). This suggests that two different phenomena are
involved: changes of the elution behaviour due to (1) electrostatic repulsion and (2)
actual changes in vesicle size due to osmotic stress. For the investigation of the second

phenomenon the following study was performed.
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4.1.5 Osmotic pressure influencing the fractionation behaviour of
liposomes

In order to study osmotic effects independently of electrostatic interactions, the
osmotic pressure was varied by keeping the sodium nitrate concentration constant at
10 mM and varying the osmotic pressure by addition of sucrose (publication 4).
Sucrose is uncharged, has a molecular weight of 342 and will not penetrate through
the phospholipid bilayer (Bangham et al., 1967). Hyperosmotic conditions were
achieved by diluting liposomes prepared in 10 mM sodium nitrate with solutions
containing 10 mM sodium nitrate and an aliquot of sucrose imposing the same
osmotic pressure as 90 mM sodium nitrate. Egg-PC Liposomes prepared by filter
extrusion through membrane filters of 100 nm pore size were used. PCS
measurements were performed prior to fractionation with AF4. Upon dilution in the
hypertonic medium a significant decrease in hydrodynamic diameter (number
weighted) from 90.5 nm (£ 3.3 nm) to 73.8 nm (+ 2.7 nm) could be seen after one
hour which indicated osmotic shrinking of the vesicles. Both after 24 and 48 hours no
further change in diameter had occurred indicating that the observed osmotic
shrinking was taking place within less than an hour.

AF4 fractionations were performed applying a channel flow rate of 1.00 mL-min™!
and a cross flow gradient ramping from 1.00 to 0.15 mL-min™ for 30 minutes. Figure
4.16 shows the elugram from the MALS detector and MALS-derived geometric radii
of the liposome sample fractionated both under hyper- and isoosmotic conditions.
Under hyperosmotic conditions a shift towards earlier elution times and smaller
particle sizes occurs. The size distribution plot (Figure 4.17) indicates a parallel shift
of the whole size distribution towards smaller particles. Apparently osmotic shrinking
of the whole liposome population occurred. Osmotic shrinking appears to be the

reason for the observed shift to earlier elution times.
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Figure 4.16: AF4-MALS elugrams of egg-PC liposomes prepared in 10 mM sodium

nitrate solution and fractionated with iso- and hyperosmotic carrier liquid.
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Figure 4.17: Size distribution plot of egg-PC liposomes prepared in 10 mM sodium

nitrate solution and fractionated with iso- and hyperosmotic carrier liquid.
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Hypoosmotic conditions were achieved by preparing liposomes in sucrose
supplemented sodium nitrate solution and diluting them in solutions containing
10 mM sodium nitrate, only. Upon exposure to hypoosmotic medium the liposomes
showed increasing particle sizes within one hour (85.4 +3.9 nm to 96.1 + 5.5 nm)
measured by PCS. Again, no further change was seen up to 48 hours after dilution.

AF4 experiments were performed using 10 mM sodium nitrate as carrier liquid
and the same fractionation method as for the previous experiment. The geometric ra-
dius trace of the vesicles diluted in hypoosmotical medium indicates a shift towards
larger particle sizes (Figure 4.18). Unexpectedly, the peak under hypoosmotic
conditions was shifted towards earlier elution times and, at the same time, the peak
shape changed. From the size distribution plot (Figure 4.19) it can be seen that a shift
towards larger particles occurred only for the larger fraction of the liposome
population. An explanation for this fact may be that only the larger particles undergo

osmotic swelling.
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Figure 4.18: AF4-MALS elugrams of egg-PC liposomes prepared in sucrose
supplemented 10 mM sodium nitrate and fractionated with iso- and hypoosmotic

carrier liquid. Lines show Rayleigh ratios, scattered symbols the geometric radii.
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These observations indicate that liposomes which have been extruded through
100 nm pore size membranes do undergo osmotic shrinking irrespective of their par-
ticle size whereas osmotic swelling appears to occur only within the fraction of larger
particles. In literature the occurrence of irregularly shaped (non-spherical) vesicles
prepared by filter extrusion was described from Cryo-TEM reports (Mui et al., 1993,
Almgren et al., 2000, Berger et al., 2001). Another group was using a combination of
dynamic and static light scattering for the investigation of liposomes shape changes
upon dialysation with hypo- and hyperosmotic media (Jin et al., 1999). Calculations
of elongation factors showed liposomes of non-spherical conformation after filter

extrusion which turned spherical in hypotonic media and more elongated in

hypertonic media.
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Figure 4.19: Size distribution plot of egg-PC liposomes prepared in sucrose
supplemented 10 mM sodium nitrate solution and fractionated with iso- and

hypoosmotic carrier liquid.

Based on those reports and on our observations following hypothesis was drawn:

liposomes small enough to pass the filter pores of the membrane do not undergo
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deformation during filter extrusion and adopt spherical shapes. Such spherical
vesicles may shrink with response to hyperosmolar stimulus but their ability to swell
in hypotonic environment is rather limited since they already have adopted the
maximum volume-to-surface ratio. Larger vesicles may not pass the membrane pores
without deformation. Such deformed (non-spherical) vesicles may both shrink and
swell in hyper- or hypoosmolar environment, respectively. For illustration see the
schematic drawing in publication 4. Elugrams obtained from fractionation with
identical carrier liquid for liposomes prepared in the two different media cannot be
compared with each other, because it can not be expected that the two batches have

exactly the same size.

4.1.6 Choice of concentration detection method

For the direct derivation of molar masses of analytes eluting from AF4 experi-
ments, simultaneous detection of the concentration and light scattering intensity is
required for constructing a Debye plot. Therefore, a combination of MALS and dRI
detectors is often used. Geometric radii on the other hand, can directly be derived
from the MALS signal without knowledge of concentration using the particle template
in Astra. However, for the construction of quantitative particle size distribution pro-
tiles, as well as for sample recovery analysis, concentration detection is necessary. The
aim of the following set of experiments was to study the performance of UV-VIS -
and dRI detection in terms of their applicability for quantifying the amount of lipo-
somes eluting from the AF4 channel (publication 3).

Besides the established methods of differential refractive index detection and un-
specific UV-VIS absorbance (turbidity-) measurement, UV-VIS-detection of coloured
liposomes containing amphiphilic or lipophilic dyes was employed, and the specific
absorbance signal at the absorbance maximum of the dye was followed. A channel
flow rate of 1.00 mL-min™ and cross flow rate gradients of 1.00 to 0.15 mL-min™ for
30 minutes were applied, in case of the Rh-PE liposomes a cross flow gradient of 2.00
to 0.15mL-min' for 30 minutes was used. Turbidity originating from liposomes
without dye was detected at a wavelength of 280 nm, absorbance of Sudan Red and
Rh-PE liposomes was measured at wavelengths of 501 nm and 571 nm, respectively.
Figure 4.20 shows the UV-VIS and Figure 4.21 the dRI traces of native (without dye)
and coloured liposomes at two different sample load masses, 2 pg lipid and 100 pg

lipid.
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Figure 4.20: AF4 elugrams obtained by UV-VIS detection of fractionations of Sudan

Red liposomes, native liposomes and Rh-PE liposomes at different sample loads and
blank.
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Figure 4.21: AF4 elugrams obtained by dRI detection of fractionations of Sudan Red

liposomes, native liposomes and Rh-PE liposomes at different sample loads and blank.
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AUC determination was straightforward in case of UV-VIS detection of the un-
specific absorbance of native liposomes as well as the specific absorbance for both the
high (100 pg) and the low (2 pg) sample load mass of coloured liposomes (Figure
4.20). In contrast, the dRI-signal could hardly be discerned from the blank in case of
the 2 ug sample load mass of Rh-PE liposomes, while AUC determination was easily
done in case of the higher sample load masses (Figure 4.21). Regarding the unspecific
UV-VIS absorbance (turbidity) one has to take into account that the signal is not only
dependent on concentration but also on particle size as illustrated in Figure 4.22.
Native liposomes were sequentially extruded through polycarbonate membranes of
decreasing pore sizes, and UV-VIS spectra were taken after each extrusion step. The
reduction in absorbance over the whole spectra suggests liposomes of decreasing sizes
as expected. Figure 4.23 displays the UV-VIS spectra of Sudan Red liposomes treated
in the same way, showing a decrease in absorbance and at the same time a relatively
stable level of absorbance at the maximum of the dye at 501 nm. The relative
difference of absorbance between the smallest and the largest liposomes measured at a
wavelength of 280 nm was 38.7 % in case of the native liposomes. The aberration was
smaller (3.2 %) for the absorbance measured at the maxima of the dye in case of the
coloured liposomes. The turbidity signal is thus regarded inappropriate for
quantitatively measuring liposome concentration, unless liposomes of a certain,
uniform size are employed, a prerequisite which is in contradiction to the purpose of
particle size fractionation/analysis of liposomes by AF4. Obviously, both dRI- and
specific absorbance-detection are well suited for concentration detection in an AF4
setting as long as sample loads in the magnitude of 100 ug are feasible. However, for
substantially smaller sample loads, the dye method appears superior due to its better
sensitivity compared to dRI-detection. A low LOD by dRI detection of particulate
matter was also described for the study of gelatine nanoparticle drug carrier systems
(Zillies et al., 2007). Instrumental factors as well as a relative high absorptivity of
Sudan Red (89430 mL-g'-cm™) make UV-VIS detection to the superior alternative for
concentration detection. However, the dye method is restricted to cases where
staining of the liposomes can be achieved either by insertion of the dye during
liposome preparation or by subsequent addition of the dye to an existing liposome
sample as described in (Claassen, 1992). No stable values for absorptivity could be
achieved for liposomes stained with Rh-PE, possibly due to losses of dye or

reallocation of the dye due to flip-flop movements over the bilayer membrane.
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Figure 4.22: UV-VIS-spectra of native liposomes after extrusion through membrane

filters with the designated pore sizes.
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Figure 4.23: UV-VIS spectra of Sudan Red liposomes after extrusion through

membrane filters with the designated pore sizes
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4.1.7 Adsorption/carry-over phenomena at the accumulation wall

In chapter 4.1.2 decreasing recovery rates with increasing cross flow rates were
seen for liposomes fractionated by AF4 and in chapter 4.1.3 a change of elution be-
haviour for the first injections of very small sample load masses was described. It
remained open if those two effects are caused by adsorption effects of liposomes onto
the accumulation wall used in AF4. Therefore, a study on the performance of the
ultrafiltration membranes was done which is described in publication 3. The aim was
to determine how the AF4 behaviour of liposomes is developing in subsequent runs of
liposome samples in order to check for potential adsorption and carry-over
phenomena. Ten injections of a very small sample load (0.5 ug) of native liposomes
(filter extruded, 200 nm pore size) were performed with a channel equipped with a
new RC membrane. The experiment was repeated two times with freshly mounted
membranes, each. As fractionation method a channel flow rate of 1.00 mL-min" and a
cross flow gradient of 1.00 to 0.10 mL-min™" over 35 minutes were used. A mild focus
flow rate of 1.00 mL-min™ for seven minutes was chosen. The resulting Rayleigh ratios
at the 90 degree angle for the injection sequences are displayed in Figure 4.24. Under
the chosen conditions a strong deviation from the expected elution profile was
observed for the first injections. The elution of the liposomes appeared in a delayed
manner and a significant proportion of the sample eluted not before the cross flow
was turned off after 45 minutes. This delayed elution was pronounced to a minor
degree during the following injections. The AUC of the injections was constantly
increasing during the sequence of injections. The changes in elution times and
increasing AUCs did not appear in a reproducible manner for the three different
injection sequences.

As accumulation wall a RC membrane with a cut-off of 10 kDa was used
throughout this study. The RC membrane has a porous hydrophilic surface which, in
principle, is expected to be prone to interaction with hydrophilic analytes like lipo-
somes. During the focusing procedure analytes are forced into a position in close
vicinity to the accumulation wall. During subsequent injections of the same sample
the delayed elution was less pronounced and approached a more reproducible elution
order. Assumingly, a certain amount of liposomes was necessary to saturate the mem-
brane in order to achieve reliable elution behaviour. The required amount was not
constant as the experiments with the three membranes showed. The decreased AUCs
seen for the first injections may possibly be explained by different phenomena: losses
of smaller particles through the membrane, adsorption onto the surface of the
membrane or the swelling of the membrane into the channel interior and thus

reduction of the void volume (Benincasa and Giddings, 1997).
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Figure 4.24: AF4-MALS elugrams of the Rayleigh ratio from sequences of ten injections
of 0.5 ug of native liposomes onto three different, freshly mounted membranes.
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Losses through the membrane were shown to be dependent on the membrane
composition and its cut-off as described for the separation of human lipoproteins
with flow field-flow fractionation (Li et al., 1997). However, losses through the
membrane are unlikely in case of liposomes since the apparent molar mass of the
liposomes is several orders of magnitude larger than the cut-off of the ultrafiltration
membrane (Stauch et al., 2002). Photographs of the RC membrane were taken of a
run of 100 pg Rh-PE liposomes, 6 minutes after the elution step began (Figure 4.25).
The pictures show a cloud of coloured liposomes travelling over the accumulation
wall. It can be seen that the sample is not distributed in an even manner over the
membrane. The picture reveals the relatively strong surface texture of the cellulose
membrane that could cause areas where the membrane is extending into the channel
to a higher degree and delay sample elution. This may explain that at some parts of
the membrane the elution of the sample is delayed while most of the sample has

moved downstream of the channel.

Figure 4.25: Photograph taken of the AF4 channel, six minutes after the elution step
began for a fractionation of 100 ug Rh-PE liposomes.

For investigation whether runs with sample load masses of 10 pug lead to carry-

over of liposomes to the subsequent fractionation run, another set of experiments was

performed: alternating runs with injection of pure buffer (blank) and of native
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liposomes were performed, beginning with blank. Figure 4.26 shows the blank traces
for the different detectors (Rayleigh ratio at 90 degree angle, UV-VIS and dRI) of the

injections before and in-between the liposome runs.
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Figure 4.26: AF4-MALS elugrams of intermittent carrier liquid-injections (before and
in-between liposome injections). The lowest elugrams represent the Rayleigh ratio, the
elugrams in the middle represent the UV-VIS signal and the uppermost elugrams the
dRI signal.

Only for the MALS detector increasing traces at the end of the fractionation could
be detected indicating the elution of very small amounts of particles from the channel
when the cross flow was turned off. Elugrams from the MALS detector of the
intermittent injections of liposome sample are displayed in Figure 4.27. The first
injections of liposomes yielded smaller peaks than the subsequent injections and it is
obvious that saturation of the membrane happened, as observed before. The
appearance of (minor amounts of) particles in intermittent blank runs indicates that
carry-over from preceding sample runs did occur only to a very small degree. Thus

adsorption to the membrane appears more likely to explain the lower recoveries seen
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for the injections of liposomes onto fresh membranes, than the limited extent of

carry-over that was observed here.
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Figure 4.27: AF4-MALS elugrams and geometric radii obtained from three consecutive

injections of native liposome with a sample load mass of 10 ug.

Finally, recoveries of two samples of 30 nm liposomes (coloured with Sudan Red
and native) were determined for a sample load of 100 ug on a pre-saturated
membrane. Recoveries were calculated from the AUC of both the UV-VIS - and the
dRI detector-curve using the experimentally determined values of absorptivity and
dn/dc, respectively. A relatively high sample load mass of 100 ug was injected in order
to assure a detectable signal for the dRI detector. Injection volumes were 1 uL for the
Sudan Red liposomes and 10 pl for the native liposomes. A correction for the too high
injection volume described in chapter 4.1.3 was performed. For fractionation of the
sample a channel flow rate of 1.00 mL-min™" and a cross flow gradient of 2.00 to
0.15 mL-min™ for 30 min were used. Recoveries fluctuating around 100 percent were
achieved from the first injection on for detection with dRI, and around 85 percent for
detection by UV-VIS absorbance (Figure 4.28). The injected mass was determined by

the enzyme test and calibration of the injected volume was performed. The recoveries
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determined here appeared reasonable and indicated complete elution from the
channel. However, it must be stated that the sample load mass of 100 pg might cause
overloading phenomena for larger liposomes. In summary, it can be stated that
membrane effects such as sample losses or adsorption play a role only for small sam-

ple load masses while saturation of the membrane is achieved fast for higher sample

loads.
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Figure 4.28: Recovery rates obtained for consecutive injections of 10 ug Sudan Red
liposomes and native liposomes, determined by UV-VIS and/or dRI detection.

4.1.8 Choice of model for fitting MALS data

Liposome sizes may range over three orders of magnitude. Furthermore, liposome
morphologies, although representing hollow spheres may vary in terms of core/shell-
ratio and show large differences in their curvature. Both factors strongly influence
light scattering properties such as the angular dependency of the scattered light.
Three different fitting methods that are not taking account to particle shape

(Zimm/Debye/Berry) were compared to the hollow sphere model in terms of
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calculated particle sizes and quality of fit. Two model analytes were chosen: relatively
large, unilamellar liposomes (LUV) prepared by detergent removal as described in
chapter 3.2.1.4 having mean diameter of around 200 nm, and relatively small,
unilamellar liposomes (SUV) prepared by filter extrusion through 30 nm filter pores
after five freeze thaw cycles as described in chapter 3.2.1.2.

The SUVs were fractionated using channel flow rates of 1.00 mL-min" and a cross
flow gradient of 1.00 to 0.10 mL-min™ for 35 minutes. In order to get an impression of
the performance of the fitting models over the whole range of particle size of the
eluting sample, three slices at different positions of the elugram were selected. Particle
sizes and quality of fit were determined with the different methods at the top of the
peak and at the front and the end of the peak at ten percent peak height (Figure 4.29).
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Figure 4.29: Position of the slices chosen for testing the fit models with SUVs.

The data for the two smallest angles were removed because they were deviating
too strong from the behaviour seen from the other angles. Removing the smallest
angles from the fitting procedure resulted in a significantly improved fit error and the
fit based on the remaining angles was found sufficient for retrieving meaningful radii.

First, the SUVs were investigated. A typical Debye plot (coated sphere model) for
the slice at the top of the peak is represented in Figure 4.30.
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Figure 4.30: Debye plot at the top of the peak from a fractionation of SUVs, determined
with the coated sphere model.

As it can be seen from the figure, a reasonable fit to the angular data was obtained
for the coated sphere model. First, second and third order polynomials were chosen
for the Zimm/Debye/Berry fit models. Absolute sizes and quality of fit at the three
slices are summarised in Table 4.2, small error indicating good fit. The models with

the best fit are highlighted in the table.
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Table 4.2: Radii of SUVs for three slices determined by the different fit methods.

Polynomial fit order Fit method Radius* [nm]
Slice
Front Top Tail
First-order fit Zimm 19.3+0.9 43.5+0.5 60.4+0.5
Debye 18.5+0.9 36.0 + 0.3 441 +£0.6
Berry 19.1£0.9 413+04 55.2+0.4
Second order fit Zimm 18.7 £ 5.1 37.2+23 54024
Debye 18.7 £ 4.9 37.8+1.7 51.3+1.7
Berry 18.7 £ 5.1 376+ 2.1 53.9+22
Third order fit Zimm 24.4+13.8 435+6.5 71.6 4.2
Debye 23.7+13.3 416+5.4 62.9+3.0
Berry 242 +13.7 43.0+£6.2 69.1 £ 3.8
None Coated sphere 20.5+0.8 40.4+0.3 51.0+0.3

* root mean square radius for Zimm/Debye/Berry; geometric radius for coated sphere

For all three models the linear fit (first order polynomial) resulted in small errors
in the same magnitude as for fitting with the coated sphere model. For particles
smaller than 50 nm this is within expectation as it was demonstrated for spheres
(Shortt et al., 1996) or random coils (Andersson et al., 2003). Therefore, it was not
surprising that the errors became rather big, especially for the smallest liposomes at
the first slice when higher polynomials were used, which increased the curvature of
the fitting curve. As expected for particles smaller than 50 nm, the Zimm and Debye
plot gave better fits whereas for larger particles the Berry approach seemed to work
best. For the small particles investigated here, the quality of fit was found good
irrespective of whether the three shape independent models (first order polynomial)
or the coated sphere models were chosen.

In the next step the four models were applied for all slices within the whole peak
and mean geometric radii were calculated. As it can be seen from Table 4.3, the
uncertainties of the mean radii determined with the coated sphere model were smaller
than for all the other fitting models. Only first order polynomials to the Zimm and
Debye fit and second order polynomials to the Debye fit gave relatively small
uncertainties. In summary, for such small vesicles the choice of the fit method has

only a moderate influence onto the mean radii obtained.
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Table 4.3: Geometric radius moments of the SUVs using the different fit methods.

Polynomial fit order | Fit method Geometric radius moments [nm]*
Rn Rw Rz
First-order fit Zimm 29.4 (3.0%) | 34.8 (1.0%) | 38.6 (1.0 %)
Debye 27.4 (2.0%) | 30.5 (1.0%) | 32.5 (1.0 %)
Berry 23.9 (20.0 %) | 31.7 (7.0%) | 34.2 (6.0 %)
Second order fit Zimm 11.6  (148.0%) | 31.3 (9.0 %) | 34.0 (7.0 %)
Debye 28.9 (2.0%) | 33.6 (1.0%) | 36.8 (1.0 %)
Berry 17.0 (58.0%) | 31.6 (8.09%) | 34.2 (7.0 %)
Third order fit Zimm 31.6 (29.0 %) | 36.1 (22.0%) | 39.0 (19.0%)
Debye 31.0 (27.0%) | 35.0 (20.0%) | 37.6 (17.0%)
Berry 31.5 (29.0%) | 35.8 (21.0%) | 38.6  (18.0 %)
None Coated sphere | 32.8 (1.0%) | 35.5 (1.0%) | 37.6 (0.9 %)

* The percentage values represent the uncertainties of the mean radii

In order to see whether the fitting model influences particle sizes determined for
larger vesicles to a greater extent, the study was repeated with LUVs. The LUVs were
fractionated using a channel flow of 1.00 mL-min™ and a cross flow gradient of 2.00 to
0.15 mL-min™' for 30 minutes. Slices of the elugram were chosen as described before

(Figure 4.31).
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Figure 4.31: Position of the slices chosen for testing the fit models with LUV:s.
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Again, it was found appropriate to exclude the scattering data from the two
smallest angles. The Debye plot of the light scattering data for the LUVs showed

stronger curvature than for the SUVs (Figure 4.32) due to the increased size of the

vesicles.
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Figure 4.32: Debye plot at the top of the peak from a fractionation of LUVs, determined
with the coated sphere model.

The radii determined for the different slices are summarised in Table 4.4. In
general, much more pronounced differences were seen for the radii calculated for the
different methods. In some cases at the tail of the peak the huge error for the Zimm
fitting method made determination of radii impossible. The fitting methods with the
smallest error are highlighted and it can be seen that three different methods were

suggested for fitting the data for the different particle size of the peak.
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Table 4.4: Radii of LUVs for three slices determined by the different fit methods.

Polynomial fit order Fit method Radius* [nm]
Slice
Front Top Tail
First-order fit Zimm 84.6 +1.1 180.5 + 6.2 n/a
Debye 520+1.5 654 + 2.1 70.5+£8.2
Berry 72.8+0.9 124.0 £ 2.1 214.7 = 3.9
Second order fit Zimm 73.6+53 57.5+9.9 284.2 +£28.2
Debye 67.1+25 84.7+1.6 109.5+ 6.4
Berry 74.0+43 86.3+3.4 250.7 £10.3
Third order fit Zimm 499 £ 21.7 109.6 £ 10.7 n/a
Debye 62.4+9.3 94725 137.4+3.8
Berry 54.6 +17.1 101.4+75 150.1 + 16.6
none Coated sphere 62.8 + 0.8 88.6 + 0.4 111.0+ 3.8

* root mean square radius for Zimm/Debye/Berry; geometric radius for coated sphere
n/a = error too large for determination of radii

For the slice at the front of the peak the smallest fit error was achieved for the first
order Berry fit method, for the top slice for the second order Debye fit and for the
slice at the tail of the peak a third order Debye fit. The only fit method that resulted in
good fits for all three slices was the coated sphere model. When the geometric radii
moments for the whole peak were determined, it could also be seen that for most of
the other fit methods the resulting mean radii were varying excessively and showed

very high uncertainties (Table 4.5).

Table 4.5: Geometric radius moments of the LUVs using the different fit methods.

Polynomial fit order | Fit method Geometric radius moments [nm]*
Rn Rw Rz
First-order fit Zimm 89.5 (7.0%) | 356.7 (5.0%) | 1861.5 (5.0 %)
Debye 60.1 (7.0 %) 66.1 (5.0 %) 67.1 (5.0 %)
Berry 19.2 (131.0%) | 147.0 (2.0 %) 174.3 (2.0 %)
Second order fit Zimm 28.5 (119.0 %) 51.7 (35.0%) 140.5 (12.0%)
Debye 88.2 (3.0 %) 91.5 (3.0 %) 94.6 (3.0 %)
Berry 93.8 (4.0%) | 114.0 (4.0 %) 156.1 (4.0 %)
Third order fit Zimm 15.0 (2255.0%) | 942 (36.0%) | 108.0 (15.0%)
Debye 66.2 (20.0%) | 104.0 (3.0 %) 112.2 (2.0 %)
Berry 455 (113.0%) | 105.7 (11.0%) 115.1 (10.0 %)
none Coated sphere. | 92.3 (1.0 %) 97.5 (1.0 %) 101.0 (1.0 %)

* The percentage values represent the uncertainties of the mean radii

For the LUVs studied here, the importance of choosing the best model becomes
obvious when looking at the variations in calculated mean particle sizes. In summary,
the fitting with the coated sphere model appeared to be most universal for the range
of liposomes sizes used in this study. All data presented elsewhere within this thesis

were gained using the coated sphere model.
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4.2 Comparison of techniques for size characterisation of
liposomes

4.2.1 SEC-PCS vs. AF4-MALS

In publication 1 size characterisation of liposomes by PCS, SEC-PCS and AF4-
MALS was compared. Liposomes in this study were produced by high pressure
homogenisation, a technique that is known to generate very small liposomes. The PCS
measurements of the unfractionated sample were performed by Merete Skar
according to the method described in (Frantzen et al., 2003). From the valid results
for ten parallels, fitting to the autocorrelation function resulted most frequently in
bimodal distributions. The intensity weighted distributions are displayed in Figure
4.33. Two discrete peaks were obtained between 40 and 65 nm and between 110 and
200 nm.
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Figure 4.33: Size distributions of homogenised egg-PC liposomes as obtained by PCS

measurements.

The SEC-PCS study was performed by Christer Bakke Frantzen. The liposomes

were fractionated using size exclusion chromatography on a Sephacryl S-1000 column
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with subsequent concentration determination and PCS size determination of the
fractions as described in (Ingebrigtsen and Brandl, 2002). The resulting distribution is
displayed by blue triangles in figure Figure 4.34. The size distribution showed only
one peak which was rather steep to the left and had a broad tail towards larger

liposome sizes. The peak ranged from 7 to 130 nm.
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Figure 4.34: Size distribution of homogenised egg-PC liposomes as obtained by
SEC-PCS measurements (blue triangles; n = 3) and AF4-MALS (red circles).

For the AF4 fractionation of the sample a channel flow of 1.00 mL-min"' was
applied along with a cross flow gradient of 0.80 to 0.15 mL-min™ over 30 minutes. A
spacer with a thickness of 350 nm was used in this study. Elugrams obtained from the
MALS and dRI detectors are displayed in Figure 4.35 along with the geometric radii

curve.
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Figure 4.35: AF4-MALS elugrams from Rayleigh ratio (solid line) and dRI detection
(dashed line) along with geometric radii (scattered squares) of homogenized egg-PC

liposomes.

From the dRI trace it can be seen that the majority of the sample eluted at early
elution times and showed low light scattering intensity which is also expressed by the
small particle sizes in the geometric radii curve. A distribution plot of the number
density (particles per mL) against geometric diameter is displayed by red circles in
Figure 4.34. A long tail towards particle diameters of around 145 nm was obtained.
Towards smaller particle sizes the curve becomes very steep down to diameters of
around 20 nm where no more particle sizes are calculated by MALS. With the number
density template in Astra the amount of particles at certain sizes can be calculated
from the light scattering intensity based on the chosen form factor. For particles sizes
that are too small to be calculated by MALS the calculated amount of particle per mL
becomes both too high and too imprecise.

Liposome sizes determined by PCS are hydrodynamic diameters, while gyration
radii or geometric radii in the case of the coated sphere model are determined by
MALS. For vesicles the scattering mass is distributed on a thin shell surrounding the

spherical core, and the three different diameters are almost identical (Jin et al., 1999).
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Therefore, it is possible to compare the results directly. Both AF4-MALS and SEC-
PCS gave a much better insight into the size distribution of the liposomes sample in
this study. The bimodal size distribution obtained from the PCS analysis of the
unfractionated sample could not be confirmed by any of the fractionation based
methods and small particle sizes were clearly underestimated by PCS. Both the
fractionation-based methods showed similar trends in particle size distribution with
smaller diameters measured by SEC-PCS. This may be explained by the fact that PCS
provides resolution of particle sizes down to 3 nm while the smallest measurable
particle sizes that can be determined by MALS are in the range of 20-30 nm. It is
arguable, however, whether number weighted mean particle diameters of around
7 nm are reliable, assuming the lipid bilayer thickness is around 4 nm. Intensity
weighted mean particle sizes will on the other hand overestimate large particles. The
results from a single weighting of the PCS cannot represent the real size distribution
and a combination of the different weighting should be used. In summary, the AF4-
MALS approach has slight advantages being less time consuming, having lower
preparative effort and thus shows less sources of error than SEC-PCS. However, AF-
MALS has limitations for very small liposomes such as the homogenised liposomes in
this study. An additional online-coupling of PCS to the MALS detector might

improve the detectability of very small liposomes.

4.2.2 Comparison of AF4-MALS with PCS

PCS is the most common used method for particle size determination of
liposomes. It is a fast, non-invasive method that delivers particle size information in
the range 3nm up to 3 um according to producer’s information. However,
heterogeneous samples or sample that contains a few larger particles along with a
majority of small particles require fractionation prior to PCS measurement, as
discussed in chapter 4.2.1. Here, the performance of PCS for liposome samples of
narrow size distribution was investigated. Liposomes prepared by filter extrusion
through 30 nm filter membranes after five freeze-thaw cycles as well as liposomes
prepared by detergent removal were used.

The PCS measurements were performed following the standard protocol de-
scribed in (Frantzen et al., 2003). For the 30 nm sample the run time was set to
43 minutes in order to achieve a count rate of above one million counts which assures
statistical accuracy and the channel width was set to auto-set. The Gaussian distribu-
tion model was chosen for all ten parallels. Mean diameters of 71, 68 and 55 nm were
calculated, weighted by intensity, volume and number, respectively and the sample
had a low polydispersity index of 0.07 (Table 4.6).
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Table 4.6: PCS - analysis of 30 nm liposomes with data collection times of 43 minutes.

Weighted mean diameter [nm]*
Run-# Intensity Volume Number Polydispersity index
1 71£19 68+ 18 55+ 14 0.068
2 7119 68+ 18 55+ 14 0.070
3 72+19 68+ 18 55+ 14 0.068
4 71+£19 68+ 18 54 +15 0.072
5 71£19 68+ 18 54£15 0.073
6 71+£18 68+ 17 56+ 14 0.063
7 71+17 6817 57+ 14 0.059
8 7118 68+ 18 55+ 14 0.065
9 71+18 68+ 18 55+ 14 0,067
10 71+£19 68+ 18 55+ 14 0.069
Average mean diameter** 71 £ 0*** 68 £0 55+1 0.07 £ 0.00

*) the values following + are the standard deviations of the different weighted mean diameters
**) average of mean diameters was determined only for runs where Gaussian distribution was chosen (all)
**¥) average of the mean diameters and standard deviation of the average of the mean diameters

Collection times of 16 minutes were necessary for achieving count rates above one
million for the 200 nm liposomes, the Gaussian fit method could be used for eight out
of ten parallels as highlighted in Table 4.7. The polydispersity index was 0.06 in

average.

Table 4.7: PCS - analysis of 200 nm liposomes with data collection times of 16 minutes.

Weighted mean diameter [nm]*
Run-# Intensity Volume Number Polydispersity index
1 212 +47 200 + 44 168 + 37 0.049
2 211 + 51 197 £ 47 159 + 38 0.058
3 212 £ 51 198 + 48 160 + 39 0.058
4 211 = 51 197 + 48 158 + 39 0.059
5 21155 195 £ 51 151 +39 0.068
6 210+ 58 191 +£53 142 £ 40 0.077
7 211 +48 199 + 45 164 + 37 0.052
8 213 +43 203 *+ 41 175 + 36 0.042
9 211 +48 199 + 46 164 + 38 0.052
10 212+ 49 199 + 46 164 + 38 0.052
Average mean diameter** 211 £ 1*** 197 £3 160+ 9 0.06 = 0.01

*) the values following + are the standard deviations of the different weighted mean diameters
**) average of mean diameters was determined only for runs where Gaussian distribution was chosen (bold)
**¥) average of the mean diameters and standard deviation of the average of the mean diameters

Both samples were fractionated by AF4 and geometric radii were determined by
MALS. The fractionation method was a channel flow rate of 1.00 mL-min"' and cross
flow gradients of 2.00 to 0.15 mL-min™ for 30 minutes and 1.00 to 0.15 mL-min™ for
30 minutes for the 30 nm and 200 nm liposomes, respectively. The resulting elugrams
for the MALS detector and the geometric radii curves are displayed in Figure 4.36 and
Figure 4.37. Both samples were almost completely eluted within the given experience
time. In Table 4.8 and Table 4.9 the mean geometric diameters (calculated from the
radii determined by AF4-MALS) are given.
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Table 4.8: Mean geometric diameters derived from AF4-MALS analysis of 30 nm liposomes.

Mean geometric diameter [nm]*
Run-# Z-average Weight-average Number-average
1 76 (2 %) 71 (2 %) 66 (2 %)
2 75 (2 %) 71 (2 %) 66 (2 %)
3 75 (2 %) 71 (2 %) 65 (2 %)
4 75 (2 %) 71 (2 %) 65 (2 %)
5 75 (2 %) 71 (2 %) 66 (2 %)
6 75 (2 %) 71 (2 %) 66 (2 %)
7 75 (2 %) 71 (2 %) 66 (2 %)
8 75 (2 %) 71 (2 %) 66 (2 %)
9 75 (2 %) 71 (2 %) 66 (2 %)
10 75 (2 %) 71 (2 %) 66 (2 %)
Average mean diameter** 75+ 0 71+ 0 66+ 0

* The percentage values represent the uncertainties of the mean diameters
**) average of the mean diameters and standard deviation of the average of the mean diameters

The mean geometric diameters for the 30 nm liposomes were very good repro-
ducible for the whole sequence of fractionations while for the 200 nm liposomes only
the elution behaviour showed a very homogeneous behaviour for the three fractiona-
tions but the determined diameters were varying. The different mean geometric
diameter might be explained by the differences that are seen in the geometric radius
curves at the beginning of the peak. The particle sizes determined at those early elu-

tion times are differing and might have an impact on the calculated mean diameters.

Table 4.9: Mean geometric diameters derived from AF4-MALS analysis of 200 nm liposomes.

Mean geometric diameter [nm]*
Run-# Zz-average Weight-average Number-average
1 217 (4 %) 207 (2 %) 195 (2 %)
2 206 (4 %) 198 (2 %) 187 (2 %)
3 207 (4 %) 199 (2 %) 189 (2 %)
Average mean diameter** 210+ 5 201 +4 190+ 3

*) the percentage values represent the uncertainties of mean diameters
**) average of the mean diameters and standard deviation of the average of the mean diameters

It can be concluded that for both samples very similar particle sizes were obtained
by the two methods. Particle sizes were slightly smaller for the PCS measurements
which might be explained by the aforementioned higher sensitivity of dynamic light
scattering for very small particles. Both methods were relatively time-consuming
when the protocols suggested were used. In summary, for liposomes of very narrow
size distribution as seen here, PCS size determination of the unfractionated sample is
a good alternative to AF4-MALS. PCS is a good tool for the fast assessment of
polydispersity indices and giving a first idea of the particle sizes. However, it has to be
stated that the assumption of e.g. a normal distribution of the particle sizes does only
represent the size distributions of liposomes in ideal cases and only mean diameters

can be determined.
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Figure 4.36: A sequence of AF4-MALS elugrams of 30 nm liposomes. Lines show

Rayleigh ratios, scattered symbols the geometric radii.
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Figure 4.37: A sequence of AF4-MALS elugrams of 200 nm liposomes. Lines show

Rayleigh ratios, scattered symbols the geometric radii.
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4.2.3 Comparison of AF4-MALS with cryo-TEM

In order to compare the liposome size distribution obtained from AF4-MALS with
another independent method of size characterisation, egg-PC liposomes prepared by
high-pressure homogenisation were visualised using cryo-TEM. Vesicle diameters
were measured after magnification of electron micrographs. Sections for counting
were randomly selected taking care not to include area where liposomes were
arranged according to their size due to limited water layer thickness. In Figure 4.38 a

typical section of a cryo-TEM micrograph is displayed.

Prag

Figure 4.38: Cryo-TEM micrograph on the homogenized egg-PC liposomes.
The micrograph shows spherical, mostly unilamellar vesicles apart from very few

oligolamellar and multivesicular structures. A number weighted histogram is

displayed in Figure 4.39 in comparison to a number density plot of the very same
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sample upon AF4 fractionation using a long cross flow gradient of 1.00 to

0.15 mL-min™ over 75 min (Figure 4.40).
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Figure 4.39: Size distribution per number of the homogenised liposomes determined by
cryo-TEM (red bars; n =1063), and number density size distribution determined by
AF4-MALS (blue squares).

The particle size distribution for the MALS detector was prepared using the
number density template. The particle size distributions derived from both
techniques are steep to the left and show a pronounced shoulder at the larger particle
size end. Liposome sizes measured from cryo-TEM electrographs range from about
25 nm to approximately 100 nm in diameter. The lower limit of particle diameters
derived from AF4-MALS was found at 35 nm. This difference may be explained by the
aforementioned fact that light scattered from particles smaller than A/20 of the
wavelength of the light source (A = 690 nm) used in MALS does not show angular
dependency.
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Figure 4.40: AF4-MALS elugram of homogenized liposomes. Lines show Rayleigh

ratios, scattered symbols the geometric radii.

Obviously, both cryo-TEM and AF4-MALS lead to similar particle size distribu-
tions, at least for liposomes larger than 35 nm. The effort for preparing cryo-TEM
electrographs and counting a statistically significant number of particles, however, is
by far higher than that for AF4-MALS analysis. Measuring of 1000 particles is the
smallest possible number in order to identify particles sizes differing by only one or-
der of magnitude in a statistically reliable manner. For comparison, by light scattering
techniques amounts of particles in the order of 10°-10'* are analysed. In addition,
even though having advantages compared to other EM specimen preparation
methods, sample preparation by shock-vitrification still may lead to artefacts such as
liposomes arranging according to their size in areas of limited water layer thickness or

deformation of the vesicles.
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5 CONCLUSION

An experimental setup for particle size characterisation of liposome dispersions
has been established based on the combination of AF4 and MALS. The setup appears
appropriate to gain a detailed and complete quantitative overview over particle
diameters in the range of 30 to 300 nm.

More specifically our experimental data allowed drawing the following conclusions:

e The cross flow is the primary factor governing the performance of AF4 of lipo-
somes. AF4 methods using cross flow gradients were found superior to
isocratic methods in terms of resolution of a broad range of particle sizes

within reasonable analysis times.

e Jonic strength of the carrier liquid was found to influence retention time via
two different mechanisms: firstly, too low ionic strengths of the carrier
medium increase repulsive effects between the liposomes themselves and
liposomes and accumulation wall leading to pre-mature elution from the
channel. Secondly, ionic strengths different from the medium in which the
liposomes were formed do readily cause osmotic shrinking and swelling of the

liposomes and thus influence the elution behaviour and should be prevented.

e Sample load masses between ten and 100 pg of total lipid were found feasible.
Sample load masses of 100 pg, however, may lead to overloading especially for
large liposomes of narrow size distribution. Sample load masses of one ug are
close to the LOD for UV-VIS turbidity - and differential refractive index
detection. The LOD may be lowered for liposomes carrying a membrane
standing dye. For such small sample load masses, however, considerate

adsorptive losses onto the accumulation wall were observed.

e It was demonstrated that online coupling of AF4 with MALS renders particle
size analysis widely independent of erratic retention times. The coated sphere
model was found superior compared to Zimm/Debye/Berry fits in terms of fit

errors and applicability over the whole range of liposome diameters studied.

e Comparable particle sizes were obtained for AF4-MALS, SEC-PCS and cryo-
TEM particle counting. Heterogeneous liposome samples could be fractionated
satisfactorily by AF4 with the limitation that MALS does not calculate particle

sizes below a diameter of 30 nm.
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6 FUTURE PERSPECTIVES

70

The experience gained through this thesis may serve as a starting point for a
straightforward method development for size characterisation by AF4-MALS

of other liposome samples in the future.

Alternative semi-permeable membranes should be checked for their
applicability in AF4 in order to increase the versatility of AF4 and to decrease

carry-over and sample loss phenomena.

A combination of PCS and MALS may decrease the lower size detection limit
for liposomes. The simultaneous determination of geometric and hydrody-
namic radii of the eluting liposomes might in addition give important

information about liposomal shape.

Size distributions obtained from size characterisation by AF4-MALS should be
used for comparison with size-dependent biodistribution behaviour of lipo-

somes used as drug carriers.
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