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Abstract
Vesicles have many applications from acting as microreactors and sensors to drug delivery
vectors. While pure lipid and pure polymer vesicles have been used in the past for these
applications, there are some disadvantages: although biocompatible, lipid membranes
have poor long-term stability while the opposite is true of polymer membranes. A previous
study showed that by blending POPC lipid with poly 1,2-butadiene-block-polyethylene
oxide (PBd-b-PEO) diblock copolymer to form a hybrid vesicle, the durability from the
polymers can be combined with the biocompatibility of lipids (1). However, while the
biocompatibility of PBd-b-PEO/POPC blend has been established, relatively little is known
about membrane properties of this lipid-polymer mixture.

A combination of techniques was used to probe the material properties and structure
of hybrid POPC lipid combined with PBd22-PEO14 or PBd12-PEO11 polymer membranes.
Overall, increasing the polymer fractions in PBd22-PEO14/POPC vesicles decreased proton
permeability, but increased permeability in PBd12-PEO11/POPC vesicles.

Cryogenic-electron tomography, single particle analysis and small angle x-ray scatter-
ing were utilised in conjunction to obtain an electron density profile of the lipid-polymer
membrane compositions. These profiles imply PBd22-PEO14/POPC vesicles form homoge-
nous, symmetric membranes. Bilayer thickness measurements were also found to increase
with increasing polymer fraction, however two membrane thickness populations were re-
vealed within the PBd22-PEO14 hybrid samples. Steep increases in bilayer measurements of
PBd12-PEO11 hybrid vesicles imply differences in material rigidity may cause PBd12-PEO11

polymers to favour extension. Automated analysis confirmed individual hybrid vesicles
within each thickness population were homogenous. While these populations could be
perceived as polymer-rich and lipid-rich vesicles with hybrid lipid-polymer samples, it
could also be indicative of the polymer forming membranes with either interdigitated or
bilayer conformations.

Intensity contributions of fluorescently labelled lipid and polymer within mixed GUV
membranes confirm membrane homogeneity within the hybrids and show there are
no pure polymer or pure lipid vesicle populations within hybrid vesicle compositions.
Diffusion of the fluorescent lipid through hybrid GUV membranes was found to decrease
with increasing polymer fraction. However, the diffusion coefficients for the fluorescent
polymer in hybrid membranes did not change with increasing polymer content, suggesting
that while increasing polymer fraction reduces movement of lipid through a polymer-rich
matrix, the polymer diffusion is unaffected. These blends of lipid and polymers also appear
to result in a hydrated, disordered membrane, with a marginal increase in order as the
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polymer fraction increases in GUVs membranes.
This characterisation of the material properties of a hybrid vesicle could help design

vesicles for bionanotechnology applications with controlled encapsulation and release.
Hybrid vesicles composed of this lipid-polymer blend have already been found to retain
encapsulated cargo after several filtration and freeze-thaw cycles (2). However, for many
bionanotechnology applications it is also desirable for the system to incorporate biofunc-
tional molecules for biomimetic membrane-based technologies. This hybrid lipid-polymer
blend could be developed further to provide a stable, durable, homogenous environment
for certain membrane proteins to create artificial cells.
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appears as regular rings, also known as an Airy pattern. The larger
the numerical aperture, the greater the collection angle, and the more
photons are collected, generating a smaller airy disk and producing
images with greater resolution (115). . . . . . . . . . . . . . . . . . . . . . 30

2.4 Laurdan excitation and emission. a) Laurdan has a hydrophobic fatty
acid tail that allows b) the Laurdan to be soluble in the lipid bilayer,
while the fluorescent napthalene group of the molecule rests towards the
aqueous environment between the glycerol backbones of the phospho-
lipid membrane. Laurdan is excited between 350-400 nm and a) emits at
wavelengths between 400-540 nm. Photon emission at 440 nm (violet
line) indicates a b) liquid ordered membrane, while emission at 490 nm
(blue line) indicates c) liquid disordered. The rearrangement of water
molecules (black dots) around the Laurdan dipole (arrows) causes the
shift between different phases. Image was adapted from (121, 122). . . . 32

2.5 Fluorescence recovery after photobleaching. a) vesicles containing fluo-
rescently labelled lipids or polymers are imaged and then a small area
is irradiated with a high intensity laser. The fluorescent amphiphile is
irreversibly destroyed, however fluorescence returns the bleached area
by lateral diffusion of fluorophores through the membrane. The return
of fluorescence is recorded as a b) recovery curve that can be fitted to
find the diffusion coefficient of the fluorescently labelled amphiphile
through the membrane. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
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2.6 Size characterisation from intensity measurements using dynamic light
scattering. Laser light is directed to a sample. The particles scatter the
incident light, which is detected by photon detectors. Particle Brownian
motion leads to time-dependent fluctuations in intensity of scattered
light, which is related to the particles’ diffusion. Using the Stokes-
Einstein relationship, the velocity of Brownian motion and the particle
size can be determined. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.7 Bragg’s law. Bragg’s law states that when an incident x-ray hits a crys-
talline surface, its angle of incidence, θ , will be reflected at the same
angle. Constructive interference will only occur when the path differ-
ence, 2dsin(θ), is equal to a whole number, n , of wavelength λ. The
incident beam ki is scattered by a particle in solution. The scattered
beam, k of wavelength λ is recorded by the detector and the scattering
vector, q, is found from the scattering angle, 2θ. . . . . . . . . . . . . . . 39

2.8 Electron density profile models from SAXS scattering patterns. The
electron density profile of a lipid bilayer can be retrieved from scattering
intensity curves obtained by SAXS. The curves can be fitted with either
a a) strip-model as used in SASfit program or b) 2-Gaussian model. The
2-Gaussian model can be expanded into a c) 4-Gaussian model. The
electron density profiles provide valuable insight into the structure of
the membrane. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.9 Electron scattering events. Electrons interact with the sample to produce
elastic and inelastic scattering events. . . . . . . . . . . . . . . . . . . . . 45

2.10 Vitrification method. The sample is placed onto a carbon coated metal
grid and plunged into liquid ethane where the water vitrifies. The
objects are fixed in the vitrified ice and can then be imaged using a
cryogenic electron microscope. Image adapted from (146). . . . . . . . . 47

2.11 Spherical aberration in lenses. To change the direction of the wave,
lenses are needed to focus the waves towards the plane of the object. For
a) perfect lenses, incoming rays are focused to a single point, whereas for
lenses with b) spherical aberrations, this will cause the image plane to
shift and the incoming rays are focused to different points on the optical
axis. This adds an extra phase shift. . . . . . . . . . . . . . . . . . . . . . 48
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2.12 Focus conditions in an electron microscope. When correct focus a) is
applied the deflected electrons are focused in the image plane so no
contrast appears. In over focused conditions b) the aperture is small,
leading to dark contrast, while in defocused conditions c) the electrons
pass through a wide aperture and overlap near the detector, giving
bright contrast. Scale bars indicate 2000 Å. The image was adapted from
(147) and (148). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.13 Contrast transfer function with spherical aberrations. Ideally the CTF
is held constant for all spatial frequencies (black dotted line). However
due to spherical aberrations, image drift, and ice thickness, the absolute
value of CTF is damped by an envelope function (grey dashed line)
resulting in the CTF fluctuating at higher frequencies (pink line). Image
adapted from (152). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

2.14 Ice thickness in cryo-TEM grids. If a) the ice is too thick the resultant
images will be dark as no features can be seen. If b) the ice is too thin, the
sample will wick to the sides of the carbon film, and radiation damage is
more likely to have an effect. When c) the sample is too dilute there will
be no sample in the grid holes. However, when d) there is a sufficient
volume of ice and the sample is not too dilute, the ice will enclose the
sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.15 Tomogram generation by back projection method. A back projection is
formed by following each view back through the image at the angle it
was initially acquired. Image taken from (154). . . . . . . . . . . . . . . . 54

2.16 Tomogram generation by filtered back projection method. In filtered
back projection, each view is filtered before back projection, reducing
the blur otherwise seen in simple back projection. Image taken from (154). 55

2.17 Interpreting the Fourier transform of an image. a) A tomogram slice with
a spatial calibration of 8.06 Å px−1 is Fourier transformed to produce
b) and FFT image. The black dotted box indicates the magnified area
depicted in c). c) The pixels in the FFT image are labelled in Å/cycle(n).
d) A scattering profile can then be extracted by taking a radial profile of
the FFT image. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
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2.18 Obtaining 3D structural information. Two of the methods to obtain this
3D density map from cryo-TEM 2D image projections are a) electron
tomography and b) single particle analysis. Both techniques can be used
to obtain a 3D electron density map of the sample. Image adapted from
(146) and (158). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.1 Method for forming large unilamellar vesicles. Large unilamellar vesi-
cles were formed by rehydrating dried lipid-polymer films, followed
by two 5 min water bath and 1 min vortex cycles and five freeze-thaw-
vortex cycles. The solution was then extruded and if any dyes were
added the excess dye was removed using a size exclusion column as
detailed in Sections 3.2.1 and 3.2.2. . . . . . . . . . . . . . . . . . . . . . . 61

3.2 IR spectra for PBd22-PEO14 and PBd22-PEO14-TMR. IR spectrum for a)
PBd22-PEO14 has a distinct hydroxy peak, which is diminished in the
spectra for b) PBd22-PEO14-TMR, suggesting this functional group is not
longer present in the final product. . . . . . . . . . . . . . . . . . . . . . . 64

3.3 LC-MS spectra for a) PBd22-PEO14, b) tetramethylrhodamine cadaverine
c)PBd22-PEO14-TMR. LC-MS spectrum for c)PBd22-PEO14-TMR provides
evidence for a successful synthesis as the m/z value of 2472 agrees with
the expected molecular mass of PBd22-PEO14-TMR. . . . . . . . . . . . . 67

3.4 COSY-NMR spectrum for PBd22-PEO14-TMR. A fluorescent label has
been attached by an amide bond to the PBd22-PEO14 polymer. The peak
at ∼ 7 ppm accounts for the amide bond. . . . . . . . . . . . . . . . . . . 68

4.1 Changes in pH in PBd22-PEO14/POPC vesicles upon addition of acid
or base. Change in pH over 10 hours upon the addition of a) NaOH
or b) HCl to PBd22-PEO14 vesicles encapsulated with HPTS. The linear
regions of a) and b) were fitted with a line of best fit, shown in c) and
d) respectively, to determine the net flux of protons and hydroxide ions,
JH+/OH− , using Equations 4.5, 4.6 and the permeability coefficients using
Equation4.7. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.2 Changes in pH in PBd12-PEO11/POPC vesicles upon addition of acid
or base. Change in pH over 10 hours upon the addition of a) NaOH
or b) HCl to PBd12-PEO11 vesicles encapsulated with HPTS. The linear
regions of a) and b) were used to determine the net flux of protons and
hydroxide ions, JH+/OH− , and are shown in c) and d) respectively. . . . . 76
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4.3 Comparison of permeability coefficients of PBd22-PEO14/POPC and
PBd12-PEO11/POPC samples. Comparing permeability values after
addition of 1 M HCl or NaOH to POPC vesicles with increasing a) PBd22-
PEO14 fraction and b) PBd12-PEO11 fraction. . . . . . . . . . . . . . . . . 78

5.1 Performing radial profiles to find membrane thickness. Radial profiles
of the pixel intensity on the images can be extrapolated to show the
areas of high intensity in a vesicle membrane. The membrane thickness
can also be obtained using this profile by measuring the distance from
the start of the bilayer to the outer rim, as highlighted in green on the
profile. Scale bar indicates 500 Å. . . . . . . . . . . . . . . . . . . . . . . . 83

5.2 Obtaining membrane measurements using multiple line profiles. a)
Several line profiles can be taken from the centre of a vesicle (red arrows)
resulting in an b) electron intensity profile. c) Line profiles can also be
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profiles profiles from c) are translated so the central minimum located
between the two maxima are centred. e) The ideal regions to take line
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which sections should not measured. . . . . . . . . . . . . . . . . . . . . 84

5.3 Determining the membrane thickness from an average electron intensity
profile. The dashed grey line across the line profile indicates where the
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thickness. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.4 Projection images of PBd22-PEO14/POPC vesicle compositions. Images
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representations below. Images were taken at 6µm defocus and the scale
bar indicates 500 Å. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.5 Initial radial line profiles of PBd22-PEO14/POPC vesicles. Radial profiles
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5.6 Differences between capturing projection images and tomography. Pro-
jection images show one view from the top through differing ice thick-
ness. These images have more artefacts. In tomography the sample
is rotated so there are different views of the sample resulting in 3-
dimensional information. Multiple images are taken throughout the
rotation and then the images are combined to form a rotational stack. . . 89

5.7 Obtaining membrane measurements using radial profile. a) Multiple
radial profiles can be measured from the same vesicle if the profiles are
taken from different slices. b) The profiles deviate even between slices,
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tomograms. b) Line profiles are taken across the membrane from dif-
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5.9 Average electron intensity profiles and associated images of PBd22-
PEO14/POPC vesicles. Images of a) POPC, b) 25 mol%, c) 50 mol%,
d) 75 mol% and e) 100 mol% PBd22-PEO14 vesicle compositions. Scale
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and h) the individual peak-to-peak measurements of 0-100 mol% PBd22-
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5.10 Average electron intensity profiles and associated images of PBd12-
PEO11/POPC vesicles.Images of a) POPC, b) 25 mol%, c) 50 mol%, d)
75 mol% and e) 100 mol% PBd12-PEO11 vesicle compositions. Scale bar
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the individual peak-to-peak measurements of 0-100 mol% PBd12-PEO11
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compositions suggest no vesicles measured had transverse asymmetry. 94
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5.12 Example images of PBd22-PEO14/POPC hybrid vesicles. Images of a) 0
mol%, b) 25 mol% c) 50 mol% d) 75 mol% and e) 100 mol% PBd22-PEO14
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5.15 Results from automated analysis on PBd22-PEO14/POPC hybrid vesicles.
The original image is the input for the code. The image is filtered and
measurements taken across the bilayer to determine which ”phase” the
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(Population 2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.16 Results from automated analysis on PBd12-PEO11/POPC hybrid vesicles.
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6.1 Example electron density profile models of polymer membranes from
SAXS scattering patterns. The electron density profile of a polymer
membrane can be retrieved from scattering intensity curves obtained
by SAXS. The scattering curves for polymer membranes bilayers can
be fitted with a a) 2-Gaussian model, which can be expanded into a
4-Gaussian model to account for b) partial or c) fully interdigitating
membranes. The electron density profiles provide valuable insight into
the structure of the membrane. . . . . . . . . . . . . . . . . . . . . . . . . 106

6.2 Method to obtain a scattering curve from cryo-ET images. From a)a
cryo-ET image of 100 mol% PBd22-PEO14 vesicle with a scale (here, 8.06
Å px−1) applied, an b) FFT of the image of 256 × 256 pixels can be
extracted using FIJI. The FFT image brightness and contrast is adjusted,
and a threshold applied. Using the radial profile plugin in FIJI, a c) line
profile for the FFT image is obtained. . . . . . . . . . . . . . . . . . . . . 107

6.3 Results of single particle analysis. 1300 membrane sections of 100 mol%
PBd22-PEO14 polymer membranes were manually picked using RELION
software and grouped into a) three classes. These images were then
analysed with FIJI by measuring 16 line profiles across the membrane to
obtain an b) average electron intensity profile of 100 mol% PBd22-PEO14

membranes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

6.4 SAXS scattering curves and the resultant electron density profiles. The
measurements of the full width half maximum (FWHM), peak-to-peak
were taken from cryo-ET electron intensity profiles and used to constrain
the SAXS model fits and obtain a bilayer electron density profile for a) 0
mol%, b) 25 mol% c) 50 mol% d) 75 mol% and e) 100 mol% PBd22-PEO14

vesicles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

6.5 Comparing results from SAXS and cryo-ET. Comparing the electron in-
tensity profiles obtained from cryo-ET with the electron density profiles
from SAXS of a) pure POPC vesicles and b) pure PBd22-PEO14 vesicles. 111
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6.6 Comparing results of 100 mol% PBd22-PEO14 sample from SAXS, cryo-
ET and SPA. The a) SAXS scattering curves of 100 mol% PBd22-PEO14

and b) corresponding electron density profile for the membrane. Analy-
sis of the c) cryo-ET images of 100 mol% PBd22-PEO14 results in d) an
electron intensity profile that has smaller peak-to-peak distances than
the SAXS electron density profile. The trough in b) also has a small
electron dense peak, not observed in d), which could indicate polymer
interdigitation within the bilayer. An e) FFT of the cryo-ET image results
in a f) electron intensity profile that corresponds to the SAXS electron
density profile. The g) final image from SPA gives h) an intensity profile
which appears to correspond to features seen in both b) and d). Inner
peak positions in h) correspond to peak positions in d), and there is also
a small electron dense peak within the trough region of h) which is also
observed in b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

7.1 Method for determining polymer-lipid ratio. The a) tile scan of the hy-
brid lipid-polymer vesicles (25 mol% PBd12-PEO11) is split into channels
of intensity contributions from b) DiO fluorescent lipid and c) PBd22-
PEO14-TMR fluorescent polymer only. The image of PBd22-PEO14-TMR
intensity is d) duplicated and brightness and contrast adjusted before e)
a threshold is applied. Finally, a f) mask is created, created regions of
interest around vesicles of diameters > 10 µm. The black outlines in f)
represent the unmasked areas where intensity will be measured, while
white indicates the masked areas where no intensity measurements are
taken. These regions of interest in f) are then applied to b) and c) to find
the intensity contributions from each dye separately. . . . . . . . . . . . 122

7.2 Tile scans of PBd22-PEO14 and PBd12-PEO11 composition GUVs. Tile
scans a) POPC, b) 25 mol% PBd22-PEO14, c) 50 mol% PBd22-PEO14, d) 75
mol% PBd22-PEO14, e) 100 mol% PBd22-PEO14, f) 25 mol% PBd12-PEO11,
g) 50 mol% PBd12-PEO11 and h) 75 mol% PBd12-PEO11 compositions
were taken. To obtain good images of 100 mol% and 75 mol% PBd22-
PEO14 GUVs, the samples were diluted × 2 to reduce saturation. The
hybrid vesicles contain both 2 mol% DiO and 10 mol% PBd22-PEO14-
TMR while 0 mol% and 100 mol% PBd22-PEO14 compositions contain
only 2 mol% DiO or 10 mol% PBd22-PEO14-TMR respectively. The scale
bar is 200 µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
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7.3 Intensity contributions from DiO and PBd22-PEO14-TMR in hybrid
GUVs. A histogram of relative intensity ratios in a) PBd22-PEO14/POPC
hybrid GUVs, fitted with a normal distribution curve, shows the ratios
are centred around 0, suggesting a mixed membrane. Images below
show intensity contributions from: b) DiO and c) PBd22-PEO14-TMR
in 25 mol% PBd22-PEO14; d) DiO and e) PBd22-PEO14-TMR in 50 mol%
PBd22-PEO14; f) DiO and g) PBd22-PEO14-TMR in 75 mol% PBd22-PEO14.
The histogram of relative intensity ratios in h) PBd12-PEO11/POPC hy-
brid GUVs, again fitted with a normal distribution curve, shows the
ratios are also centred around 0, suggesting a mixed membrane. Images
below show intensity contributions from: i) DiO and j) PBd22-PEO14-
TMR in 25 mol% PBd12-PEO11; k) DiO and l) PBd22-PEO14-TMR in
50 mol% PBd12-PEO11; m) DiO and n) PBd22-PEO14-TMR in 75 mol%
PBd12-PEO11. The scale bar is 200 µm. . . . . . . . . . . . . . . . . . . . . 127

7.4 Comparing diffusion coefficients of PBd22-PEO14/POPC samples with
PBd12-PEO11/POPC samples. The diffusion coefficients of a) PBd22-
PEO14 vesicles and d) PBd12-PEO11 vesicles as well as the fluorescence
recovery after photobleaching profiles from b),e) DiO and c),f) PBd22-
PEO14-TMR fluorescent dyes in each composition. . . . . . . . . . . . . . 129

7.5 Comparison of membrane hydration obtained by fluorescence spec-
troscopy and spectral imaging. General polarisation (GP) values give
an indication of packing in membranes: a) a positive GP value indicates
an ordered membrane with little to no solvent while b) a negative GP
value indicates a disordered membrane. c) GP values of GUVs increases
slightly as polymer fraction increases in PBd22-PEO14 and PBd12-PEO11

vesicles. For all the compositions, there is very little variation in GP
value in individual vesicles. d) The colour maps indicating GP values
in images of each vesicle composition. The black spots on the colour
map indicate no spectral data at those points. All spectral images can be
found in Appendix A9.1. Scale bar indicates 10 µm. . . . . . . . . . . . . 131
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7.6 Outputs from MATLAB script. The output of a) 100 mol% PBd22-PEO14

vesicles show these vesicles have a much lower tension σ, and greater
bending rigidity κb with a smaller error than b) 100 mol% PBd12-PEO11

vesicles. The images of c) 100 mol% PBd22-PEO14 sample shows that
these vesicles are also larger (16 µm) than d) 100 mol% PBd12-PEO11 (7
µm), which may also affect the output from the MATLAB script. Scale
bars are 5 µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

7.7 Bending rigidity and tension of hybrid lipid polymer membranes. The
bending rigidity values taken by flicker spectroscopy on a) PBd22-PEO14

and b) PBd12-PEO11vesicle compositions as well as the bending rigid-
ity vs lateral membrane tension in c)PBd22-PEO14 and d) PBd12-PEO11

compositions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

8.1 CF release and size distributions of 100 nm hybrid vesicles after auto-
claving. a) CF release and b) DLS distributions of the hydrodynamic
diameters of 100 nm extruded PBd12-PEO11 and PBd22-PEO14 hybrid
vesicles before and after autoclaving cycles. The CF intensity increases
when the 100 mol% vesicle compositions are autoclaved indicating that
the CF contents is fully released. . . . . . . . . . . . . . . . . . . . . . . . 141

8.2 CF release and size distributions of 100 nm extruded hybrid vesicles
before and after filtration through a 200 nm pore. Encapsulated CF %
release following filtration plotted against membrane composition for
hybrid vesicles composed of POPC and a) PBd12-PEO11 or b) PBd22-
PEO14. Data is shown for between one to five filtration cycles through a
0.2 µm pore size filter membrane. Each measurement was performed
in triplicate and the errors data points represent mean ± s.d. The red
line on these graphs indicate the filter pore size of 200 nm. The DLS
distributions of the hydrodynamic diameters of 100 nm extruded c)
PBd12-PEO11 and d) PBd22-PEO14 hybrid vesicles before and after five
filtration cycles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
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8.3 CF release and size distributions of 400 nm extruded hybrid vesicles
before and after filtration through a 200 nm pore. Encapsulated CF %
release following filtration plotted against membrane composition for
hybrid vesicles composed of POPC and a) PBd12-PEO11 or b) PBd22-
PEO14. Data is shown for between one to five filtration cycles through a
0.2 µm pore size filter membrane. Each measurement was performed
in triplicate and the errors data points represent mean ± s.d. The red
line on these graphs indicate the filter pore size of 200 nm. The DLS
distributions of the hydrodynamic diameters of 400 nm extruded c)
PBd12-PEO11 and d)PBd22-PEO14 hybrid vesicles before and after five
filtration cycles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

8.4 Cryo-TEM images of 400 nm extruded vesicles before and after five
filtration cycles through a 200 nm pore. Cryo-transmission electron
microscopy (Cryo-TEM) of 50 mol% PBd22-PEO14 hybrid vesicle (400 nm
extrusion membrane) before and after five filtration cycles. a) Histogram
of initial vesicle sizes from cryo-TEM images; b) representation images of
vesicles before filtration; c) histogram of vesicle sizes after filtration from
cryo-TEM images; d) representation images of vesicles after filtration.
Scale bars represent 100 nm. The image was taken from reference (2). . . 145

8.5 CF release and size distributions of 100 nm extruded vesicles before
and after lyophilisation. a) CF release and b) DLS distributions of the
hydrodynamic diameters of 100 nm extruded PBd12-PEO11 and PBd22-
PEO14 hybrid vesicles before and after lyophilisation. The CF intenstiy
increases when the pure component vesicles are lyophilised indicating
that the CF contents is fully released. . . . . . . . . . . . . . . . . . . . . 147

8.6 CF release and size distributions of 100 nm extruded vesicles before
and after four FTV cycles. Encapsulated CF % release following four
FTV cycles plotted against membrane composition for hybrid vesicles
composed of POPC and a) PBd12-PEO11 or b) PBd22-PEO14. Data is
shown for one to five filtration cycles through a 0.2 µm pore size filter
membrane. Each measurement was performed in triplicate and the
errors data points represent mean ± s.d. The DLS distributions of the
hydrodynamic diameters of 100 nm extruded c) PBd12-PEO11 and d)
PBd22-PEO14 hybrid vesicles before and after four FTV cycles. . . . . . . 148
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8.7 Cryo-TEM images of 100 nm extruded vesicles before and after four
FTV cycles. Cryo-transmission electron microscopy (Cryo-TEM) of 50
mol% PBd12-PEO11 hybrid vesicle (400 nm extrusion membrane) before
and after five filtration cycles. a) Histogram of initial vesicle sizes from
cryo-TEM images; b) representation images of vesicles before filtration;
c) histogram of vesicle sizes after filtration from cryo-TEM images; d)
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1. Introduction
Vesicles have many applications from acting as microreactors (3, 4, 5) and sensors (6, 7, 8),
to drug delivery vectors (9, 10, 11, 12, 13) and models for a cell membrane (14, 15) as
shown in Figure 1.1. Biological membranes usually comprise a mixture of lipids and
their composition controls essential cell membrane properties such as fluidity, mechanical
stability and membrane protein function (16). However, they also contain of a mixture
of glycoproteins, glycolipids and membrane proteins, making this environment very
difficult to replicate in artificial membrane models (17, 18). For many bionanotechnology
applications, it is desirable for the system to incorporate biofunctional molecules to develop
artificial cells and other biomimetic membrane-based technologies. Membrane proteins
in biological membranes perform a specific function and their functionality depends on
their environment. To successfully retain their functionality, reconstituting the membrane
protein requires a native-like membrane environment (19, 20).

Figure 1.1: Potential applications for vesicles. Vesicles have many applications from acting
as a drug delivery vector, to a micro-reactor for compartmentalized chemistry, sensors if

the surface is functionalised, or as a cell membrane model.

1



2 CHAPTER 1. INTRODUCTION

Lipids and amphiphilic block copolymers are common materials for fabrication of
synthetic membrane vesicles in the form of lipid vesicles and polymersomes, respectively.
Liposomes have been used as models for biological cells since the sixties (21) as their
structure and chemistry are similar to a natural bilayer (14), making them an excellent
tool for understanding biological cell processes such as cell adhesion, signal transduction
and endocytosis (22). More recently, lipid vesicles have been used for membrane protein
reconstitution, which has applications in targeted drug delivery and release: because
they are biodegradable and non-toxic, liposomes can be easily internalized by living cells
and are able to encapsulate both hydrophilic and hydrophobic materials. However, lipid
vesicles have poor mechanical stability and high permeability, making them ill-suited for
some applications. While these membrane properties can be modified to increase their
resistance to shear by grafting polyethylene glycol (PEG) molecules to a liposome surface,
this modification can lower lipid cohesion and affect the vesicle stability (22, 23). Due to
their fluidity, lipid bilayers can also have long-term structural instabilities such as transient
pore formation which could lead to membrane rupture (24, 25, 26). The liposome lifetime
therefore impacts the stability of proteins embedded within the membrane (27) making
them a poor choice for drug delivery applications over an extended time period.

Amphiphilic copolymers have also been used to generate artificial membranes and are
increasingly used in drug delivery as their membranes can be functionalised, and usually
the polymersomes have outstanding stability (22). Copolymers can be created to alter mem-
brane properties such as membrane stiffness and thickness, induce lateral segregation or
volume changes, or even introduce new properties such as hydrophilicity and fluorescence
(28). Functional groups can even be added to the copolymers to make stimuli-responsive
polymersomes that respond to changes in the environment (29). Polymersomes have also
been used for protein reconstitution despite the difference in material properties to lipids,
such as membrane fluidity and membrane thickness (30, 31, 32, 33). However, little is
known about their potential toxicity and long-term accumulation for in vivo applications,
making a pure polymer vesicle a poor choice for some applications.

Although lipids are biocompatible, their major drawback is their low mechanical
stability and high permeability, while the converse is true for polymer membranes. An
approach to circumvent the issues present in the pure systems is to combine lipid and
polymers into a hybrid vesicle. This takes advantage of the robustness and chemical
versatility of a polymer membrane as well as the biocompatibility and softness provided
by a lipid bilayer (22, 34).
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1.1 Amphiphile geometry and self-assembly

Physical properties of lipids are dependent on their structure (28). Phospholipids are
an amphiphilic molecule found in bilayers. They have a polar, hydrophilic head group
and two hydrophobic hydrocarbon tails. Typical lengths for the tail group range from
14-20 carbons and the head groups can also have a variety of sizes, leading to different
possibilities for membrane structure, shape, properties and function (35). The molecular
structure of the phospholipid POPC is shown in Figure 1.2a.

Amphiphilic copolymers with different morphologies have been used to successfully
form vesicles. Diblock copolymers comprising an AB conformation of a hydrophilic block
(A) and a hydrophobic block (B) can have hydrophobic core thicknesses between 8.0 - 21.0
nm as determined by simulation (36) or from cryogenic transmission electron microscopy
(cryo-TEM) and small angle x-ray scattering (SAXS) measurements (37). The molecular
structure of amphiphilic diblock copolymer Poly 1,2- butadiene -block- polyethylene oxide
(PBd-b-PEO) is shown in Figure 1.2b.

Figure 1.2: Molecular structure of POPC and PBd-b-PEO. Lipids such as a) POPC have a
polar hydrophilic head group (pink) and two hydrophobic hydrocarbon tails (yellow).
Amphiphilic diblock copolymers with an AB conformation like b) PBd-b-PEO diblock

copolymer have m number of hydrophobic poly 1,2-butadiene monomers (light blue) and
n number of polyethylene oxide monomers (dark blue.

The final geometry favoured by an amphiphile depends on their molecular geometry as
shown by Figure 1.3. The packing arrangement of amphiphilic molecules is characterised
by a shape factor: v

al where a is the interface area occupied by the head group; v is the
volume occupied by the hydrophobic chains; and l the length of the hydrocarbon region.
Bilayers are favoured when (38):

1
2
<

v
al

< 1 (1.1)

Generally, lipids that have a similar polar head group and hydrophobic region cross-
sectional areas, such as dual chain lipids, preferentially form bilayers. Thus the mean
spacing between lipid molecules is minimised, reinforcing the formation of a bilayer (39).
Other structures can form from different amphiphile geometries as shown in Figure 1.3.
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Typically, when the interface area a is larger than v/l, v
al < 1

3 , which corresponds to a
conical shape and formation of a spherical micelle, while cylindrical micelles are more
likely when v

al is between 1
3 < v

al <
1
2 . When the hydrocarbon volume v is larger than al,

the amphiphiles have a truncated cone shape and inverted micelle structure is favoured
(39, 40).

Figure 1.3: Lipid geometry and subsequent structures. Lipids that have a molecular shape
similar to an a) inverted cone induce a positive curvature strain and favour the formation

of b) spherical c) worm-like or d) tubular micelles (HI). Lipids that have e) similar
hydrophilic and hydrophobic cross-sectional areas have cylindrical geometry and form f) a
bilayer (lamellar phase), which can close to to give g) vesicles (39, 40, 41). Lipids with a h)
small polar head have a molecular shape that resembles a truncated cone, which induces a

negative curvature strain and preferentially arranges into i) inverted micelles, which
would exist in a continuous oil phase, and then either j) and inverted hexagonal phase

(HII) or k) cubic (bicontinuous) structures (35, 40).

The formation of bilayers from dual-chain amphiphilic molecules like phospholipids
are due to van der Waals forces, hydrogen bonding, hydrophobic and screened electrostatic
interactions. Therefore a change in solution conditions, such as the pH or electrolyte
concentration, of a suspension of amphiphilic molecules will affect the interactions and
intermolecular forces between and within each aggregate, thus modifying the size, shape
and type of the final structures formed (38). The hydrophobic and hydrophilic balance of
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the amphiphiles will also govern the interactions between amphiphiles (42).
The resultant morphology of both lipid and polymers is also controlled by several fac-

tors: the hydrophilic/hydrophobic ratio, lipid or polymer concentration, salt concentration,
solution pH and temperature (43). For polymers the volume ratio of the hydrophilic to
hydrophobic block is believed to be an important parameter for self-assembly into vesicles.
Generally, copolymers with a hydrophilic to hydrophobic ratio of less than 1:2 favour
vesicle formation (43, 44). Ultimately, the balance between all the free energy contributions
to the self-assembly and also kinetic factors determine the final morphology (44).

Figure 1.4: Phospholipid and diblock copolymer bilayers. a) Phosopholipids and b)
amphiphilic block copolymers have a hydrophilic group and hydrophobic region that

self-assemble into a c) lipid bilayer and d) polymer membrane to reduce interaction
between the hydrophobic region and an aqueous environment. e) Liposomes and f)

polymersomes form to reduce edge tension.

At low concentrations amphiphiles, such as lipids and block copolymers, will be
dispersed in water until the saturation point, commonly in the 10−3 M range. At concen-
trations higher than this saturation point, the amphiphiles can form bilayers, and then
vesicles, in aqueous solution if their concentration is above the critical micelle concentra-
tion - the minimum number of molecules required for aggregation. The driving force for
bilayer self-assembly is the unfavourable interaction between the hydrophobic region of
the amphiphile and water. To reduce this interaction, the hydrophilic head groups form an
interface with the aqueous environment resulting in the formation of a bilayer to reduce the
contact energy between the hydrophobic chains and an aqueous environment (39, 45, 46).
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1.2 Membrane energies

1.2.1 Tension

The competition between bending resistance and edge tension is what compels a flat
bilayer membrane to form a closed sphere. Lipids energetically prefer a parallel molecular
arrangement. At low lipid concentrations, these disks of parallel lipid sheets are so large
that it is more favourable for the sheet to close than to remain in a disk configuration. The
circular rim of the bilayer disk of radius RD gives rise to a line energy Edisk :

Edisk = 2πRDγl (1.2)

where γl is the line tension (interfacial energy at the edge of a membrane). Bending energy,
Esphere, is required to bend a flat membrane into a closed vesicle, given by

Esphere = 4π(2κb + κG) (1.3)

where κb and κG are the bending modulus and Gaussian rigidities respectively. Note that
the bending energy of a sphere, Esphere, is independent of the sphere radius (47). The
balance between line tension and bending energy therefore defines the minimal radius of
a vesicle, Rv. When Rv is small, the disk configuration is favoured, however as the disk
perimeter increases, the sphere becomes the preferred structure for radii above (39)

Rv =
2κb + κG

γl
(1.4)

Recent studies have highlighted the importance of tension in maintaining shape, and
overall membrane area, as well as controlling complex transitions in cell motility and
polarization. Biological membrane tension is defined by two main components: the in-
plane tension in the lipid bilayer, mainly due to hydrostatic pressure; and membrane
– cytoskeleton adhesion, conciliated by phospholipid-binding proteins. However, the
relative magnitude of each contribution depends on the cell state and remains unclear
because they are interdependent (48).

For non-equilibrium vesicles, spherical vesicles are only one example of possible shapes.
The shape of a vesicle is one that minimizes the bending energy when there is a difference
in the number of amphiphiles in the inner and outer leaflets, which itself depends on
vesicle preparation method. The shapes can be parameterised by the volume-to-area ratio
v and the area difference between the inner and outer bilayer leaflets ∆A = Ain − Aout.
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Spherical vesicles have a maximum value of v = 1, the highest possible volume-to-area
ratio. A large area difference, ∆A > 1, causes the membrane to curve outwards, while
∆A < 1 leads to shapes that curve inwards. Changes in v can be induced by changes
to solute concentrations, while changes in ∆A occur by transverse diffusion (flip-flop).
Temperature can also affect both v and ∆A. For vesicles at equilibrium however, v is
adjusted by permeation of solvent through the bilayer and ∆A modified by rapid exchange
of lipids between the layers and different vesicles, which is why most vesicles are spherical
(47, 49). Although most vesicles are spherical, their the intrinsic membrane curvature can
be very close to zero, as is the case in GUVs.

During self-assembly, the membrane structures, such as free lamellar phases, can
equilibrate to a local minimum in free energy as a function of membrane surface area,
causing surface tension to vanish (35). The surface tension γ is related to the Gibbs free
energy dG by:

dG
dA

= γ (1.5)

where A is the membrane surface area.

However, a vesicle generally does not have a vanishing surface tension. A vesicle will
have an enclosed internal volume and contain a certain number of molecules in the bilayer.
Changes in the membrane shape will cause a change in surface area to maintain the total
number of molecules in the bilayer and the enclosed volume. These constraints lead to a
surface tension related to area changes and pressure differences. A vesicle shape can then
be found by examining the fluctuations in the free energy of the system G:

G = G0 − γ̃A − pV (1.6)

where G0 is the bulk free energy. The frame tension, γ̃, and shape factor, p, enforce the
total membrane surface area, A, (assuming no stretching) and enclosed volume, V. Frame
tension is caused by the constraints placed on the membrane shape and can be tuned by
osmotically changing the vesicle volume.

Surface tension, γ, has mathematically the same role as frame tension, γ̃. The surface
tension regulates the addition of more lipid to the membrane at the expense of other
forms of lipid, such as free monomers, while the frame tension specifies the work done in
increasing the area against a specific form of external constraint. Both surface and frame
tension physically lead to the same effects.

dγ + Σicidµi = 0 (1.7)
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where ci is the concentration of the species on the surface and µi is the monomer chemical
potential (35).

1.2.2 Stretching

As phospholipid bilayers are fluid-like at physiological conditions, shear does not need
to be taken into account (50). However, stretching in biological membranes does cost
energy and directly affects the structure and function of the membrane. Most biological
membranes will only stretch a small amount before the membrane ruptures and the cell
bursts. For strong in-plane deformations, the large hydrophobic cost of exposing the
phospholipid acyl tail groups results in a large stretching modulus to resist change in the
area per head group (35). The energy, Estretch, is given by:

Estretch =
1
2

κs(
A − A0

A0
)2 (1.8)

where κs is the stretching modulus, A0 is the original area and A is the area after defor-
mation. The stretching modulus of an interface is determined by the variation in surface
tension, γ with a changing area (35):

κs = 2A
δγ

δA
(1.9)

In a single-component system the relationship between the area stretching modulus, κs,
and interfacial tension, γi f is (36, 37):

κs = 4γi f (1.10)

However, large thermal undulations can complicate measurements of the stretching mod-
ulus, κs. Factors affecting κs include hydrophobic interactions, counterion pairing in
zwitterionic amphiphiles or even the presence of small molecules, in the membrane (37).
Insertion of small molecules into the head group region of the membrane leads to increased
level of undulations and overall softening of the membrane (51).

1.2.3 Bending

Biological bilayers have asymmetry caused by different chemical environments, ionic
strengths, species, concentration of proteins and dynamic interactions. Therefore, it is
likely that most membrane compositions are asymmetric across the two leaflets in a bilayer,
resulting in spontaneous curvature (35). Compelling two lipid monolayers, each with their
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own preferred curvature, to form a flat symmetric bilayer also has an energy cost, leading
to a curvature elastic stress in the resultant membrane (52). The tendency of a material
to resist bending is known as the bending modulus, κb. In the case of a lipid membrane,
it is the energy required to deform the bilayer from its original curvature to a different
curvature. It is believed to play an important role in many biological cell processes such as
endocytosis, membrane trafficking and membrane fusion (53).

Using the Helfrich theory of membrane bending, a lipid bilayer can be modelled as a
two-dimensional elastic sheet, expressing the curvature energy per unit area, E as:

E =
κb

2
(J − Js)

2 + Kk̄ (1.11)

J is the total curvature, Js is the spontaneous curvature, K is the Gaussian curvature and k̄
is the Gaussian modulus. The Helfrich model is an approximation for bilayer surfaces with
small curvature as higher terms are assumed to be negligible to prevent the introduction
of the membrane stresses from Gaussian curvature, K (35). The relationship between
stretching and bending modulus for lipid bilayers is thought to be:

κb = κsβh2 (1.12)

where h is the thickness of hydrophobic segment, and β is the coupling factor. If the bilayer
is completely coupled, and rigid β has a value of 1

12 , however for a bilayer that is free to
slide over one another β assumes a value of 1

48 (36). While this model is commonly used
for bilayers, it can be valid for monolayers as well (54).

Bilayers in a fluid state will undergo thermal undulations, leading to local displace-
ments. The thermal undulations can be expressed in terms of plane waves: a vertical
displacement, u(r) at each point of the membrane, r, with respect to the horizontal plane
of the flat membrane. Assuming that the membrane behaves as if it were flat, and that the
equatorial plane of the GUV is imaged, a model for thermal undulations can be created.
Working in the reciprocal space and taking the wavevector, q(= 2pi/l) along the length of
the GUV contour, l, in to account, the power spectrum ⟨| u2

q |⟩ can be found:

⟨| u2
q |⟩ =

kBT
A(κbq4 + σq2)

(1.13)

Where A being the area of a squared section of membrane, σ is the membrane tension, kB

is the Boltzmann constant and T is the temperature. When the tension is negligible, the
only parameter left is κb, giving the starting point of the most common experimental and
numerical methods used to determine the bending modulus from a thermal undulation
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spectrum (53).

1.3 Membrane phases

Because the phospholipid membrane is a dynamic structure, it is under equilibrium and
can undergo reversible transitions such as domain formation and thermotropic transitions
(38).

Phospholipid bilayers experience reversible thermotropic transitions, where the phos-
pholipid membrane switches between the highly ordered solid-like gel phase (Lβ) to the
more disordered liquid crystalline phase (Lα), at the main transition temperature, Tm, as
shown in Figure 1.5. The most common phospholipids include phosphatidylcholine (PC),
phosphatidylethanolamine (PE) and phosphatidylserine (PS). In these lipids, one of the
tails is fully saturated, while the other generally has one or more double bonds. Fully
saturated chains are less fluid and crystalline (gel) at higher temperatures than unsaturated
hydrocarbons, therefore the main transition (melting) temperature can be controlled by
utilising a suitable blend of lipids (35).

Figure 1.5: Phospholipid and diblock copolymer phases. Some lipid bilayers can perform a
reversible transition from the a) fluid-phase (liquid disordered) to b) liquid ordered and

then c) gel-phase. The liquid ordered phase usually forms in mixtures of lipid and
cholesterol (or other similar molecules). The gel phase can also become d) tilted if the lipid
head group is too large for efficient packing and e) ripple. Diblock copolymers also have
different membrane conformations: f) a strongly segregated bilayer, g) partially segregated

with some interdigitation and h) weakly segregated, interdigiting membrane.
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Pure lipid bilayers are fluid at temperatures above the main transition temperature Tm

and solidify at temperatures < Tm. The lipids in the bilayers can form different phases.
For example, in fluid or liquid disordered phases Lα or Ld, the lipid hydrocarbon tails are
liquid and disordered at high temperatures while in gel phase, Lβ, the tails attempt to be
crystalline. If the head group is too large for efficient packing, the amphiphiles may form
the tilted phase, L′

β, where the amphiphiles are tilted relative to the midplane (35, 55). A
liquid ordered phase Lo lies between the Ld and Lβ. Lo has solid-like qualities similar to
Lβ while retaining the high rate of lateral diffusion typically found in Ld phases (56). The
tilted L′

β phase can also transition into the asymmetric ripple phase P′
β (35).

Lateral phase separation can occur in mixed phospholipid membranes if the respective
chain length of the phospholipid components differs by more than two carbons, or if the
lipid head groups are different. Domains could also be triggered by external stimuli such
as temperature, lateral pressure, differences in the degree of saturation, or integration of
macromolecules and membrane proteins, in the bilayer (22).

Although the behaviour of amphiphilic block copolymers is similar to that of a lipids,
the similarities may be inappropriate at molecular weights greater than a typical lipid.
Amphiphile self-assembly has been attributed to the two main contributions to free energy:
interfacial tension at the hydrophobic/hydrophilic edge and the entropic loss that occurs
when polymer chains are forced into more ordered structures (57). Two limiting regimes
are believed to exist in diblock copolymer membranes. At the strong segregation limit
(SSL) there is disparity between the interfacial tension and the entropic stretching penalty
so minimising the interfacial surface influences association thermodynamics and induces
separation and stretching between the hydrophilic and hydrophobic segments of a diblock
copolymer chain (57, 58). For copolymer membranes, the strength of segregation can be
estimated based on how the membrane thickness t varies with the degree of polymerisation
in the hydrophobic segment (the number of hydrophobic units) N using exponent b:

t ∼ Nb (1.14)

So for fully stretched, strongly segregated copolymer chains, b = 1, which is also the
theoretical limit approached by phospholipids (57). The other limiting regime is called the
weak segregation limit where the interactions between the hydrophilic and hydrophobic
segments are weak enough that the individual chains are unperturbed. In this case b = 1

2 .
For the intermediate condition, the interfacial tension and chain entropy are balanced and
the exponent is b = 2

3 as shown by Figure 1.5 (37, 57).

Conformation of block copolymer molecules in a membrane changes with the molec-
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ular weight due to the SSL at the hydrophilic/hydrophobic segment interface (57). In
low molecular weight diblock copolymers (hydrophobic block <1000 g mol−1), the repul-
sion between the hydrophilic and the hydrophobic block causes a more stretched chain
conformation (59). In contrast, an increase in block copolymer molecular weight causes
an increase in the entropic energy contribution, leading to stronger interdigitation and
entanglement of the polymer chains within the membrane (57). Because higher molecular
weight copolymers form larger membrane thicknesses they experience less segregation
force from an increase in chain flexibility. This leads to more coiled and denser structure,
reflected in interdigitation of the leaflets (60).

The conformation of copolymers is determined by three factors: overall degree of
polymerisation, N; the overall volume fraction of each component fA and fB, and the
Flory-Huggins segment-segment interaction parameter χ (58). For diblock copolymers,
which have no strong interactions such as hydrogen bonding, χ is generally positive and
small, and varies inversely with temperature (45). The copolymer conformation is dictated
by χN. The weak segregation limit is associated with χN ∼ 10, while χN >> 10 is
believed to correspond to the strong segregation limit. As with one-component diblock
copolymers, in two-component blends the morphologies can also be approximated by
χN and f only if the diblock copolymers have similar values of N (61). Other polymer
architectures have also been studied using self-consistent field theory. The study concluded
that for all two-component copolymers, the morphology behaviours (lamellar, cylindrical,
spherical) are similar, however occurrence of the structures significantly depends on the
individual copolymer component fraction f (62).

Mixed lipid vesicles, mixed polymer vesicles and hybrid lipid/block copolymer vesicles
can de-mix to create typically bilayer domains of different shapes and sizes, depending on
the composition and cooling rate (63, 64), or in the case of polymers, the compatibility of
the hydrophobic blocks (65).

Domains existing within biological membranes can play a role in biological cell process
such as cell adhesion, signal transduction or endocytosis (66) as well as membrane tension
regulation (67, 68).

Domains can form within the bilayer membrane through diffusion. While a lipid in
one of the two layers of a membrane bilayer can ”flip-flop” from one layer to the other to
redistribute the lipids as shown in Figure 1.6, to maintain asymmetry low flip-flop rates are
required (39). Phospholipid movements are generally restricted to lateral diffusion, because
the crossing of the phospholipid from one leaflet to the other requires the energetically
unfavourable momentary contact of their hydrophilic head with the hydrophobic region
(18). In lateral diffusion molecules only move within a leaflet, rather than across them as



1.3. MEMBRANE PHASES 13

shown in Figure 1.6 (16), and generate membrane domains.

Figure 1.6: Diffusion in phospholipid bilayers. Amphiphiles can diffuse through a
membrane by diffusing laterally and along the same leaf of the bilayer or by flipping from

one bilayer leaflet to another during transverse diffusion. However, ”flip-flopping” is
unfavourable and low flip-flop rates of rapid active processes are required to maintain

asymmetry, so phospholipid movement is generally restricted to lateral diffusion.

Nanoscale domains are energetically unlikely because of the anticipated high interfacial
line tension of matching a liquid ordered lipid with a liquid disordered lipid (69) or polymer
rich membrane domain to a phospholipid rich membrane domain as their hydrophobic
thickness are so different. This mismatch in thickness could lead to a large interfacial
energy cost at the domain boundaries as a result of water molecules potentially accessing
the hydrophobic region of the polymer membrane. Thermodynamically, the line tension
tends to favour domain coalescence to minimize boundary length, but as a consequence
domains could grow with time into a single large domain within the membrane (34).
The energetically unfavourable mismatched thickness configuration could be avoided by
having a mixed interfacial region at the domain boundaries that allow a more gradual
change in the membrane thickness. Such a region would maintain the isolation of the
hydrophobic residues from directly contacting the aqueous phase.

Typically, the thickness for a hydrated phospholipid bilayer is between 3-5 nm (70, 71),
while for polymers, the thickness can vary from 5-50 nm (72). In hybrid lipid-polymer
membranes, these large differences in hydrophobic region size can lead to a pronounced
hydrophobic mismatch at the polymer/lipid boundaries, which could lead to the expo-
sure of hydrophobic groups to the aqueous environment with significant energetic cost.
Gradual reduction of the hydrophobic region in the interfacial zone might involve polymer
interdigitation to attain a thinner membrane structure (29) as shown in Figure 1.7.

Domain instability is driven by a balance between the bending energy of a domain and
the line tension at the boundaries. Edge energy can be decreased by reducing the perimeter
of the circular domain and increasing the bending energy. When the energetic cost of the
line tension is higher than the membrane bending energy required for fission, the vesicles
can split into separate vesicles. This phenomenon has been observed in hybrid membranes
above a critical lipid weight fraction leading to separated liposomes and polymersomes
(34).
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Figure 1.7: Interfacial region in phospholipid and diblock copolymer hybrid membranes.
Domains with a) a mismatch in hydrophobic core thickness are unfavourable and can be
avoided by having a b) mixed interfacial region that has a more gradual change between

the different membrane thickness.

1.4 Vesicle preparation

Vesicles are not at thermodynamic equilibrium but in a kinetically trapped state for which
the energy barrier is so high that thermodynamic equilibrium cannot be easily reached (23).
Since the vesicle formation process is driven by kinetics, particular membrane morpholo-
gies could form in multi-component vesicles and then become trapped in that arrangement.
Once formed, the time vesicles remain in the kinetically stable state may be hours, days
or even weeks depending on their preparation procedure. Various initial experimental
conditions such as concentration, temperature, and preparation method have been shown
to influence vesicle size and lamellarity (23). The actual size of the vesicle depends less
on thermodynamics and more on the non-equilibrium aspects of the formation process,
allowing the diameters to be tailored using different preparation procedures (47).

There are a variety of methods available to generate hybrid lipid-polymer vesicles,
from bulk techniques such as electroformation (73, 74, 75), hydration (65), and droplet
phase transfer (76) for GUVs, extrusion (74, 77, 78, 79) for LUVs to more automated and
high-throughput technologies such as droplet microfluidics (80).

Electroformation shown in Figure 1.8a is most commonly used in the formation of giant
unilamellar vesicles (GUV) as it is a rapid technique (81) and generates a homogenous
vesicle populations with sizes > 5µm (72, 82). Extrusion shown in Figure 1.8b on the other
hand, allows generation of large unilamellar vesicles (LUV) with reproducible homogenous
size distributions > 100 nm (83, 84). By altering the flow rate, membrane pore size and
temperature during the extrusion process, the average size and homogeneity of the vesicles
can be controlled (84). Multiple extrusion steps are also suspected to allow more thorough
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mixing of the amphiphiles compared to electroformation, perhaps reflecting the structures
formed during electroformation are in a non-equilibrium state (82).

The effect of buffers on membranes has not been fully explored due to the assumption
that buffers are too hydrophilic to substantially interact with a lipid bilayer. However,
HEPES and PIPES buffers were found to have a membrane softening effect on DPPC
bilayer, believed to be caused by an interaction between the buffer molecules and the
lipid head group. As changes to the hydrophilic region are thought to alter membrane
elasticity, the relationship between buffer and lipid needs to be kept in mind when planning
experiments (51). Other factors that could influence lipid and polymer vesicle formation
include amphiphile composition, electrostatic interactions, electrolyte concentration and
interactions with polymers (47, 85).

Figure 1.8: Vesicle preparation methods. Vesicles can be prepared using the a)
electroformation method of GUVs and b) extrusion method for LUVs.

1.5 Recent advances for hybrid lipid/polymer vesicles

Recent work is starting to uncover important advantages in using hybrid vesicles for
membrane protein reconstitution, including enhanced protein folding and significantly
extended functional lifetime: hybrid vesicles have already been used to reconstitute a
model membrane protein. POPC has been blended withPBd22-PEO14, and reconstituted
with cytochrome bo3. The protein function in a range of compositions was monitored using
a spectroscopic decylubiquinone oxidation assay. All the hybrid compositions were found
to maintain > 40% protein activity after 41 days (1).

A combination of PBd22-PEO14 and POPC or E. coli extracted lipids were also used
to reconstitute two adenosine triphosphate (ATP) binding cassette membrane proteins,
permeability glycoportein (P-gp) or Novosphingobium aromaticivorans Atm1 (NaAtm1). The
choice of detergent during reconstitution was found to play an important role in final



16 CHAPTER 1. INTRODUCTION

protein-to-lipid-polymer ratio. Ultimately, the complex lipid mixture in the E. coli lipids
extract provided the environment for successful incorporation of P-gp protein into a
hybrid E. coli-PBd22-PEO14 membrane. The vesicles were also visualised using cryogenic
transmission electron microscopy (cryo-TEM), and size characterised with dynamic light
scattering (DLS). Membrane proton permeability over time was measured and found pure
polymer and hybrid lipid-polymer membranes had higher permeability coefficients than
pure lipid membranes (77).

Soy phosphatidylcholine (PC) was also combined with PBd22-PEO14 or polydimethyl
siloxane-graft-polyethylene oxide (PDMS-g-PEO) to form a hybrid vesicle. Another an
ATP synthase, alongside bacteriorhodopsin, was reconstituted into the hybrid vesicles
and retained activity of > 50% over 42 days in 50 mol% PBd22-PEO14/POPC and 70 mol%
PDMS-g-PEO/POPC vesicles. Vesicle size distributions using DLS found all hybrid vesicles
were uniform in size, however passive proton permeability indicated that membrane
composition played a role in permeability (78).

Ionophores have also been reconstituted into hybrid dipalmitoylphosphatidycholine
(DOPC) and PBd37-PEO22 membranes. Using a proton permeability assay to determine
enzyme activity, it was found that the addition of ionophores increased the dissipation rate
of externally imposed pH gradients and increased the transport of potassium ions. Again,
size was characterised by DLS and vesicular structure confirmed using cryo-TEM (86).

Poly(1,4-isoprene)-block-polyethlene oxide (PIPEO) diblock copolymer was synthesised
using hydrophilic/hydrophobic block ratios known to foster polymeric bilayer formation.
In combination with 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) lipids, giant
unilamellar vesicles (GUV) were prepared by electroformation. PIPEO3188 molecular
weight appeared to have no effect on vesicle formation despite differences in hydrophobic
mismatch between the lipid and polymer as shown by cryo-TEM in Figure 1.9. However,
hybrid DPPC/PIPEO3188 vesicles did have a heterogeneous distribution of a fluorescent
lipid above 50 mol% DPPC. Outer membrane protein F , OmpF, was successfully integrated
into these membranes and the activity confirmed by measuring transmembrane currents,
although the probability of OmpF insertion into the hybrid vesicles was lower than into
DPPC bilayers (73).

Longer triblock copolymers also form stable vesicles via self-assembly. Although the
hydrophobic thickness of triblock copolymers was anticipated to be much greater, the
membrane protein acetylcholinesterase (AChE) was successfully incorporated into hybrid
poly(2-methyloxazoline-block-dimethyl siloxane-block- 2-methyloxazoline) (PMOXA-b-
PDMS-b-PMOXA) and phosphatidylethanolamine (PE) or phosphatidylserine (PS) vesicles.
Fluorescently labelled lipids and fluorescence quenching techniques revealed these hybrid
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blends form mixed vesicles and a non-aggregative distribution of lipids - the membranes
were homogenous. The hybrids also appear to have intermediary properties between pure
lipid and pure PMOXA-b-PDMS-b-PMOXA systems, where the hybrids retain stability
against dehydration, but have reduced loading capacities by freeze-thaw processes due to
transient pore formation (87).

Figure 1.9: Thickness of pure PIPEO3188 membranes determined by cryo electron
microscopy. a) Micrographs of polymersomes formed by PIPEO3188 in vitreous ice. (b)
Histogram of the membrane thickness of individual polymersomes made of PIPEO3188

based on the analysis of 65 vesicles. Image was taken from (73).

Both cytochrome bo3 and ATP synthase membrane proteins were also successfully
reconstituted into graft copolymer PDMS-g-PEO and soy PC large unilamellar hybrid
vesicles (LUV). DLS was used to determine vesicle size, and cryo-TEM to confirm the
unilamellar vesicular structure. Observations with fluorescence microscopy showed phase
separation occurring in hybrid PDMS-g-PEO and soy PC membranes at polymer concentra-
tions lower than 70 mol%. Here, a fluorescent polymer marker was synthesised specifically
to determine mixing behaviours of this polymer-lipid blend. The protein functionality
was measured by observing changes in oxygen concentration within the samples, with 75
mol% polymer hybrid sample maintaining a protein activity of 92%, similar to a pure lipid
system (88).

Overall, the activity of these membrane proteins reconstituted into these hybrid mem-
branes appears to be dependent on copolymer architecture and bilayer composition. Mem-
brane proteins have been successfully incorporated into diblock, triblock and graft copoly-
mer/lipid vesicles, with the lipids used for these hybrid vesicles generally having a low
melting transition temperature. Some investigations have included membrane permeabil-
ity or release studies to complement the enzyme activity results and confirmed vesicle size
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or structure using DLS or cryo-TEM (1, 78, 86). However, relatively few have completed
experiments incrementally increasing the copolymer fraction within hybrid vesicles to
monitor enzyme activity and determine membrane properties, and then relating membrane
composition to those results.

In order to make them viable products for biomedical applications, it is essential
to understand how the composition of a membrane affects its properties. Discovering
which properties govern protein folding, structure and stability, would allow these hybrid
membranes to be tuned to enhance a particular membrane protein and alter durability in
artificial systems depending on the purpose. Previous studies combining block-copolymers
and lipids exploring mixing behaviours and domain formation in the hybrid vesicle
membrane could provide insight into hybrid vesicle component choices and membrane
properties.

Phase separation due to changes in temperature has been explored using anisotropy and
general polarisation (GP) experiments on hybrid DPPC and PBd11-PEO8 membranes, using
Förster resonance energy transfer (FRET) on LUVs, which found the hybrid membranes
could contain both solid and fluid phases across all compositions at room temperature.
Although the Hildebrande solubility parameters for polybutadiene and alkane chains
typically found in lipids are similar, GUVs of this copolymer lipid blend displayed phase
separation (79).

Mixtures of diblock copolymer polybutadiene-block-polyethylene, PBd46-PEO30 and
either phospholipids POPC or DPPC were made into GUVs by electroformation, with
demixing controlled by adding cholesterol and varying the cooling rate. The domain size
was found to be affected by the cooling rate: faster cooling rates resulted in formation of
smaller domains while the domain shape was determined by the lipid composition (63).

Although POPC was integrated into thick PBd46-PEO30 -rich membranes, it appeared
to be less energetically favourable for the PBd46-PEO30 molecules to be incorporated into
the thinner, lipid-rich membrane environment, resulting in poor hybrid lipid polymer
GUV formation. Diffusion of the copolymer in polymersome membranes, determined
by fluorescence recovery after photobleaching (FRAP), was found to be much slower
than lipid diffusion through fluid liposome membranes implying polymer-rich domains
are likely to diffuse more rapidly through a lipid-rich membrane matrix than lipid-rich
domains through a polymer-rich matrix as domain mobility is dependent on the viscosity
of the continuous phase. Micropipette aspiration revealed the thick, entangled copolymer
membranes were more robust than POPC membranes, and had a higher lysis stress and
strain (89).

PBd42-PEO20 and DPPC hybrid vesicles generated phase separated, irregular shaped
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GUVs (90, 91). A microfluidic device allowed the relationship between mechanical stress
and vesicle deformation to be observed by controlling the pressure difference, and thus the
flow, through the trap on the device. As shown in Figure 1.10, in hybrid vesicles of 65 mol%
PBd42-PEO20, polymer mechanical properties dominated as the polymer was above its glass
transition temperature and the vesicles were able to flow through the trap. For vesicles
with 35 mol% PBd42-PEO20, some vesicles deformed like the polymer systems, while
others flattened against the trap like pure DPPC vesicles. Small angle neutron scattering
(SANS) performed on this hybrid blend suggested the coexistence of pure DPPC and
PBd42-PEO20 vesicles as well as hybrid cylindrical micelle structures within the samples,
further confirmed using cryo-TEM. The difference in membrane surface morphology was
attributed to the difference between thermodynamic stabilisation and kinetic control of the
preparation techniques used to form GUVs and LUVs (91).

Figure 1.10: Microfluidics of PBd42-PEO20 and DPPC GUVs. The GUVs become deformed
as they flow through the device. a) Pure polymer vesicles deform along the flow while b)
pure lipid vesicles deform perpendicular to the flow. c) In hybrid samples, 35 mol% DPPC
GUVs deform along the flow, whereas for d-f) 65 mol% DPPC GUVs, different behaviours

are observed. Scale bar 10 µm. Images taken from (91).

Hybrid vesicles containing polymers of lower molecular weight PBd22-PEO14 on the
other hand, showed a higher tendency to form hybrid vesicles when mixed with POPC.
The GUVs were labelled with both a fluorescently labelled polymer and a fluorescent
lipid to show both homogenous mixed hybrid vesicles as well as pure liposomes and
polymersomes in the 50 mol% PBd22-PEO14 sample. Overall, increasing PBd22-PEO14
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mol% reduced the encapsulation efficiency and content release behaviours of hybrid
nanoscale PBd-b-PEO and POPC membranes (82).

Cryogenic electron tomography (cryo-ET) of hybrid PBd22-PEO14 and POPC samples
discovered both tubular and spherical vesicles existing in samples with 15-85 mol% poly-
mer component as shown in Figure 1.11. Cylindrical vesicles were thought to form due to
asymmetric membrane composition, confirmed by the reduction in quenching of fluores-
cently labelled lipids, and the inhibition of a phospholipase. The results suggested that a
large fraction of the polymer accumulated in the outer leaflet, while the lipid was found in
the inner bilayer leaflet (92).

Building on this previous study, hybrid PBd22-PEO14/POPC membranes were com-
pared with polylactic acid-polyethylene oxide (PLA-PEO)/POPC and polycaprolactone-
polyethylene oxide (PCL-PEO)/POPC membranes using calcein leakage and enzymatic
assays as well as cryo-TEM and confocal microscopy. Electron density profiles from cryo-
TEM images suggest interdigitation in PCL-PEO/POPC and PLA-PEO/POPC membranes.
Although surface morphologies in GUVs of PCL-PEO/POPC membranes indicated mi-
crodomains, the other block copolymer hybrids appeared homogeneous. The enzymatic
assay also revealed the surface topography was lipid-like, and enzymatic digestion could
be modulated by changing the polymer component (93).

Figure 1.11: Polymorphism of aqueous suspensions of lipid–polymer mixtures. Cryo-EM
images of nanostructures formed from thin film rehydration of phospholipid a) POPC, b)
50 mol% PBd22-PEO14/POPC mixtures and c) PBd22-PEO14. The images show that tubular
morphology co-exists with vesicular structures in the hybrid sample. Scale bars indicates
100 nanometers. Arrows in a), c) and e) indicate line-scan regions of b) POPC, d) 50 mol%

PBd22-PEO14/POPC mixtures and f) PBd22-PEO14. Images taken from (92).
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While PCL-PEO/POPC hybrids were confirmed to have poor passive encapsulation
and colloidal stability, PLA-PEO/POPC had improved encapsulation, comparable to pure
POPC and were stable over 3 weeks. Increasing PLA-PEO mol% reduced the initial burst
release of encapsulated carboxyfluorescein (CF) and reduced the long term release rate
(10).

Hybrid GUV membranes containing DPPC with 20-28 mol% of polyisobutylene-
polyethylene oxide PIB87-PEO17 block copolymer generated by electroformation were
also observed to experience domain formation. The morphology of DPPC/PIB-PEO GUVs
was significantly affected by the initial mixing ratio as well as the PIB-PEO block compo-
sitions. Incorporation of 16-60 mol% PIB87-PEO17 copolymer into DPPC liposomes was
believed to disturb lipid packing in the bilayer, leading to smooth membranes from the
faceted surface typically found in pure DPPC membranes. Hybrid PIB37-PEO48 and DPPC
vesicles on the other hand exhibited a more ragged surface than pure DPPC membranes,
with larger holes and lacerated edges. PIB37-PEO48 hybrids were also much larger, at 200
µm, compared to 50 µm of PIB87-PEO17 hybrids (28).

Polydimethylsiloxane-block-polyethylene oxide, PDMS-b-PEO, diblock copolymers of
various molar masses and hydrophobic weight fraction were synthesised and combined
with 10 wt% POPC to form GUVs. Mixing behaviours were observed using a fluorescently
labelled polymer and lipid while mechanical properties of these hybrid GUVs were evalu-
ated using micropipette aspiration. The polymer was thought to form weakly segregated
membranes (bilayer conformation) and hybrid vesicles were found to have intermediary
mechanical properties between pure liposomes and polymersomes (74).

POPC/PDMS-b-PEO mixtures were also compared to POPC/PEO-PDMS-PEO triblock
copolymer blends to determine structural and mechanical property differences in different
copolymer architectures. For all compositions and architectures, homogeneous membranes
were formed at low POPC contents until the limit fraction for each composition was
reached - where phase separation and then budding and fission were favoured. However,
the diblock PDMS-b-PEO/POPC composition membranes displayed greater toughness,
especially at high molar masses, compared to the triblock PEO-PDMS-PEO/POPC vesicles,
which were considered even more fragile than pure POPC (94).

Hybrid lipid/diblock copolymer membranes have even been simulated by molecular
dynamics (MD), which found phase separation was driven by incompatibility between
lipids and copolymers and thickness mismatch. Lipid diffusivity also appeared to depend
on the state of the hybrid membrane, as resistance to lipid motion was suggested to come
mainly from component interactions and interdigitation (95).

Lateral diffusion of PEO-PDMS-PEO/POPC GUV membranes of different molecular



22 CHAPTER 1. INTRODUCTION

weights and compositions was also compared to their mechanical properties. For the higher
molecular weight PEO-PDMS-PEO polymer, increasing the polymer fraction decreased
the diffusion coefficient, while for the lower molecular weight copolymer, the diffusion
coefficient increased with increasing copolymer fraction. This difference in membrane
diffusion and viscosity was attributed to the membrane conformation of these triblock
copolymers as lipid diffusion seemed insensitive to vesicle composition. Micropipette
aspiration measurements also indicate triblock copolymer architecture gives a tougher
membrane compared to grafted copolymers of the same hydrophobic molar mass (96).

The stability of DOPC and poly(2-methyloxazoline -block- dimethyl siloxane -block-
2-methyloxazoline) (PMOXA-b-PDMS-b-PMOXA) symmetric triblock copolymer large
unilamellar vesicles (LUVs) over time was characterised using DLS and quartz crystal
microbalance with dissipation (QCM-D). Stability and resistance to surface rupture was
shown to be enhanced after the incorporation of the copolymers. Stopped flow and
differential scanning calorimetry (DSC) experiments suggested copolymer incorporation
modified the bilayer structure so the hydrophilic block stretched into the solution while
the hydrophobic block filled the voids in the lipid (97).

Studies on GUVs of polydimethylsiloxane-graft-polyethylene oxide (PDMS-g-PEO) or
triblock copolymer PEO-PDMS-PEO of different molecular weights and POPC or DPPC
blends were conducted to examine the membrane mixing behaviour and mechanical
properties with copolymers of different architectures and increasing molecular weight at
a range of compositions and temperatures. Using a combination of fluorescence lifetime
imaging microscopy (FLIM) and FRET, evidence for the presence of stable nanodomains
in hybrid GUVs was found. As shown by Figure 1.12 the cooling rate impacted domain
morphology within 20 mol% DPPC/ 80 mol% PEO-PDMS-PEO GUVs. Modulation of the
line tension and bending rigidity was shown to affect hybrid vesicle surface morphology
in compositions containing POPC (34).

Triblock copolymer PEO-PDMS-PEO of different molecular weights was also blended
with POPC or DPPC to form hybrid LUVs and evaluated against PDMS-g-PEO/POPC
hybrid vesicles using cryo-TEM, FRET and SANS techniques. Changing the copolymer
architecture from graft to triblock led to more efficient mixing of the lipid and polymer
indicating line tension can be modified by changes to the architecture of the copolymer.
Decreasing the molar mass of the triblock copolymer also promoted hybrid vesicle for-
mation and resulted in disappearance of worm-like micelles in PEO-PDMS-PEO/DPPC
mixtures (98).

FRET allowed the mixing behaviours and domain formation of hybrid LUV membranes
containing PDMS-g-PEO with phospholipids DPPC or POPC to be explored. Mixtures of
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the polymers with each of the phospholipids were found to have low thickness mismatch
as determined by SANS and cryo-TEM. There was no evidence of budding and fission phe-
nomenon occurring in the LUVs, unlike for GUVs with the same composition, suggesting
that membrane curvature could play a role in the stabilisation of domains (99).

Binary-lipid membranes containing DPPC (high melting transition temperature) and
DOPC (low melting transition temperature) phospholipids were compared to PDMS-g-
PEO and DPPC hybrid membranes. Although only a fluorescent lipid was used, domain
formation could be clearly observed as shown in Figure 1.12. In both systems DPPC could
be manipulated to solidify into stripy or patchy domains by altering the membrane tension
through changes in temperature. The shape of the domains was suggested to be due to the
polymorph that DPPC formed while cooling, with the size thought to be controlled by the
proportion of DPPC used to form the vesicle. Vesicle stress and strain were characterised by
micropipette aspiration, which revealed tension played a dominant role in the morphology
of membrane domains (75).

Figure 1.12: Fluorescence microscopy images showing the impact of the cooling rate on 20
mol% DPPC/ 80 mol% PEO-PDMS-PEO GUVs. Three different molecular weights (1500,

3000 and 5000 g mol−1) of the triblock PEO-PDMS-PEO polymer were combined with
DPPC to form heterogeneous 20 mol% DPPC/ 80 mol% PEO-PDMS-PEO GUVs.
DPPC-rhodamine (red channel), expected to partition into the lipid phase, and

PEO-PDMS-PEO-FITC (green channel), expected to partition into the polymer phase, were
used as probes. The cooling rate was controlled to observe domain morphology within

these hybrid membranes. Scale bar is 5 µm and the image was taken from (34).
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Hybrid GUVs of PDMS-g-PEO and DPPC or POPC membranes were obtained using the
electroformation procedure, including both a fluorescently labelled lipid and polymer to
determine mixing behaviours. Over time, domains, budding, and finally fission occurred in
hybrid PDMS-g-PEO/POPC vesicles, with stable, homogenous membranes obtained only
when the polymer was the major component (60-90 mol%) as shown in Figure 1.13. DPPC/
PDMS-g-PEO mixtures formed heterogeneous vesicles at copolymer > 50 mol%, which
unlike their POPC counterparts, were stable for several days. Copolymer interaction with
the lipid was believed to impact the enthalpy and the melting temperature for fractions
as low as 10 mol% PDMS-g-PEO, providing evidence that part of the copolymer chains
were dispersed in the lipid phase. Further additions of copolymer did not alter the melting
transition, suggesting a copolymer saturation point in the lipid phase (22).

Figure 1.13: Fluorescence microscopy images of heterogeneous hybrid 75 mol% POPC/ 25
mol% PDMS-g-PEO GUVs. Rh-PE (red channel), expected to partition into the lipid phase,
and PDMS-g-PEO-fluorescein (teal channel), expected to partition into the polymer phase,

were used as probes. Initially, 75 mol% PDMS-g-PEO sample has a) spherical, biphasic
vesicles which then b) and c) begin to present different curvatures within the same vesicle.
d) A flat contact area appears between the two adhering, but separated, vesicles before e)

the vesicles become completely distinct. Image taken from (22).

The majority of studies use a combination of fluorescence microscopy and fluores-
cence spectroscopy to observe phase separation within hybrid lipid-polymer membranes.
Investigations show the existence lipid-rich and polymer-rich phases within hybrid vesi-
cles, although this is dependent on copolymer architecture, the mean the ratio of lipid
to polymer and the specific lipid and polymer used. Homogeneous distribution within
lipid-polymer hybrid GUV membranes is favoured provided the lipid component is in
a fluid state, and typically at a low fraction (22, 29, 90, 98). Although not fully investi-
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gated, it appears that above a threshold lipid fraction, microdomains start to appear and
begin budding and fission processes depending on the line tension at the lipid domain
boundaries. The line tension seems to be partially modulated by the hydrophobic thickness
mismatch, and therefore the molar mass of the hydrophobic block of the components, at
the lipid-polymer interface. Studies on PDMS-based copolymer/lipid hybrid membranes
have even reported formation of stable nanodomains (98).

In terms of membrane properties, studies focus on membrane permeability and release
experiments (10, 78, 82, 86, 97). However it is difficult to extract properties such as diffusion
across the membrane as both systems and loaded molecules differed between studies and
membrane structure was not known. However, few studies have focussed on the influence
of membrane structure on the properties of copolymer/lipid hybrid membranes. Majority
of studies use DLS for size characterisation, and SAXS, SANS or cryo-TEM used merely
to confirm vesicle morphology rather than to their full potential (34, 92). In order to
tune hybrid lipid-polymer vesicles for particular applications, the parameters that govern
membrane structure must also be understood.

Although PC/PBd-b-PEO (< 3000 g mol−1) hybrid membranes have been shown to
extend functional lifetimes of incorporated membrane proteins (1, 77, 78, 86), relatively
few investigations have completed experiments incrementally increasing the copolymer
fraction within hybrid vesicles to determine surface morphologies (membrane homogeneity
or phase separation) and membrane properties, and then relating membrane composition
to those results. Therefore there is a need to systematically investigate PC/PBd-b-PEO (<
3000 g mol−1) membrane compositions.

1.6 Research aims and objectives

In the past, pure lipids and polymer vesicles have been used to act as microreactors for
compartmentalised chemistry, sensors from functionalising the membrane surface, and
drug delivery vectors by encapsulation within the vesicle lumen or membrane. However
these pure systems have disadvantages, making hybrid lipid-polymer vesicle systems more
attractive as it is believed the advantages from both components can be retained. Hybrid
lipid-polymer vesicles are quickly gaining interest due to their increased robustness and
colloidal stability as well as their reduced permeability compared to pure lipid vesicles.
Previous investigations have also shown membrane proteins can be integrated into the
hybrid vesicle membrane and their enzymatic activity maintained over time.

One study in particular showed that by blending POPC lipid with poly 1,2-butadiene(1200)-
block-polyethylene oxide(600) (PBd22-PEO14) diblock copolymer into 50 mol% and 75 mol%
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PBd22-PEO14 the enzymatic activity for an integrated membrane protein could be retained
for over 500 days - far longer than a POPC liposome (1). While the biocompatibility of
PBd22-PEO14/POPC blend has been established, relatively little is known about membrane
properties and structure of this lipid-polymer mixture. Reasons for this sustained activity,
the orientation of the integrated membrane protein, and whether the vesicles form a ho-
mogenous or phase-separated membranes and thus which environment the enzyme might
prefer, is also unknown.

The main aim of this project is to understand the structure, dynamics and physical
properties of hybrid lipid polymer vesicles made from POPC phospholipids, and two
different molecular weights of PBd-b-PEO copolymer. A numerical estimate for the degree
of interaction and solubility between nonpolar materials such as polymers is given by the
Hildebrande solubility parameter. A PBd-b-PEO amphiphilic block copolymer was used
because it has a similar Hildebrande solubility parameter (15.9 (J cm−3)

1
2 ) to alkanes typi-

cally found in lipids like POPC (∼ 14-16 (J cm−3)
1
2 ) (100, 101). Butadiene mimics the long

alkyl chains of a phospholipid, while ethylene oxide is hydrophilic like a typical phosphate
head group of phospholipids (102). PEO is also known to improve the pharmacokinetic
properties of vesicles due to a stealth effect it causes that hinders recognition of the vesicle
as a foreign body by the immune system (91). Polymer molecular weight is thought to
control the membrane thickness and therefore the membrane mechanical properties (103).

Figure 1.14: Component structures. Structures of a) POPC b) PBd-b-PEO diblock
copolymer with m number of hydrophobic poly 1,2-butadiene monomers and n number of

polyethylene oxide monomers.

Membrane properties of large unilamellar vesicles LUV will be determined using a
variety of techniques: the permeability and contents release of different compositions of
membranes will be investigated using fluorescent probes. Small angle x-ray scattering
(SAXS) will be used in conjunction with cryogenic electron tomography (cryo-ET) to find
structural information, such as electron density profiles, and morphological changes of
vesicles with different membrane compositions. Finally, the mechanical and rheological
properties of giant unilamellar vesicles (GUV) membranes will be explored using Flicker
spectroscopy and fluorescence recovery after photobleaching (FRAP) and results compared
with the membrane hydration determined using Laurdan fluorescent membrane probe.



2. Techniques
2.1 Fluorescence

Fluorescent dyes (fluorophores) have often been used to probe vesicle properties such as
ion permeability (86), contents encapsulation and release (10), phase separation (98, 99),
membrane viscosity (29) and membrane packing (79).

Fluorescence in fluorophores is a multi-stage process as shown in Figure 2.1. First
the molecule absorbs photons which promotes the molecule from the ground state, S0

to an excited state, S1, S2, ..Sn (104). This excited molecule can collide with surrounding
molecules, dissipating some of its energy. However, the surrounding molecules may not be
able to accept all the energy needed for the molecule to return to its ground state - instead
this excess energy can be emitted as a photon as the molecule relaxes from S1 to S0 states.
Due to the energy dissipation while the molecule was excited, the energy of the emitted
photon is lower, and therefore of a longer wavelength, than the photon initially absorbed.

Figure 2.1: The Jablonksi diagram. a) The electronic states of a molecule and the transitions
between them are arranged vertically by energy. The Stokes shift b) is the difference in

nanometres between the excitation peak and the emission peak wavelengths.

This difference in energy and wavelength between the absorbed and emitted photon
is known as the Stokes shift. Each fluorophore has a distinct and individual Stokes
shift (105, 106). The magnitude of the Stokes shift depends on the fluorophore and its
environment. When excited, the dipole moment of the fluorophore changes, however the
surrounding solvent molecules may not adjust as quickly. In more polar solvents such

27
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as water an methanol, the fluorophore dipole moment interacts with the polar solvent
molecules to reduce the energy of the excited state. Generally, more polar solvents such
as water and methanol give larger Stokes shifts compared to non-polar solvents such as
hexane and toluene, which have no dipole moment (107).

A fluorometer (or fluorimeter) measures the the intensity and wavelength distribution
of the emission spectrum of a sample after excitation of the sample by a specific wavelength;
these parameters are then used to determine the number of fluorophores present in the
sample.

2.1.1 Environment sensitivity: proton permeability

HPTS is a hydrophilic pyranine polyanion that is often used to observe the proton per-
meability of vesicles (86, 108, 109) as the pyranine’s fluorescence intensity is sensitive to
changes in hydrogen ion concentration, making HPTS suitable for exploring passive and
facilitated proton fluxes and thus allowing continuous steady-state measurements of the
internal hydrogen ion concentration in neutral and anionic vesicles after gel filtration
(110). Because the pyranine molecule is anionic, encapsulated HPTS does not bind to the
internal phospholipid bilayer, does not readily leak, and molecules are free in solution of
the internal aqueous phase (86).

Figure 2.2: a) HPTS in protonated and deprotonated form. b) shows how the HPTS
absorbance profile changes as the pH chances. When the solution is more acidic,the

absorbance at 405 nm increases, while if the solution is more basic, the absorbance at 445
nm increases.

As shown in Figure 2.2, the ionisation of the pyranine group of HPTS by a pH change
has a pronounced red shift in the fluorescence excitation maximum, from 400 nm (at pH
4) to 450 nm (at pH 10) while the fluorescence emission maximum of 510 nm remains
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unchanged (110). This red shift can also be observed as a colour change that can be
measured using a UV-vis spectrometer or fluorometer.

2.1.2 Fluorescence quenching: contents release

Previously carboxyfluorescein (CF) has been used to determine encapsulation efficiency
and release in vesicles (10). At high concentrations (> 40 mM) this dye self-quenches
(11, 111); fluorescence is lost due to the higher probability of collision between CF molecules.
The excitation and emission wavelengths do not change (492 nm and 519 nm respectively)
and only the fluorescence signal is reduced, so once CF is diluted to a lower concentration,
fluorescence returns.

This is useful when measuring the encapsulation efficiency and release from vesicles.
Initially the CF is trapped in the vesicle lumen at high concentrations and has low fluores-
cence emission intensity. Excess CF in the bulk aqueous phase is removed by gel filtration.
Fluorescence in the initial sample can then be measured before the vesicles are then be
destabilised, thus diluting the CF concentration, and final CF fluorescence recorded. En-
capsulation efficiency can then be calculated by comparing the initial fluorescence against
the final emission.

2.1.3 Confocal microscopy: imaging fluorescent vesicles

Confocal microscopy is commonly used to obtain high resolution images of giant unil-
amellar hybrid lipid-polymer vesicles, specifically to determine whether phase separation
has occurred (29, 79, 88, 90, 99). Confocal microscopy offers several advantages over con-
ventional optical microscopy, including the control over depth of field, and a reduction of
background information not in the focal plane, that can cause image degradation.

Traditional optical microscopes use an arrangement of lenses to magnify and view
objects that are otherwise too small to be seen. A high resolution is also important as
objects can be viewed with greater detail. In bright-field microscopes, visible light is passed
through the sample and used to form the image directly, without any alterations to enhance
the contrast and clarity of the image.

For high resolution imaging, this out-of-focus information that could contaminate
image analysis, has to be removed (112). Instead of using a wide field light source, the
beam can be focused to a small point (defined by the microscope point spread function),
which in turn illuminates a single point inside the sample, and weakly illuminates the rest
of the sample. To remove the contribution from weakly lit, out-of-focus objects, a pinhole
is placed on the image plane, which allows only light from the bright part of the image to
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pass. The detector now registers the object illuminated by the focused light and ignores
the rest of the sample (113, 114).

This is the basis of confocal microscopy: a focused laser is used to excite fluorescent
molecules within the sample and, with help of a pinhole, only emissions from the targeted
area are used to produce a sharp image without interference from fluorescent molecules
in the surrounding environment as demonstrated in Figure 2.3a. The illuminating beam
can be moved across the sample to allow different areas to be imaged, and microscope
will discriminate points near (next to, above and below) the focal area, a feature known as
optical sectioning. This allows a thin section of the sample to be imaged and then combined
with other optical sections into a three-dimensional display (114).

Figure 2.3: Confocal microscopy and the point spread function. a) When a fluorescent
sample is illuminated, the excited fluorophores will emit photons. The surrounding area

will also be illuminated, however the pinhole will block the light from the proximate
points, while allowing the point of interest to be imaged. b) The emitted photons are

diffracted by the optical components of the microscope and the point of interest appears as
spaced rings by the detector. The number of photons that can be collected depends on the
size of the objective aperture angle. The PSF appears as regular rings, also known as an
Airy pattern. The larger the numerical aperture, the greater the collection angle, and the
more photons are collected, generating a smaller airy disk and producing images with

greater resolution (115).
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The key properties of the microscope, the magnification and the resolution, are dictated
by the objective lens. The resolution is defined as the minimal distance, d, at which two
objects within a sample are seen separately. The minimal distance imaged using a regular
bright-field microscope depends on the sine of the half angle (α) of the cone of light
accepted by the objective lens or emerging from the condenser lens, sin α, the wavelength
λ of the incident light and the refractive index η of the media between the frontal lens and
the sample. The product of sin α and the refractive index, η, gives the numerical aperture
(NA) for the objective (NAobj) or condenser (NAcon) lens. In fluorescence microscopy the
objective is the condenser so NAcon is equal to NAobj (104, 116):

dmin =
λ

NAcon + NAobj
=

λ

2NA
(2.1)

where dmin is the minimal distance between two points. The resolution limit of a microscope
depends on the diffraction of light, which blurs any point object into a certain size and
shape. This degradation is due to the microscope’s point spread function (PSF), or it’s
Fourier transform, the optical transfer function (OTF) (112). An illuminated fluorescent
sample will emit photons which are diffracted by the optical components of the microscope.
The number of photons that can be collected depends on the size of the objective aperture
angle. The PSF appears as regular rings and varies depending on the wavelength and
the numerical aperture of the objective lens: short wavelengths and a high NA objective
results in a smaller PSF, while long wavelengths and a low NA objective gives a larger PSF
as depicted in Figure 2.3b.

Environment sensitivity: membrane packing

Laurdan (6-dodecanoyl-N,N-dimethyl-2-naphthylamine) is a fluorophore that been used in
the past to monitor the structure and polarity of a membrane (117, 118, 119, 120, 121, 122).
It has a hydrophobic fatty acid tail that allows the Laurdan to be soluble in the lipid
bilayer, while the fluorescent napthalene group of the molecule rests towards the aqueous
environment between the glycerol backbones of the phospholipid membrane.

While in the bilayer, Laurdan can be excited between 350-400 nm wavelengths, in-
creasing the dipole moment of its napthalene moiety and causing the reorientation of
surrounding solvent dipoles (121). Then as Laurdan relaxes, photons are emitted. Photon
emission at approximately 440 nm indicates an ordered lipid bilayer, while emission at
approximately 490 nm implies a disordered lipid bilayer (117, 118, 119, 120, 121, 122). By
comparing the fluorescence emission intensities from images of vesicles at 440 nm and
490 nm, a change in the environment of a lipid bilayer, such as hydration state, can be
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monitored using confocal microscopy.

The shift in emission between different membrane phases is used to calculate the
generalised polarisation (GP), a relative quantitative measure for lipid packing. Generalised
polarisation is calculated by:

GP =
I440 − I490

I440 + I490
(2.2)

Where I440 and I490 are the fluorescence emission intensities at 440 and 490 nm respec-
tively (118). Generalized polarization values vary from 1 indicating little or no solvent
effect, to -1 where the Laurdan is completely exposed to the bulk media, which in this case
is water (121).

Figure 2.4: Laurdan excitation and emission. a) Laurdan has a hydrophobic fatty acid tail
that allows b) the Laurdan to be soluble in the lipid bilayer, while the fluorescent

napthalene group of the molecule rests towards the aqueous environment between the
glycerol backbones of the phospholipid membrane. Laurdan is excited between 350-400
nm and a) emits at wavelengths between 400-540 nm. Photon emission at 440 nm (violet

line) indicates a b) liquid ordered membrane, while emission at 490 nm (blue line)
indicates c) liquid disordered. The rearrangement of water molecules (black dots) around
the Laurdan dipole (arrows) causes the shift between different phases. Image was adapted

from (121, 122).

Photobleaching: membrane viscosity

Fluorescence recovery after photobleaching (FRAP) has been used previously to determine
lateral diffusion coefficients of fluorophores through a hybrid lipid-polymer membrane
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(90). Fluorescent molecules used for FRAP experiments must be chosen with care. The
fluorophores need to be soluble in the membrane, so generally fluorescently labelled lipids
or polymers that can partition into the membrane components are used to conduct FRAP
in pure lipid or pure polymer membranes (29, 88).

To perform FRAP, the top pole of vesicles containing fluorescently labelled amphiphiles
are imaged using a confocal microscope and then a small area is irradiated with a high
intensity laser. The extent of photobleaching is dependent on the duration and intensity of
exposure to excitation light. The fluorophore is irreversibly destroyed in the excited state
and loss of fluorescence signal is irreversible if the bleached fluorophore population is not
replenished. However, vesicle membranes are assumed to be dynamic environments, so
fluorescence signal returns to the bleached area by lateral diffusion of fluorophores from
non-bleached areas (123) as shown in Figure 2.5. The rate at which the fluorescence signal
returns can be used to determine membrane viscosity: fluorophores diffusion through
a viscous membrane is expected to be slow, while fluorophores would be anticipated to
diffuse easily through a fluid membrane.

The recovery curves can then be fitted to find a diffusion coefficient, D, for the fluores-
cently labelled lipid or polymer through the membrane:

D =
r2

4τD
(2.3)

Where r is the radius of the bleached region and τD is the half recovery time.

Figure 2.5: Fluorescence recovery after photobleaching. a) vesicles containing fluorescently
labelled lipids or polymers are imaged and then a small area is irradiated with a high

intensity laser. The fluorescent amphiphile is irreversibly destroyed, however fluorescence
returns the bleached area by lateral diffusion of fluorophores through the membrane. The

return of fluorescence is recorded as a b) recovery curve that can be fitted to find the
diffusion coefficient of the fluorescently labelled amphiphile through the membrane.
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Vesicle flickering: membrane thermal undulations

Lipid membranes exhibit thermal membrane undulations that are governed by the bending
elasticity of the membrane. These membrane undulations can be analysed to find the
membrane bending rigidity κb and membrane tension, σ, by imaging the equatorial plane
of a fluorescently labelled giant unilamellar vesicle (GUV) using a confocal microscope
(124).

With aid from fluorescent probes, an image sequence of a fluctuating GUV membrane
over time (flicker spectrum) can show that the apparent membrane position does not always
correspond to its equatorial contour. Imaging the equatorial plane allows fluorescence to
be captured from a greater area of membrane, and allow changes in the radial membrane
distribution to reflect the underlying membrane flickering. This flicker spectrum can
then be used to track membrane undulations, resulting in a power spectrum of the mean
square amplitude of a given vibrational mode, ⟨| u2

q |⟩, against wavenumber, q. The power
spectrum is fitted with:

⟨| u2
q |⟩ =

kBT
2σ

(
1
q
− 1√

σ
κb
+ q2

) (2.4)

where kB is the Boltzmann constant and T is the temperature, allows κb and σ to be
quantified.

2.2 Scattering

2.2.1 Dynamic light scattering: characterising vesicle size

Dynamic light scattering (DLS), also known as photocorrelation spectroscopy (PCS), is
usually used to determine the diffusion behaviour of suspended particles in solution (125).
It is also commonly used to characterise vesicle size distributions (10, 77, 78, 86, 88, 126).
Previously, the vesicle diffusion coefficients from DLS were typically used to find size and
polydispersity information. These coefficients depend on the particle size, temperature
sample and solvent viscosity (125).

Macromolecules in solution are buffeted by solvent molecules in Brownian motion.
When a beam of light hits the suspension, light scatters in all directions as function of size
and shape of the macromolecules. Brownian motion imparts a randomness to the phase
of the scattered light giving either constructive or destructive interference. This leads to
time-dependent fluctuations in intensity of scattered light, which are directly related to
the rate of diffusion of the molecule through the solvent, which in turn is related to the
hydrodynamic radius of the particle. How rapidly the light scattering intensity fluctuates
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is related to diffusion behaviour of molecules: large molecules will diffuse slowly, so will
have similar positions over time, while small particles will move much faster and won’t
have a specific position (125).

The intensity correlation function, g2(τ), describes the movement of the particles, and
after normalisation, is found by:

g2(τ) =
⟨I(t)I(t + τ)⟩

⟨I(t)2⟩ (2.5)

where τ is the lag time between two time points, I(t) is the intensity of the scattered
light at time, t. The angle brackets indicate that the values are averaged over all t. This
second-order correlation function depends on the shift of a duplicate intensity trace from
the original before the averaging is performed.

The precise motion of each particle in a solution is not known, however the movement
of particles relative to each other can be found using an electric field correlation function,
which when normalised gives:

g1(τ) =
⟨E(t)E(t + τ)⟩

⟨E(t)2⟩ (2.6)

where E(t) and E(t + τ) give the scattered electric fields at time t and t + τ.

Assuming that the photodetector detects only scattered light and that the counting is
a random Gaussian process, the first- and second-order correlation functions, g1(τ) and
g2(τ) respectively, can be combined (125):

g2(τ) = B + β|g1(τ)|2 (2.7)

where B is the baseline of the correlation function at infinite delay (∼1) (125, 127). The
coherence factor, β, is also known as the correlation function amplitude at zero delay and
is dependent on optical alignment, and scattering properties of macromolecules.

For particles undergoing Brownian motion, the electric field correlation factor, g1(τ),
decays. For monodisperse systems, the decay is exponential and dependent on the decay
constant, Γ, while in a polydisperse system the decay is a distribution of decay rates (125).
A non-linear least squares fitting algorithm can be used to fit the measured correlation
function g2(τ) shown in Figure 2.6 to retrieve the correlation function decay rate Γ. This
decay constant, Γ is directly related to a particles’ diffusion behaviour (Dτ):

Γ = −Dτq2 (2.8)
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The Bragg wave vector, q, gives the magnitude of the scattering vector and is proportional
to the solvent refractive index, n0:

q =
4πn0

λ0
sin(

θ

2
) (2.9)

λ0 is the vacuum wavelength of the incident light, and θ is the scattering angle (125, 127).

From this, the velocity of the Brownian motion and the particle size can then be
determined using the Stokes-Einstein relationship:

Dτ =
kT

6πηRh
(2.10)

where Dτ is the diffusion coefficient of a spherical particle of hydrodynamic radius Rh

in a fluid of viscosity η at absolute temperature T, and k is the Boltzmann constant. The
hydrodynamic radius Rh is defined as the radius of an equivalent hard sphere diffusing at
the same rate as the molecule under observation, but more closely reflects the apparent
size adopted by the solvated, tumbling molecule (125, 127).

Particle motion can then be connected to the measured scattering intensity fluctuations
by:

g2(τ) = 1 + β exp2Dτq2τ (2.11)

DLS instruments will have a detector at either 90 °or a backscatter detection system
at 173 °and 158 °, which is close to the incident light at 180 °. At high scattering angles
(> 90°) the scattering contributions from rotational diffusion can be ignored and Dτ can
be obtained. Backscattering detection would also allow for the measurement of Dτ in
highly concentrated solutions as the light passes through a shorter path length, reducing
light scattering from one particle being scattered by surrounding particles. The scattering
contributions from large contaminating particles such as dust can also be avoided in
a backscatter detecting system as these large contaminants scatter light in the forward
direction, while smaller particles scatter light in both forward and backward directions
(125).

The correlation function in Equation 2.11 has to be fitted in order to understand the in-
formation on the diffusion coefficient: the model used is dependent on whether the sample
is mono- or polydisperse. In a monodisperse system, the size distribution is Gaussian-like
distribution around a mean value, with the decay constant a single exponential function.
In this case a cumulant analysis can be used (125, 128).

However for a polydisperse sample, polydispersity index (PDI) > 0.7, the correlation
function is a sum of several decay functions with different decay rates so a non-monomodal
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distribution model is required. Constrained regularization method for inverting data
(CONTIN) is a non-linear statistical technique that uses a Laplace transform to fit the
correlation function (125). As with any fitting however, over parameterising a model can
cause issues. During this research project, a maximum of three size distributions within a
sample could be extracted using the CONTIN technique.

Figure 2.6: Size characterisation from intensity measurements using dynamic light
scattering. Laser light is directed to a sample. The particles scatter the incident light, which

is detected by photon detectors. Particle Brownian motion leads to time-dependent
fluctuations in intensity of scattered light, which is related to the particles’ diffusion. Using
the Stokes-Einstein relationship, the velocity of Brownian motion and the particle size can

be determined.

2.2.2 Small angle x-ray scattering: studying membrane structure

Small angle x-ray scattering (SAXS) is a non-destructive analytical method that can be used
to accurately determine the average size and shape of particles in a sample. Applications
for SAXS are broad and include structural determination of biological materials, polymers,
colloids, nanocomposites, and pharmaceuticals. Unlike microscopy where a small part
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of the sample is magnified and investigated, in SAXS, the whole sample is illuminated
and investigated at once, allowing the average structure to be obtained from all objects
at different orientations within the sample. Small features will not be picked up unless
they are present in the majority of the sample, and therefore are representative (129). In a
typical SAXS set-up, particle sizes from 1 to 100 nm can be resolved, but this range can
be extended by measuring at even smaller or larger scattering angles. At larger scattering
angles, smaller details such as intermolecular distances are resolved, while at smaller
scattering angles, larger particles and self-assembled systems can be observed (129, 130).

In SAXS the sample is irradiated with x-rays. The sample causes a fraction of the
incoming x-ray radiation to scatter in all directions, giving rise to background radiation.
Particles of clusters of atoms inside the sample will produce additional scattering. Other
fractions of the incoming x-rays will either pass through the sample or be absorbed and
transformed into other forms of energy (129). For example, in pure water most of the
x-rays get absorbed (59%) and some do not interact at all (37%), so only a small number are
scattered (4%) (131). To establish contrast, the particles in the sample must have an electron
density that is different to the surrounding matrix material. Increasing exposure time and
photon flux and using the high photon flux available at the synchrotron, helps improve
the signal-to-noise ratio allowing even weakly scattering materials to be investigated (129).
In this study, high electron density contrast to water results from the differences between
phospholipid head groups and the methyl trough region within the lipid bilayer, and from
the oxygen-rich polymer moieties and the hydrophobic core in polymer membranes.

Scattering can occur with or without loss of energy which means the scattering radiation
can have either the same wavelength (elastic scattering) or different wavelengths (inelastic
scattering) to the incident radiation. In elastic scattering, the electrons in the particles begin
to oscillate at the same frequency as the incoming radiation. Due to this oscillation, the
electrons emit radiation with the same frequency as the incoming radiation, producing
interference patterns at the detector. At the detector, the intensities of the scattered x-
rays are observed and the result is the square of all wave amplitudes that come from the
sample volume. Only interfering x-rays can carry information on the structure. These
interferences can be in-phase and constructive, out-of-phase and destructive, or in between
the two, depending on the observation angle 2θ, and the distance between atoms, d. For
constructive interference the reflected x-rays of wavelength λ must arrive at the detector in
phase, with a path difference of integer multiple n as described by Bragg’s law (129, 130):

nλ = 2d sin θ (2.12)
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Where n is the order of reflection (n = 1, 2, 3...), d is the distance between lattice planes, and
2θ is the scattering angle (130) as shown in Figure 2.7. Constructive interference causes
intensity peaks on the scattering pattern, while destructive interference produces zero
intensity regions. The resulting 2D interference pattern varies in intensity from position to
position in terms of scattering angle 2θ and relative distances between atoms in the sample
(129, 130).

Figure 2.7: Bragg’s law. Bragg’s law states that when an incident x-ray hits a crystalline
surface, its angle of incidence, θ , will be reflected at the same angle. Constructive
interference will only occur when the path difference, 2dsin(θ), is equal to a whole

number, n , of wavelength λ. The incident beam ki is scattered by a particle in solution.
The scattered beam, k of wavelength λ is recorded by the detector and the scattering

vector, q, is found from the scattering angle, 2θ.

Every distance is measured relative to the wavelength of the incoming radiation. To
become independent from the wavelength, scattering patterns are commonly presented as
functions of the scattering vector, q:

q =
4π

λ
sin(θ) (2.13)

Scattering patterns show the structure in reciprocal space, so scattering vector q has
dimensions nm−1. The scattering pattern contains shape and density distribution informa-
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tion of the particles expressed as the square of the form factor, F(q), and carries information
about particle-particle interactions, which relates to the structure factor contribution, S(q)
(129).

If the particles in the sample are monodisperse in shape and size, and the sample is
dilute, then the 2D scattering pattern corresponds to the product of the number of particles
and their unique form factor only. In polydisperse samples, the scattering pattern is the
sum of all the form factors of all particle sizes in the sample (129).

If the sample is concentrated, then the relative distances between particles is small
enough that the particle scattering begins to interact with each other. This results in
an additional interference pattern, known as the structure factor contribution, S(q), and
multiplies with the form factor squared to give the final scattering pattern.

∆I(q) ∝
|F(q)|2S(q)

q2 (2.14)

In the case of dilute system, S(q) = 1 so

∆I(q) ∝
|F(q)|2

q2 (2.15)

A SAXS signal can be optimised by increasing the illuminated sample volume (scattering
volume). However, samples that are too thick are undesirable due to the increased sample
absorption, so to increase the scattering volume the beam dimensions can be widened, and
the sample set to optimum sample thickness. For a given wavelength, the optimal sample
thickness, topt, depends entirely on how easily the x-ray can penetrate the sample, which is
characterised by the attenuation coefficient, µsample (131):

topt =
1

µsample
(2.16)

Most soft matter has an attenuation coefficient close to that of water, leading to an optimum
sample thickness of 1 mm for water-based samples at λ = 1.54 Å (131).

Usually during a SAXS experiment of particles in a water-based suspension, scattering
intensity curves of both the sample (particles within the matrix) and the matrix material in
a cell are obtained. If the sample and the matrix have the same transmittance, TS = TW ,
where transmittance is the ratio of transmitted versus incident x-rays, then the scattering
intensity from the water matrix can merely be subtracted from the sample to retrieve the
scattering pattern from just the particles in the sample. If a material does not absorb x-rays,
then transmittance is 1. However, if particles in the matrix (sample) absorb more than the
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matrix, TS < TM, then the scattering intensity of the sample will be reduced. Therefore the
scattering intensity curves must be scaled by their respective transmittance values (129).

Measured intensity curves from the scatting pattern of particles in suspension will con-
tain contributions from the particles, as well as the water and the cell. After normalisation,
the empty cell scattering intensity IC is subtracted from the sample scattering intensity, IS

and water scattering intensity IW as follows:

IS =
IS+C

TS+C
− IC

TC
(2.17)

IW =
IW+C

TW+C
− IC

TC
(2.18)

where IS+C and IW+C are the scattering intensities from the sample and water and TS+C

and TW+C are the transmissions from the sample and water, respectively (132). To retrieve
the scattering from the particles only intensity, the scattering intensity of water IW must be
subtracted from the sample scattering intensity, IS:

∆I(q) = IS–IW (2.19)

To do this accurately however, variations in sample thickness must have been controlled.
If the samples are also not dilute the excluded water volume has to be taken into account
when applying Equation 2.19: for instance, from a 20 volume% dispersion only 0.8 IW

is subtracted from the sample scattering IS. The resultant intensity curve can then be
fitted with a model. However, the x-ray scattering pattern might be able to be fitted with
an ensemble of different solutions, not all of which fully represent the particle structure,
thus, any a prior knowledge of the sample structure is helpful in order to apply the most
appropriate models when fitting the scattering curve.

Functionality in biological membranes strongly depends on the chemical properties and
amphiphile geometry that make up the bilayer. Amphiphile organisation into membranes,
and the resultant membrane permeability is dependent on the internal arrangement of
the amphiphiles, so the electron density profile is an important parameter to know (129).
SAXS is one of the best methods for determining bilayer thickness of lipid membranes in
near-native conditions, providing information on the hydrocarbon chain region thickness
of a membrane (130). Phospholipid bilayer membranes such as POPC, DOPC and DPPC
have been extensively studied using SAXS to determine the electron density across their
membranes, the bilayer thickness as well as fatty acid packing (133) and the membrane
bending modulus (134).
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The membrane electron density distribution can be found by performing a Fourier
transform on the form factor F(q). Membrane electron density profiles are commonly
modelled by a strip-model, as shown in Figure 2.8. Using the “Bilayered Vesicle” model
from the SASfit analysis program (135), the form factor, F(q)BLV for a unilamellar vesicle is
given by:

F(q)BLV =(+K(q, R, ρW − ρC) + K(q, R + tH, ρC − ρH)

+ K(Q, R + tH + tC, ρH − ρC) + K(q, R + 2tH + tC, ρH − ρW))
(2.20)

With
K(q, R, ∆ρ) =

4
3

πR3∆ρ3
sin(qR)− (qR)cos(qR)

(qR)3 (2.21)

Where R is the vesicle core radius, tH is the thickness of the outer regions of the bilayer
(headgroups), tC is the thickness of the inner part of the bilayer (tail groups), ρW is the
electron density of the matrix, ρH is the electron density of the head groups, and ρC is the
electron density of the tail groups (136).

Previously the electron density profiles of fluid lipid bilayers have been modelled by a
symmetric 3-Gaussian form factor, with two distinct Gaussians: one Gaussian representing
the polar head groups at ±zH and another Gaussian for the methyl groups at the centre
of the lipid bilayer. The widths of the Gaussians representing the polar head groups
and methyl trough are given by σH and σC, respectively. The fraction of the negative
methyl group amplitude against the head group amplitude gives the minimum/maximum
electron density contrast ratio, given as ρR = ρC/ρH. The water density can be set to
zero, and since the electron density of the head group and the hydrophobic core are linear
dependent, ρH can be set to 1 so only ρR can be used as a fitting parameter for the electron
density. The following electron density profile has been used as a model for a pure lipid
membrane:

ρ2G = exp(− (z − zH)
2

2σ2
H

) + exp(− (z + zH)
2

2σ2
H

)− ρR exp(− z2

2σ2
C
) (2.22)

The Fourier transform for this 2-Gaussian model gives the form factor, F2G(q), that can
be used to fit the scattering intensity curves:

F2G(q) = 2π(2σH exp(−σ2
Hq2

2
) cos(qzH)− σCρR exp(−

σ2
Cq2

2
)) (2.23)

This 2-Gaussian model can be made more complex by expanding to 3, or even 4-
Gaussians and potentially also account for asymmetry (137) or other features within the
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membrane. For this symmetric 4-Gaussian model, the model can again be reduced to two
Gaussians, where one Gaussian is used to represent the hydrophilic region at +zH and
−zH of width σH , and the the hydrophobic core region is represented by two Gaussians at
±zC with width σC. The minimum/maximum electron density contrast ratio here is given
by ρR = ρC/ρH. The following electron density profile of a polymer membrane:

ρ4G = exp(− (z − zH)
2

2σ2
H

) + exp(− (z + zH)
2

2σ2
H

)

− ρR exp(− (z − zC)
2

2σ2
C

)− ρR exp(− (z + zC)
2

2σ2
C

)

(2.24)

The Fourier transform for the 4-Gaussian electron density profile gives the form factor
F4G(q):

F4G(q) =2π(2σH exp(−σ2
Hq2

2
) cos(qzH)

− 2ρRσC exp(σC exp(−
σ2

Cq2

2
) cos(qzC))

(2.25)

Figure 2.8: Electron density profile models from SAXS scattering patterns. The electron
density profile of a lipid bilayer can be retrieved from scattering intensity curves obtained
by SAXS. The curves can be fitted with either a a) strip-model as used in SASfit program or
b) 2-Gaussian model. The 2-Gaussian model can be expanded into a c) 4-Gaussian model.
The electron density profiles provide valuable insight into the structure of the membrane.
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2.3 Electron microscopy

Transmission electron microscopes (TEM) allow the observation of very small samples
that cannot be viewed using light or optical techniques such as confocal microscopy. The
resolution of electron microscopes can go to 4 Å , while optical microscopes can only
resolve to 2000 Å (138) because the resolution in traditional light microscopy is limited
by the diffraction of light. While super-resolution optical microscopy can push the 2000
Å barrier, the resolution is still limited compared to electron microscopy. While electrons
also have wave-particle duality, accelerated electrons have much smaller wavelengths
than light (139), so are able to permeate between molecules. The resolution of the electron
microscope has been improved over time with the development of electron sources that
produce electron beams with smaller energy spreads and greater coherence (140). The
energy of the accelerated electron can be used find the wavelength of the electron and
therefore the resolving power of the microscope by using the de Broglie Equation 2.27.

E =
1
2

mv2 (2.26)

λ =
h

mv
(2.27)

λ =
h

(2mE)
1
2

(2.28)

In transmission electron microscopy (TEM), a parallel coherent beam of electrons is
emitted from an electron gun through a sample grid contained in a chamber under high
vacuum (140). As electrons are charged particles they can be focused using electromagnetic
lenses that direct the electron waves towards the plane of the object (139, 140). This incident
electron beam is a time-independent object wave with the equation

ψ(k) = A(r)eiϕ(r) (2.29)

where ψ denotes the wave function of the electrons, A(r) is the amplitude of the wave in
real space, and ϕ(r) = 2π

λ is the wave vector in real space.

When the electrons pass through the sample they interact with the local atomic potential
of the sample, which modifies the electrons’ phase and produces scattering events (140).
Electrons can interact with the sample in a variety of ways as shown in Figure 2.9. Phase
contrast occurs when electron waves interfere with each other, while absorption of electrons
or exclusion of scattered electrons results in intensity contrast in the projection image (141).
Elastic interactions are when the electrons interact only slightly with the sample and
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deviate from the path a small amount giving rise to phase contrast (140). The interaction
between the incident electron wave and the sample is modelled as the sum of atom and
bond contributions:

νint(r) = νatom(r) + νbond(r) (2.30)

νatom(r) = Σm
j=1νzj(r − Rj) (2.31)

where r = (x, y, z) is the position of the electron wave, νzj is the electrostatic potential of an
isolated neutral atom with atomic number Zj centred at Rj (142).

Figure 2.9: Electron scattering events. Electrons interact with the sample to produce elastic
and inelastic scattering events.

Inelastic scattering occurs when the electrons collide directly with the sample resulting
in either: energy deposited within the sample, thus causing radiation damage to the
sample, ultimately destroying it; or energy being lost to the environment, causing a blurry
image to be formed (140). Extensive damage results from electron-sample interactions as
electron irradiation leads to the breaking of bonds and creation of free radicals, which can
cause even further damage (138). This knock-on damage can be reduced if the accelerating
voltage for the electrons is below the threshold for the given material (140). The amount
of radiation damage increases rapidly as the microscope resolution is increased or as the
specimen volume irradiated is decreased (139). Inelastic scattering is modelled as the
imaginary part of the interaction potential:

νint
tot = Vph + iVab (2.32)

where Vph is the interaction potential that contributes to the phase contrast while Vab
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accounts for influences on the amplitude contrast.

Different features in a sample vary in electron potential (143). The electron wave that
propagates through the sample is described by

ψn+1 = F−1[Pn ∗ F (eiσVz) ∗ ψn] (2.33)

where ψn+1 is top plane of the specimen, Pn = e−iπλδzk2
is the Fresnel propagator over a

slice of thickness δz, k is the spatial frequency and Vz is the projected potential within a
slice. When there is no sample in the path of the electrons, the incident plane wave is
modelled by ψ0 = 1 The propagation of the electron through each slice of the sample until
the wave leaves the grid is ψexit(142).

When the electron wave exits the bottom surface of the grid, it contains information
about the projected potential of the sample. This information is Fourier transformed by the
objective lens to form an image so Equation 2.29 becomes

A(r) =
1√
2π

∫ ∞

−∞
ψe−iϕ(r)dx (2.34)

The information undergoes a contrast transfer function (CTF), which measures the defocus
of the image. The intermediate lens switches between imaging and diffraction modes and
then the information is Fourier transformed back into Equation 2.29 by the projector lens,
which magnifies the image. Obtaining the final image involves converting the electron
wave intensity distribution into a digital signal by the detector.

A detector records the square magnitude, or intensity, of the transmitted electron wave
(140, 144). The intensity in the image plane is the probability density function (142):

I0 =| F−1[F (ψexit)CTF] |2 (2.35)

where I0 is the intensity, ψexit is the electron wavefunction as the electron is emerging from
the bottom surface of the grid, and F and F−1 represent Fourier transform and its inverse.

Charge coupled device (CCD) detectors and direct electron detectors (DED) can both
be used to screen grids for desired features (145). However, while low dose sensitive
CCD detectors are designed specifically for biological specimens, they are easily damaged
by higher energy electrons. When the electrons hit the phosphor screen of the CCD, the
incident electrons are either converted into photons, or are scattered which causes the
information between the image pixels to become blurred. Using a DED produces a higher
resolution and contrast image as the electrons are detected without the use of a phosphor
screen (140, 145). The entire process must be kept under a high vacuum to prevent the high
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energy electrons from interacting with particles in the air within the chamber, giving a low
signal-to-noise ratio (SNR).

The accuracy of the structure deduced from an image does improve as the resolution
increases and structures of defects can then be examined individually(139). However,
increasing the resolution does expose the sample to a greater dose of electrons, which can
cause radiation damage, especially in biological macromolecules (140).

2.3.1 Cryogenic transmission electron microscopy: imaging vesicles

Many investigations into hybrid lipid-polymer vesicles use cryogenic transmission electron
microscopy (cryo-TEM) rather than standard TEM to observe and confirm vesicle size and
shape (1, 77, 86, 73, 88, 91, 93, 98, 99) as cryo-TEM allows samples to be examined in their
hydrated native state.

Samples are fixed into their position by rapid freezing with liquid ethane, as shown
by Figure 2.10 and then transferred to liquid nitrogen for storage (146). As the sample is
embedded in buffer, potential artefacts from dehydration and chemical fixation are less
likely to occur. Although biomaterials will exhibit low contrast as the scattering densities
of the biomolecules and the solvent are similar, the image contrast can be enhanced by
defocusing the image (140). This means that biological macromolecules can be viewed in
their active state, which enables the study of complex biological systems. As the sample is
frozen, the rate of radiation damage is also reduced from the low temperatures (140).

Figure 2.10: Vitrification method. The sample is placed onto a carbon coated metal grid
and plunged into liquid ethane where the water vitrifies. The objects are fixed in the

vitrified ice and can then be imaged using a cryogenic electron microscope. Image adapted
from (146).
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While resolving power has improved since the conception of electron microscopy, the
resolution is limited by the dose that can be delivered to the sample before it becomes
damaged by radiation, resulting in poor signal to noise. Biological samples can only
withstand low doses, which reduces the resolution, whereas higher doses can be delivered
to materials like metal, which gives rise to a greater resolution.

However resolution is also affected by physical lens aberrations. To overcome this,
the accelerating voltage can be increased to reach small electron wavelengths, as shorter
wavelengths give a higher attainable resolution (138), or corrections to the lens aberrations
can be made. The lenses are needed to change the direction of the electron wave towards
the plane of the object - an imperfect lens will cause the image plane to shift, adding an
extra phase shift to the resultant image as shown in Figure 2.11.

Figure 2.11: Spherical aberration in lenses. To change the direction of the wave, lenses are
needed to focus the waves towards the plane of the object. For a) perfect lenses, incoming
rays are focused to a single point, whereas for lenses with b) spherical aberrations, this will
cause the image plane to shift and the incoming rays are focused to different points on the

optical axis. This adds an extra phase shift.

Generally, biological specimens are comprised of light atoms that interact very weakly
with electrons (138, 139, 140) so they only cause a weak phase shift in the incident electron
beam resulting in low amplitude contrast. To generate amplitude contrast to see features in
the specimen, a defocus is applied, which converts the weak phase shift into an amplitude
varying signal by spreading the information from every position into adjacent sections of
the image (140) as shown in Figure 2.12. Applying a small defocus ( < 0µm) counters the
effects of the spherical aberration, generating a larger phase shift between scattered and
unscattered electrons, culminating in a stronger image contrast. The effect of the spherical
aberration on the measured defocus is given by

∆z = Csβ2 (2.36)
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where ∆z is the defocus, Cs is the spherical aberration and β is the beam tilt angle. The
defocus can be estimated by measuring the contrast transfer function (141).

Figure 2.12: Focus conditions in an electron microscope. When correct focus a) is applied
the deflected electrons are focused in the image plane so no contrast appears. In over

focused conditions b) the aperture is small, leading to dark contrast, while in defocused
conditions c) the electrons pass through a wide aperture and overlap near the detector,

giving bright contrast. Scale bars indicate 2000 Å. The image was adapted from (147) and
(148).

The contrast transfer function (CTF) mathematically describes how aberrations in TEM
modify the image of the sample, providing a method to translate the exit wavefunction
to a final image. CTF is an oscillating function with decreasing amplitude and increasing
frequency showing how contrast generated varies with image resolution (140). The CTF is
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the Fourier transform of the point spread function (PSF) (144) and is described by

CTF(k) = E(k)sin(π
1
2

Csλ
3k4 − πλ∆zk4) (2.37)

where Cs is the spherical aberration coefficient, ∆z is the applied defocus (negative for
underfocus), k is the spatial frequency, λ is the electron wavelength and E(k) is an envelope
function describing high-resolution information degradation (149).

Depending on the defocus, certain features of the sample will appear enhanced or
blurred in the image. This is because the CTF oscillates as the spatial frequency increases.
Therefore the exact value of the zero crossings, where no contrast is transferred and
information is lost, depends on the defocus setting. The CTF value is ideally held constant
for all spatial frequencies however due to spherical aberrations, image drift, and ice
thickness, the absolute value of CTF becomes less than one and is not held constant and
fluctuates greatly at higher frequencies (150, 151) as shown in Figure 2.13.

Figure 2.13: Contrast transfer function with spherical aberrations. Ideally the CTF is held
constant for all spatial frequencies (black dotted line). However due to spherical

aberrations, image drift, and ice thickness, the absolute value of CTF is damped by an
envelope function (grey dashed line) resulting in the CTF fluctuating at higher frequencies

(pink line). Image adapted from (152).

For high resolution three dimensional microscopy these effects have to be computation-
ally corrected so the information returns to their initial position. Structural information of
a specimen is transferred without contrast reversal until the first zero point, so the inverse
of the frequency at this first zero gives the resolution of the structure in the image (140).
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The CTF correction is shown in Figure 2.13, where the ideal CTF is corrected by using a
damping envelope to obtain the true CTF.

Since the image contrast of biological specimens is very low, a high defocus condition is
often used in order to observe the overall shape of macromolecules during data acquisition:
the more defocus applied, the greater the micrograph contrast. However increasing the
defocus reduces spatial resolution so a compromise between resolution and contrast has to
be made. The defocus value is chosen when the frequency at the first minima of the CTF is
higher than the targeted resolution (140).

Figure 2.14: Ice thickness in cryo-TEM grids. If a) the ice is too thick the resultant images
will be dark as no features can be seen. If b) the ice is too thin, the sample will wick to the
sides of the carbon film, and radiation damage is more likely to have an effect. When c) the
sample is too dilute there will be no sample in the grid holes. However, when d) there is a
sufficient volume of ice and the sample is not too dilute, the ice will enclose the sample.

Artefacts are also inherent from data collection and data analysis methods making
it difficult to identify features objectively. In cryo-TEM misleading artefacts are usually
caused by the vitrification process and resulting thickness variation. Variations in thickness
can sort the macromolecules by size, concentrating the larger molecules in thicker regions.
This means that where the ice is thin, macromolecules protrude from the ice resulting in
increased contrast in the corresponding area.

Macromolecules can also deform during grid preparation, which is caused by drying
and accompanied increase in salt or osmolality as well as from an increase in surface tension
from water flattening. Blotting is suggested to have no effect on sample composition or
appearance but for this to be true the humidity and temperature have to be tuned to avoid
drying and swelling of the sample during or after blotting (145). Electrons interact strongly
with matter, therefore, in order to obtain sub-nanometre resolution as well as reduce the
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incident electron-sample interaction during electron transmission, the samples must also
be dilute when applied to the grid (140). The grids prepared must be thin to prevent
features from overlapping in the projected image. Thin ice also allows the sample to be
seen in the microscope - if the ice too thick, the grid appears dark and no features can be
seen (140).

The principles of cryo-TEM are the same as for TEM. However, as the specimen is
fixed in a buffer, it is possible to determine the morphology of a macromolecule by taking
multiple images of the specimen in its frozen state. There are four methods to obtain this
3D density map from 2D projections: single particle analysis SPA, tomography, diffraction
and helical reconstruction.

The 2D images produced by the microscope are projections from the 3D structure of the
sample. The third dimension is necessary to determine the functions of many structures,
which is why 3D reconstruction techniques using 2D images were developed. The Fourier
slice theorem is usually used to reconstruct 3D structures from 2D images. A 3D density
map comprised of n3 voxels has an equivalent Fourier transform, which is also an n3

array of numerical values. The Fourier transform of the 3D density map contains all the
information of the original map (153). The theorem states that if a projection image is
obtained by projecting a 3D density map along a particular direction, then the values of
the Fourier transform of that image will be identical to the Fourier transform of the 3D
density map on a slice through that Fourier volume; the slice is taken on a plane that passes
through the Fourier volume origin and is normal to the initial direction (153). This means
that the Fourier transforms of a series of real space projections acquired at many angles
can be used to fill in the objects’ 3D Fourier transform, which is then inverted to produce a
3D reconstruction of the original object in real space (140).

2.3.2 Cryogenic electron tomography: 3D reconstruction

In cryo-ET, the specimen grid is tilted around a fixed eucentric axis from one extreme tilt
angle to another while a series of 2D images at low electron doses are acquired at defined
tilt increments. While it is possible to tilt 90° with specific microscopes that can image
capillary tubes, for most TEM, the maximum tilt angle accessible is ± 70° (140) due to the
shadowing of the specimen holder and space limitations in the specimen chamber.

All the images are then aligned and combined digitally to produce a representation of
the original object. The resulting reconstruction consists of voxel intensities exhibiting the
3D distribution of the measured specimen. To do this requires the projection requirement
to be fulfilled: image intensities must consistently provide monotonic measurement of
a property of the sampled volume in every tilted projection (153). Reconstruction from
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a single axis tilt series exhibits anisotropic resolution because tomography inherently
undersamples the object’s structure. Resolution along the imaging axis perpendicular to
the tilt axis is reduced due to the discrete number of projections acquired (140).

Alignment of low dose tilt images allows an accurate 3D reconstruction to be made. The
missing wedge and artefacts in tilting have the biggest effects on the resolution. To fill in the
wedge, larger rotation angles are required however the space between the focusing lenses
near the sample and the sample holder do not allow for this. The missing information
leads to distortion and elongation along the z-axis, but this can be corrected for by sub-
tomographic averaging of repeated features within a tomogram. One solution would be
to rotate the sample 90 °and then take another tilt series so the missing wedge is reduced
to a missing cone of information (140). As the electron dose has to be limited to avoid
sample damage, the signal to noise ratio of tomograms is low. This means that while larger
features can be recognised, smaller macromolecules do require subtomogram averaging
(145).

Fiducials are heavy metal markers that are applied to the sample to provide high
contrast reference points for the determination of angles and positions in tilt images.
Computational methods include cross correlation which calculates the coefficients among
the tilt images. However this method depends on having a high density object in the image
so for low contrast imaging, alignment using this method has a low accuracy (140).

ET is more tolerant of overexposure than single particle analysis because ET usually
targets a lower resolution and the exposure is applied at a lower dose over a longer
time(140). The severity of radiation damage is affected by sample temperature. Rate of
reaction and molecular motion are influenced by the temperature so by combining ET with
cryo-TEM it follows that low temperatures can slow down radiation damage. Although
cooling does not entirely eliminate radiation damage it can reduce the motion of irradiated
molecules. An exposure of 30-40 e− Å−2 could generate bubbling caused by radiation
damage from electrons in areas that are covered in very thin ice (1-30 nm). The areas with
large volumes of ice suspended across a hole in the film bubble less. Additionally, large
layers of ice provide an evenly flat sample area, which imparts a more even background
contrast during tilting (140).

Phase plates can be used to enhance the contrast of a low dose image by introducing
a phase shift between the scattered and unscattered waves at a diffraction plane. A
Volta phase plate (VPP) is a continuous amorphous film which interacts with the central
diffraction beam to create a phase shift. However the phase shift is not constant and
increases proportionally to the accumulated dose, which has to be taken into account with
acquiring images (141).
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Limitations of ET are the resolution, the requirement of high defocus settings and the
presence of detector noise. Issues with the sample itself like solvent background, stain
effects, temperature related drift and sample surface charging can also lower the quality
of the recorded images (140). During tilt series acquisition the sample stage suffers from
various mechanical vibrations induced by gears motors and thermal expansion. As a result,
the specimen central position (x,y) and the eucentric height (z) cannot be fixed throughout
the collection of the tilt series. Automated data collection software attempts to compensate
for these imperfections through computer algorithms by using a reference image before
recentering the specimen for the next tilt image acquisition (140).

Large scale image distortion can limit the accuracy in determining the geometrical
angles when using the whole image. Distortion can be induced by defocus, astigmatism,
projector lens and the energy filter. This can then induce more errors when the structures
are located near the edges of the images (140). As the tilt angles are usually limited, the
structures reconstructed from the projection images tend to have a lower resolution in the
z-direction (145). Missing information in Fourier space from the incomplete tilting scheme
in real space distorts the features along the projection direction in the final reconstruction.
Obtaining projection images at the highest tilt angle possible minimises the effect of this
missing wedge information (140). Transforms can be used instead to reduce this distortion.

Figure 2.15: Tomogram generation by back projection method. A back projection is formed
by following each view back through the image at the angle it was initially acquired.

Image taken from (154).
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The real space Radon transform is an alternative to Fourier transform. A forward
Radon transform maps the 3D object into a 2D plane by calculating the line integrals
(projections) of the objects density though all directions parallel to a given axis as shown
by Figure 2.15. This means that incoherent electron scattering can be considered as a line
integral of the specimen’s density. All projection information is independent to the pixels
perpendicular to the tilt axis and independent from neighbouring pixels because an object
is rotated around a single axis. Radon transform is also known as back projection because
the projected intensity in each pixel of a projection is linearly added into a 3D volume
along a ray at the correct angle to build up 3D density. Both forward and inverse Radon
transforms are performed completely in real space (140).

While back projection via inverse Radon transform avoids Fourier transforms and the
errors associated with interpolation steps, using back projection typically gives blurred
features (154) because the low frequency information near the zero-point of the axis is
oversampled, or under sampled at high frequencies (140).

Figure 2.16: Tomogram generation by filtered back projection method. In filtered back
projection, each view is filtered before back projection, reducing the blur otherwise seen in

simple back projection. Image taken from (154).

Simultaneous iterative reconstruction technique (SIRT) iteratively improves the agree-
ment between reconstructions and experimental projections: first, a trial tomogram is
generated and images are superimposed at the stated angles and then the tomogram is
adjusted for the differences between the original and the new projection positions. This



56 CHAPTER 2. TECHNIQUES

reduces the production of reconstruction artefacts resulting in a reconstruction with low
noise and high contrast. After 20-30 iterations the quality of the reconstruction decays.
SIRT can be combined with back projections to give a weighted, or filtered, back projection.
A linear relationship between projected density and image intensity is assumed.

Weighted back projection (WBP) combines the reconstruction with a radial weighting
filter with an amplitude that increases linearly and is applied after the real space back
projection. The filter smooths the uneven sampling distribution in Fourier space. This
method is simple to use, quick and highly parallelisable but it does not take full advantage
of the input data to refine the final reconstruction and also assumes a linear relationship
between the projected density and image intensity (140).

Filtered back projection is similar to WBP however this method reconstructs the image
by filtering each view before back projection as shown by Figure 2.16 (154).

2.3.3 Fourier transformations: obtaining a scattering profile from images

A scattering profile can be obtained from cryo-ET slices by using FIJI to perform a fast
Fourier transform (FFT). Fourier transformation of a projection image produces an scatter-
ing pattern for the object from which a scattering curve can be extracted by taking a radial
profile. The scattering profile obtained from the FFT image is comparable to the scattering
curve of the object obtained using SAXS.

The tomogram slices have a set spatial calibration with units Å px−1. Once a FFT of
the slices has been performed, the FFT image has pixels labelled [units]/cycle(n), where
[units] is the scale set in the original projection image, in this case Å. The cycle(n) is the
radial pixel number in brackets, starting from the FFT image centre to the outer edge of
the image as depicted in Figure 2.17. The central pixel is known as cycle 0 (Å/cycle(0) is
infinite in the inverse space) and cycle(n) increases in number in x and y directions until
the outermost edge pixel. For a 256 × 256 pixel FFT image, the outer edge pixel is cycle
128. In the x and y directions, the Å/cycle(n) value decreases linearly from the maximum
Å/cycle(1).

After the image brightness and contrast is adjusted, and a threshold applied to reduce
image background noise, a scattering profile can be extracted from the FFT image using
FIJI. This radial profile plots the normalized integrated intensities in concentric circles as a
function of distance from the central point in the image. In the profile, the intensity at any
given distance from the central point represents the sum of the pixel intensity values in
that cycle. The integrated intensity is divided by the number of pixels in the cycle that is
also part of the image, yielding normalized comparable values.

Initially, the profile x-axis is in cycle number. To compare the scattering profile from
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an FFT image to the scattering curve obtained from SAXS, the x-axis (cycles) must be
converted to q (Å−1) using:

q = 2π
cycle(n)

Å/cycle(1)
(2.38)

Differences in intensity are explained by the difference in flux, integration and interaction
of photons or electrons between the SAXS and cryo-EM.

Figure 2.17: Interpreting the Fourier transform of an image. a) A tomogram slice with a
spatial calibration of 8.06 Å px−1 is Fourier transformed to produce b) and FFT image. The
black dotted box indicates the magnified area depicted in c). c) The pixels in the FFT image
are labelled in Å/cycle(n). d) A scattering profile can then be extracted by taking a radial

profile of the FFT image.

2.3.4 Single particle analysis: high resolution images

Generally, electron tomography shown in Figure 2.18a is conducted where there are a
small number of macromolecules available on the specimen grid. When there are large
number of macromolecules available on a specimen grid, single particle analysis (SPA) can
be performed instead of electron tomography. When the sample is vitrified on the grid, the
macromolecules within the sample usually exhibit a range of orientations, each resulting
in different projection images. However, summation of projections is meaningless when
the projections arise from different particle orientations. Instead, a statistical analysis is
applied to classify images into groups (155). Therefore the goal of a single-particle analysis
is to capture all relevant structural states through classification.

As shown by Figure 2.18b, for single particle analysis, the computer differentiates
between the trace of the macromolecule and the noise in the background to identify similar
traces, placing them in the same group. After sifting through thousands of projections,
the computer generates a high resolution image from the group of projections and then
calculates how the different images relate to each other to give a high resolution 3D



58 CHAPTER 2. TECHNIQUES

structure (146). However, this technique requires a large number of sample projections as
the final resolution of the sample 3D structure is directly related to the number of sample
particles used to derive it (156, 157).

Figure 2.18: Obtaining 3D structural information. Two of the methods to obtain this 3D
density map from cryo-TEM 2D image projections are a) electron tomography and b)

single particle analysis. Both techniques can be used to obtain a 3D electron density map
of the sample. Image adapted from (146) and (158).



3. Materials and methods

3.1 Materials

The diblock copolymers poly 1,2-butadiene-block-polyethylene oxide (PBd-b-PEO) with
total molecular weights of 1800 g mol−1 and 1150 g mol−1 were purchased from Poly-
mer Source, Inc. (Montreal, Canada). Poly 1,2- butadiene(1200)-block-polyethylene ox-
ide(600) (PBd22-PEO14)(PDI 1.01) has a hydrophobic PBd block of 1200 g mol−1 (> 85 %
1,2 addition) and a hydrophilic PEO block of 600 g mol−1 while Poly 1,2- butadiene(650)-
block-polyethylene oxide(500) (PBd12-PEO11)) (PDI 1.09) purchased from Polymer Source
(Dorval, Montreal, Canada) has a hydrophobic PBd block of 650 g mol−1 (85 % 1,2 addition)
and a hydrophilic PEO block of 500 g mol−1.

The 1- palmitoyl -2- oleoyl -sn- glycero -3- phosphocholine (POPC) and 1,2- dioleoyl
-sn- glycero -3- phosphoethanolamine -N- (lissamine rhodamine B sulfonyl) (ammonium
salt) (Rh-PE) in chloroform were purchased from Avanti Polar Lipids (Alabaster, AL, USA).
5(6)- carboxyfluorescein (CF) was purchased from Sigma Aldrich (St. Louis, MO, USA).

Other reagents purchased from Sigma Aldrich Ltd. (Gillingham, Dorset, UK) were
Phosphorus standard solution (0.65 mM phosphorous), L-ascorbic acid, ammonium
molybdate(IV) tetrahydrate 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS),
6-Dodecanoyl -2- Dimethylaminonaphthalene (Laurdan) and Anhydrous 4- Dimethy-
laminopyridine (DMAP).

5-(and-6-)- ((N- (5-aminopentyl) amino) carbonyl) tetra methylrhodamine (tetramethyl-
rhodamine cadaverine) and protein A (10 nm colloidal gold) were purchased from Insight
Biotechnology (Wembley, UK).

Sodium chloride (NaCl), Sodium hydroxide (NaOH) hydrogen peroxide, triton X-100,
N,N- Disuccinimidyl carbonate and 4-(2-hydroxyethyl) -1- piperazine ethanesulfonic acid
(HEPES) were bought from Thermo Fisher Scientific (Loughborough, Leicestershire, UK).

Anhydrous triethylamine was purchased from Fluorochem Ltd. (Hadfield, Derbyshire,
UK).

The solvents chloroform, methanol, ethanol and dimethylformamide (DMF) were from
VWR International Ltd. (Lutterworth, UK).

Filtered MilliQ water (filtered and deionised water 18.1 mΩ cm−1 at 25°C) is referred
to as water from hereon.
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3.2 Sample preparation

3.2.1 Large unilamellar vesicle formation

Large unilamellar vesicles (LUV) were prepared by the thin film rehydration and extrusion
method. To generate different hybrid vesicle compositions, relative volumes of POPC (32
mM) and the polymer (6.57 mM) in chloroform were measured using a Hamilton syringe
into a glass vial. The solutions were dried in a vacuum desiccator to give a lipid-polymer
film and then rehydrated with 1.0 mL of aqueous solution of 40 mM HEPES and 20 mM

sodium chloride. The films were incubated at 50 °C for 5 min and vortexed for 1 min.
The suspensions were then frozen in liquid nitrogen, thawed in a 60 °C water bath and
vortexed for 10 s. This cycle was repeated 5 times. Suspensions were extruded 11 times
though a polycarbonate membrane filters using a LiposoFast Basic Extruder. The samples
were then kept at 4 °C until further analysis.

Table 3.1: Relative volumes of POPC (32 mM) and polymer (6.57 mM) used to prepare
hybrid vesicle samples.

Sample POPC volume (µL) Polymer volume (µL)

0 200 0

25 150 250

50 100 500

75 50 750

100 0 1000

3.2.2 Removal of excess fluorescent dyes

The nanovesicle samples containing fluorescent dyes such as HPTS, CF or Rh-PE were
run on a Sephadex G50 column under gravity using 40 mM HEPES and 20 mM sodium
chloride buffered to pH 7.4 as the mobile phase to remove unencapsulated dye. The
resulting 3 mL fractions were characterised using dynamic light scattering (DLS) for
particle size distribution to confirm the presence of vesicles. The samples were then kept
at 4°C until further analysis. 0.5 mL fractions containing reconstituted vesicles can be
characterised using dynamic light scattering for particle size distribution and analysed for
proton permeability with an HPTS assay or CF leakage assay.
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Figure 3.1: Method for forming large unilamellar vesicles. Large unilamellar vesicles were
formed by rehydrating dried lipid-polymer films, followed by two 5 min water bath and 1
min vortex cycles and five freeze-thaw-vortex cycles. The solution was then extruded and

if any dyes were added the excess dye was removed using a size exclusion column as
detailed in Sections 3.2.1 and 3.2.2.

3.2.3 Characterising vesicle size using dynamic light scattering

The vesicles were characterised using a Malvern Zetasizer Nano ZSP (Malvern Panalytical
Ltd, Malvern, UK) with scattering angle 173°. The Stokes-Einstein relationship

D = kbT/3πηdh (3.1)

was used to estimate the hydrodynamic diameter, dh where kb is the Boltzmann Constant
and η is the solvent viscosity. Each hybrid vesicle was made and processed 3 times, so the
results from three independent repeats were averaged.

3.2.4 Imaging vesicle samples using the cryo-electron microscope

Projection images

Large unilamellar vesicles were formed as outlined in Section 3.2.1. Quantifoil grids with 2
µm sized holes spaced every 2 µm were used to support the samples. The grids were glow
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discharged for 33 s at 10 mA using a Cressington 208 carbon coater to render the surface
hydrophilic. Samples of 6.57 mM were placed directly on the grid using a FEI Vitrobot
mkIV with a hold time of 40 s using a blot time of 6 s and blot force of 6. The samples were
kept in closed pucs under nitrogen until required.

To image the grids, FEI Titan Krios microscope with an accelerating voltage of 300 kV
was used, with defocussing of 6µm at a magnification of × 75000. The images obtained
have high contrast due to the defocus of 6µm, which means some structural detail is lost.
The resolution for these images are 1.069 Å px−1.

Images were saved as .mrc files and processed using (Fiji is Just) ImageJ (FIJI) software.
The images were adjusted for brightness and contrast and thresholded to reduce noise and
display features more clearly. Radial distributions of the pixel intensity were taken from
the centre of the vesicle to the outer rim, and then integrated by the measured segment of
the vesicle to plot a normalised integrated intensity profile.

Tomograms

The cryo-transmission electron microscopy grids were prepared as detailed in Section 3.2.4
with a minor alteration. 10 nm gold nanoparticles to act as fiducial markers were added to
the vesicle samples before this mixture was placed directly on the grid using a FEI Vitrobot
mkIV using a blot time of 6 s and blot force of 6. The samples were kept in closed pucs
under nitrogen until required.

To take tomograms of the grids a FEI Titan Krios microscope with a Volta phase plate
was used with defocus set to 3 µm. The grids were exposed to an electron dose of 18
e− Å−2 s−1 and 61 images were taken at 2 ° increments to create the tomogram. The final
resolution for these images were 5.39 Å px−1.

The tomograms were reconstructed using eTomo program within the IMOD suite.
Fiducial markers were registered and automatically tracked so that the images in the
tomogram can be correctly aligned. The pixels in tomograms can also be binned to increase
the contrast to see features more clearly, but at the cost of losing information and creating
artefacts.

Tomogram processing and reconstruction was optimised iteratively for the samples.
The final tomogram reconstruction method used consisted of a radial simultaneous iterative
reconstruction technique (SIRT) filtered back projection with no pixel binning. The images
were then saved as a sequence of .tif files for further analysis in FIJI. The Å px−1 value was
different for every tomogram reconstructed using this method but were between 5.39 -
11.49 Å px−1.
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3.2.5 Obtaining a scattering pattern using SAXS

Large unilamellar vesicles were formed as outlined in Section 3.2.1. Samples were trans-
ferred directly into quartz glass capillary tubes (0.01 mm wall thickness, 1.5 mm outside
diameter) using a syringe and sealed with wax and epoxy resin for measurement in either
the Diamond Light Source (Harwell Campus, Oxford, UK) I22 beamline at 17 keV with the
detection camera at length 6.7 m.

3.2.6 Phosphorus assay

The phosphorus assay is used to determine the concentration of lipid in a sample. Standard
tubes containing 0 µmol, as a blank, 0.0325µmol, 0.065µmol, 0.114µmol 0.163µmol and
0.228µmol phosphorus standard solution (0.65 mM) were prepared. The sample tube must
contain approximately 0.1 µmol phosphorus and any solvent removed under nitrogen flow.
The organic sample and standards were digested to inorganic phosphate using sulphuric
acid (8.9N, 0.45 mL) and heating the tubes for 25 min at 200-215 °C. Hydrogen peroxide
(150 µL) was added and the tubes were heated again at 200-215 °C for 30 min. Deionised
water was added with both ammonium molybdate (VI) tetrahydrate solution (2.5 wt%, 0.5
mL) and ascorbic acid solution (10wt%, 0.5 mL) with vortexing between each addition. The
tubes were heated again at 100 °C for 7 min. The absorbance of the standards were used to
generate a calibration curve. The curve was then used to determine the concentration of
phosphorus in the samples from their absorbance values.

3.2.7 Synthesis and purification of PBd22-PEO14 polymer tagged with tetram-
ethylrhodamine cadaverine

PBd22-PEO14 was frozen at -20°C and dried in a vacuum desiccator to remove water. A
Schlenk line was established and the reaction vessel was placed under nitrogen flow.
All solvents and reactant materials were anhydrous and kept in sealed containers under
nitrogen. The dried PBd22-PEO14 polymer (1800 g mol−1, 5 wt%, 50 mg mL−1, 0.0277
mmol, 50 mg) was dissolved in anhydrous dimethyl formamide (DMF, 5 mL). NN’ -
Disuccinimidyl carbonate (256.17 g mol−1, 0.9 molar equivalents, 0.0249 mmol, 6.386 mg)
was dissolved in DMF (5 mL) at 50°C. This was then combined with the polymer solution.
Anhydrous 4- Dimethylaminopyridine (DMAP, 122.17 g mol−1, 0.1 molar equivalents,
0.00277 mmol, 0.3384mg) was dissolved in triethylamine (Hunig’s base, 129.25 g mol−1,
3 molar equivalents, 0.0831 mmol) at 50°C. This was added to the polymer solution
dropwise over a few minutes. The reaction mixture was left stirring overnight at 60°C
under nitrogen flow. At this point the solution was a clear yellow colour. 5-(and-6-) - ((N- (5-
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aminopentyl) amino) carbonyl) Tetramethylrhodamine (Tetramethylrhodamine cadaverine,
514.62 g mol−1, 1 molar equivalent, 0.0277 mmol, 14.254 mg) was dissolved in DMF at
50°C and added to the reaction mixture. The mixture became a clear orange solution.
The reaction mixture was stirred continuously for 72 h until the solution consistently
maintained an opaque brown colour. The final product was removed from the Schlenk
line and dried using a GeneVac EZ2-Elite, producing a dark pink wax, which was then
wrapped in foil and kept at 4°C until purification.

The wax was dissolved in water and run on a Sephadex G50 column under gravity.
The first eluent was collected and freeze-dried on a VirTis Benchtop Pro Lyophiliser (Wolf
Laboratories Ltd., York, UK) overnight. The fluorescently tagged polymer solid was kept
at -20°C until use. The fluorescent polymer PBd22-PEO14-TMR was characterised using
Infrared (IR)-spectroscopy, Liquid chromatography - mass spectroscopy (LC-MS) and
Hydrogen nuclear magnetic resonance (H-NMR) spectroscopy. NMR and IR spectral data
are available in JCAMP-DX format (.jdx files).

Figure 3.2: IR spectra for PBd22-PEO14 and PBd22-PEO14-TMR. IR spectrum for a)
PBd22-PEO14 has a distinct hydroxy peak, which is diminished in the spectra for b)

PBd22-PEO14-TMR, suggesting this functional group is not longer present in the final
product.

Amphiphilic block copolymer PBd22-PEO14 has a hydroxy-terminal group that was
used to form a peptide bond with tetramethyl rhodamine cadaverine (tetramethylrho-
damine cadaverine) to give a fluorescently labelled polymer, PBd22-PEO14-TMR. This
hydroxide bond stretch of this hydroxy-terminal functional group can be clearly seen in
Figure 3.2a of PBd22-PEO14 but is diminished in Figure 3.2b of PBd22-PEO14-TMR suggest-
ing this functional group no longer exists in final product from the synthesis procedure.
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Peak assignations of the spectra shown in Figure 3.2a of PBd22-PEO14 can be found in
Appendices A1.1 and A1.2.

LC-MS spectrum of PBd22-PEO14, tetramethylrhodamine cadaverine and PBd22-PEO14-
TMR were obtained. Compound 4 of PBd22-PEO14 shown in the chromatogram of Figure
3.3a has the greatest intensity. The mass spectrum for this compound agrees with the m/z
value expected for the polybutadiene block of PBd22-PEO14 (1200 g mol−1).

Figure 3.3b shows that TMR starting material was pure, as it only contains one com-
pound with a m/z value of approximately 514 g mol−1 which agrees with the molecular
mass of TMR. Figure 3.3c shows that Compound 3 has the greatest intensity in the chro-
matogram. Although compound 1 in Figure 3.3c has the same placement as compound 1
in Figure 3.3b, the mass spectrum for compound 1 does not contain m/z values that agree
with the molecular weight of TMR, suggesting that the purification step was successful at
removing excess TMR.

The m/z value 2472 in Compound 3 of Figure 3.3c agrees with the expected molecular
mass of PBd22-PEO14-TMR (2314 g mol−1). From the relative intensity values of the chro-
matogram, an approximate concentration of successfully fluorescently tagged polymer can
be found. The concentration was calculated to be 0.083 mM, which is roughly 20% of the
initial concentration (1 mg mL−1, 0.415 mM).

The structure of PBd22-PEO14-TMR was further confirmed by correlated spectroscopy-
nuclear magnetic resonance (COSY-NMR) as shown in Figure 3.4. The dye molecule was
expected to form an amide bond with the hydroxy terminal of the polymer, which is
shown as a peak observed at ∼ 7 ppm.The correlation between these peaks and other
peaks on the spectrum indicate the formation of an amide bond between PBd22-PEO14 and
tetramethylrhodamine cadaverine.

PBd22-PEO14-TMR (1): 1H NMR (CDCl3 with 5% w/w TMS, 500 MHz): δH 12.12 (1H,
s, 7.25, RCOOH), 9.23 (1H, s, 7.25, H-CO-R), 8.19 (2H, m, 7.25, aromatic), 8.10 (1H, s,
aromatic), 7.47 (3H, s, aromatic), 7.25 (526, m, amide, aromatic, deuterated chloroform),
7.05 (3H, s, aromatic), 6.22 (3H, s, 7.25, R-CO-NH-R), 4.92 (2H, m, RC=C-H), 3.65 (35H, m,
O-C-H), 2.37 (1H, s, 7.25, RN-C-H), 1.54 (98H, m, R-CH), 1.25 (4H, m, R-CH3), 0.97 (2H, m,
R-CH3).
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3.2.8 Giant unilamellar vesicle formation

GUVs were prepared using the electroformation method from 6.57 mM POPC and PBd-
b-PEO solutions with 0.5 mol% 1,2- dioleoyl -sn- glycero -3- phosphoethanolamine -N-
(lissamine rhodamine B sulfonyl) (ammonium salt) (Rh-PE) dissolved in chloroform for fluc-
tuation spectroscopy experiments, 0.5 mol% 6-Dodecanoyl -2- Dimethylaminonaphthalene
(Laurdan) for membrane hydration measurements, or 2 mol% 3,3’-dioctadecyloxacarbocyanine
perchlorate (DiO)and 10 mol% Poly 1,2-butadiene(1200)-block-polyethylene oxide(600)
with 5-(and-6-)-((N-(5-aminopentyl) amino) carbonyl) tetramethylrhodamine fluorescent
tag (PBd22-PEO14-TMR) for FRAP and lipid-polymer ratio experiments. Briefly, 18 µL of
a lipid solution was deposited as a thin layer over the conductive side of two Indium
titanium oxide (ITO)-coated glass slides (surface resistivity 8-12 Ω m−2) and allowed to
dry. The ITO slides were then assembled into an electroformation chamber each in contact
with copper tape and separated by a Teflon spacer. The chamber was filled with a 300 mM

sucrose solution (300 mOsm kg−1) and connected to a function generator to apply an AC
electric field. Electroformation was carried out at 10Hz at different temperatures depend-
ing on the membrane composition. The voltage changed every 10 min from 0.1 to 0.5, 1,
2 and finally 3 V peak to peak for 2 hour. 0-50 mol% PBd12-PEO11, electroformation was
carried out at 35°C, 25 and 50 mol% PBd22-PEO14 at 42°C, and 75 mol% and 100 mol% of
both polymers at 64°C. The frequency was gradually decreased over approximately 8 min
to facilitate the closure and detachment of GUVs from the surface. After electroformation,
the GUVs were suspended in an isotonic 20 mM HEPES, 150 mM NaCl solution unless
otherwise stated. The osmolality of the buffer was measured using a 3320 single-sample
micro-osmometer (Advanced Instruments, Norwood, U.K.). The GUVs observed were
between 5 and 40 µm in diameter. The GUV-based experiments were conducted at room
temperature on a Zeiss LSM 880 inverted laser scanning confocal microscope. The samples
were deposited on the microscope slides previously treated with a 5% BSA solution to
prevent GUVs from adhering and rupturing onto the glass.
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4. Membrane permeability
The properties of lipid membranes have wide-ranging effects in biology, from protein
function to compartmentalisation. While lipid geometry is known to affect membrane
formation (38), differences in membrane composition and phase state of the components are
believed to affect membrane function, and thus have an effect on the activity of membrane
associated proteins (159). It has already been shown that small variations in the structure of
phospholipids in a membrane can strongly influence membrane properties such as fluidity,
tension (160) permeability (86), hydration (161), and membrane protein activity (162).

Control of ion permeation is central to cell function, so any alterations in the physical
properties of the bilayer is expected to have a strong effect on biological processes such
as signalling dynamics and energy transduction (163). Proton permeability in particular
affects biological processes from the production of energy for cellular function (108) to
ion transport with membrane protein channels (86, 164). As ions are repelled by the
hydrophobic region in the membrane, they cannot cross the membrane via simple diffusion,
so to propagate ions such as protons across a lipid bilayer, an energetic barrier may have to
be overcome. Protons can be transported across a membrane by either diffusion through
the membrane using the solubility-diffusion mechanism or through transient membrane
pores (165). Proton permeability also needs to be low to enable formation of electrochemical
gradients across the membrane. For example, a proton gradient can be generated if the
internal cellular pH is 4 and the external pH is 7, causing hydrogen ions to permeate out
through the membrane and form an electrical potential (166), facilitating the transport of
cations across the membrane through membrane ion channel proteins (86).

In the past, both pure liposomes (20, 167, 168, 169) and pure polymersomes (33, 170)
have been used to reconstitute proteins. However, as pure systems, these materials
have disadvantages such as poor mechanical stability in lipid membranes or lack of
biocompatibility for polymer vesicles. More recently, hybrid bilayers composed of lipid
and amphiphilic copolymers combine the advantages of both for protein reconstitution
(1, 73, 77, 78, 86, 87, 88). In particular, PC/PBd-b-PEO hybrid membranes have been shown
to extend functional lifetimes of incorporated membrane proteins (1, 77, 78, 86), however
relatively few studies have completed experiments incrementally increasing the copolymer
fraction within hybrid vesicles to determine how membrane composition affects membrane
properties such as permeability. Exploring the physical properties of hybrid vesicles could
reveal how the hybrid vesicles are able to facilitate an enhanced functional lifetime.

69



70 CHAPTER 4. MEMBRANE PERMEABILITY

4.1 Methods

Vesicle preparation is conducted according to the protocol in 3.2.1 using a buffer of 10 mM

HPTS concentration, 40 mM HEPES and 20 mM NaCl. Excess HPTS dye was removed
following procedures in Section 3.2.2. The size distributions of the samples were deter-
mined using dynamic light scattering (DLS) as outlined in Section 3.2.3. The concentration
of lipid was obtained from a phosphorus assay as outlined in Section 3.2.6. This method
was optimised by E. Moscrop during her summer student project. Proton permeability of
PBd12-PEO11 hybrid samples were collected by G. Coates for her Master’s project.

To measure the proton permeability, the absorption spectrum of 2 mL of ∼2 mM HPTS-
encapsulated vesicles was measured using a UV-vis spectrometer scanning between 405
and 450 nm. To this, either 23 µL of 1.0 M NaOH or 18 µL of 1.0 M HCl was added to adjust
the pH of the extravesicular solution to pH 8 or pH 7 respectively and the absorbance
(between 405 and 450 nm) was monitored overnight; the first cycle scans were taken every
minute over 2 hours and for the second cycle scans were taken every 10 minutes for 7
hours with constant stirring. After this, 100 µL of 10% (w/v) Triton X-100 was added to
completely destabilise the vesicles and release encapsulated HPTS (so that these probes
experience the pH of the extravesicular medium) before a final scan between 405 and 450
nm was completed.

A calibration curve using buffers ranging from pH 4 to pH 10 with 0.5 mM HPTS
was used to determine the pH inside the encapsulated vesicles. The absorbance ratio
of 450 to 405 nm (A450/A405 = Abs) was plotted against pH and the data fitted to find
the relationship between them. The scattering effects were taken into account by adding
unencapsulated POPC vesicles to each buffer solution.

The absorbance ratio between 450 and 405 nm (Abs) was converted to pH using the
calibration curve shown in Appendix A2.1:

pH = ln(−A1 − Abs
Abs − A2

)dx + x0 (4.1)

where A1, A2, dx and x0 are equal to 0.199, 1.791, 0.599 and 7.485 respectively. The pH was
then plotted against time to show how pH changed with addition of NaOH (or HCl) and
Triton X-100. The deviations between measured pH and calculated pH were observed in
some hybrid vesicle systems and assumed to be caused by the restricted motion of pyranine
in neutral lipid composition vesicles (171). As the pH range with these experiments is a
linear function of the absorbance ratio at 450 and 405 nm, these deviations in pH were
accounted for by offsetting the pH with the initial measured external buffer solution pH.
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All data points in a series were offset by the same value. For example, the initial average
internal pH of 100 mol% PBd22-PEO14 measured by HPTS gave a value of 6.74, while the
average pH of the external buffer solution measured by the pH meter was 7.35. Although
the internal pH and the external pH appear to be different, the rehydration buffer to form
the vesicles had an identical pH measurement to the buffer used to exclude excess HPTS
from the sample. Thus the internal and external pH were assumed to have identical pH
values. The internal pH was offset by addition of 0.62 (= 7.35 − 6.74) to all data points of
100 mol% PBd22-PEO14 vesicles to reflect the actual pH of the external buffer solution.

Permeability coefficients were calculated by adapting a method recently reported for
hybrid DOPC lipid and PBd37-PEO22 vesicles (86). The pH of an aqueous solution reflects
the equilibrium concentration of hydroxide ions at any given time. However solutions
comprising a buffer require substantially more hydroxide ions to cross the membrane
to elicit a change in pH. The nominal concentration of HEPES is equal to the effective
concentration of HEPES in its ionised form, so the pKb of HEPES can be used to calculate
the concentration of deprotonated HEPES. The pKa (7.5) of HEPES was converted to a
Kb value (-1.23), which was then used to determine a formula to find the hydroxide ion,
[−OH], and deprotonated HEPES concentration, [HEPES−] of the sample throughout the
experiment:

Kb =
[−OH]× [HEPES]

[HEPES−]
(4.2)

where the HEPES concentration, [HEPES], is 40 mM, the concentration of HEPES used in
the external buffer solution.

Because the change in hydroxide ion concentration is linear between 0 and 1500 seconds,
the equilibrium hydroxide concentration was calculated from the linear fit of [−OH] over
time. This was then used to determine the amount of hydroxide ions that must be added
to elicit the observed change in equilibrium pH over the course of the experiment:

∆n−OH

∆t
=

([−OH] f inal + [HEPES] f inal − [HEPES]intial

∆t
Vaverage (4.3)

where ∆n−OH is the moles of hydroxide ions that crosses the vesicle membrane, [−OH] f inal

and [HEPES] f inal are the equilibrium concentrations determined using Equations 4.1 and
4.2 at t = 1500 seconds and [HEPES]initial at t = 0 seconds. ∆t is the elapsed time and
Vaverage is the average internal vesicle volume calculated from the average vesicle diameter
measured by DLS, with predicted membrane thickness accounted for. This yields the net
rate of transfer of −OH across the vesicle membrane, ∆n−OH

∆t which can be converted to the
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flux per unit area of the membrane:

JH+/−OH =
∆n−OH

∆t
1

Saverage
(4.4)

Where Saverage is the average external vesicle surface area from the DLS measured vesicle
diameter. The initial net H+/−OH flux, JinitialH+/−OH was calculated from the initial
concentration of −OH:

JinitialH+/−OH =
[−OH]t=0 + [HEPES−]t=1500 − [HEPES−]t=0

∆t
×

Vaverage

Saverage
(4.5)

While the final net H+/−OH flux, J f inalH+/−OH was calculated from the final concentrations
of −OH:

J f inalH+/−OH =
[−OH]t=1500 + [HEPES−]t=1500 − [HEPES−]t=0

∆t
×

Vaverage

Saverage
(4.6)

Jinitial uses the amount of −OH ions at t = 0 seconds present while J f inal uses the amount
of −OH ions present at t = 1500 seconds.

The net flux of protons and hydroxide ions, JH+/−OH, was found by subtracting
JinitialH+/−OH from J f inalH+/−OH . To find the permeability constant, P, the net flux, JH+/−OH ,
was divided by the hydroxide ion concentration gradient, ∆c formed from the addition of
NaOH (or HCl).

JH+/−OH = P∆c (4.7)

For addition of NaOH, the pH difference is from 7.4 to 8.0, which gives a ∆c of 0.75 µM,
while the pH difference from addition of HCl is from 7.4 to 7, making ∆c = 0.15 µM.

Although some of the permeability results appear to follow first order kinetics, analysis
of the linear region was deemed more appropriate as not all the samples followed an expo-
nential decay profile. To ensure the calculated permeability coefficients were comparable,
the same analysis method was used on all samples. The average permeability and standard
deviations of the permeability measurements of the hybrid and polymer vesicles were
calculated from a data set of at least 3 different samples.

4.2 Results and discussion

The change in pH within the vesicle lumen of PBd22-PEO14/POPC vesicles after the
addition of either HCl or NaOH was monitored over 10 hours using HPTS.

From Figure 4.1a , addition of NaOH initially causes a rapid increase in the pH observed,
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which then plateaus over time. The initial linear regions of each curve, shown in Figure
4.1c, were fitted and used to determine the net flux of protons and hydroxide ions, JH+/OH− ,
using Equations 4.5, 4.6 and the permeability coefficients using Equation 4.7. The resultant
permeability for each PBd22-PEO14/POPC sample is given in Table 4.1.

Pure POPC lipid vesicles were anticipated to have the highest permeability coefficient
(5.5 ± 1.7 ×10−11cm s−1) amongst PBd22-PEO14/POPC vesicle compositions on addition
of NaOH as the addition of polymer was expected to reduce membrane permeability.
However, 25 mol% PBd22-PEO14 vesicles were found to have the greatest permeability
after addition of NaOH (11 ± 6 ×10−11cm s−1). As PBd22-PEO14 mol% increased from
50 - 100 mol%, the permeability coefficients reduced from 3.3 ± 1.8 ×10−11cm s−1 to 0.8
± 0.6 ×10−11cm s−1. The difference in permeability between 25 mol% and 50-100 mol%
PBd22-PEO14 compositions was statistically significant to within 95% confidence (< 0.05,
Tukey and Bonferroni ANOVA).

Table 4.1: Membrane permeabilities of PBd22-PEO14 vesicles measured from HPTS assay
following addition of 1 M HCl or NaOH.

PBd22-PEO14

(mol%)

1M NaOH addition
(P×10−11cm s−1)

1M HCl addition
(P×10−11cm s−1)

Average
Standard
Deviation

Average
Standard
Deviation

0 5.5 1.7 16 6.0

25 11 6.0 30 9.0

50 3.3 1.8 17 8.0

75 1.9 0.3 10 4.0

100 0.8 0.6 1.8 1.6

The same trends were seen after addition of HCl to PBd22-PEO14/POPC vesicles. Figure
4.1b shows addition of HCl initially causes a rapid decrease in the pH observed, which then
plateaus over time. The initial linear regions of each curve, shown in Figure 4.1d, shows
that 25 mol% PBd22-PEO14 sample has the steepest gradient, which results again in the
highest permeability coefficient (30 ± 9 ×10−11cm s−1). As PBd22-PEO14 mol% increased
from 50 - 100 mol%, the permeability coefficients after addition of HCl reduced from 17 ±
8.0 ×10−11cm s−1 to 1.8 ± 1.6 ×10−11cm s−1. There is however no statistically significant
difference in permeability coefficients after HCl addition (> 0.05, Tukey and Bonferroni
ANOVA).
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As shown by Figures 4.1a and b, 75 mol% and 100 mol% PBd22-PEO14 vesicles in
particular have extremely low permeability over 10 hours after the addition of either HCl
or NaOH. Some of the initial pH changes in these samples could be due to a small amount
of unencapsulated or leaked HPTS from the vesicles.

Figure 4.1: Changes in pH in PBd22-PEO14/POPC vesicles upon addition of acid or base.
Change in pH over 10 hours upon the addition of a) NaOH or b) HCl to PBd22-PEO14

vesicles encapsulated with HPTS. The linear regions of a) and b) were fitted with a line of
best fit, shown in c) and d) respectively, to determine the net flux of protons and hydroxide
ions, JH+/OH− , using Equations 4.5, 4.6 and the permeability coefficients using Equation4.7.

Results from DLS show similar trends, where 25 mol% PBd22-PEO14 vesicles have
the smallest Z-average after HPTS encapsulation (94.21 nm, polydispersity index (PDI)
0.106). Again, as the PBd22-PEO14 mole fraction increases from 50-100 mol% PBd22-PEO14,
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Z-average also increases from 115.9 nm (PDI 0.140) to 140.2 nm (PDI 0.544). Full DLS data
can be found in Appendix A3.1.

The change in pH within the vesicle lumen of PBd12-PEO11/POPC vesicles after the
addition of either HCl or NaOH was also monitored over 10 hours using HPTS. This data
was collected by G. Coates during her Masters project.

From Figure 4.2a , addition of NaOH initially causes a rapid increase in the pH observed,
which then plateaus over time. As before, the initial linear regions of each curve, shown in
Figure 4.2c, were fitted and used to determine the net flux of protons and hydroxide ions,
JH+/OH− , using Equations 4.5, 4.6 and the permeability coefficients using Equation 4.7. The
resultant permeability for each PBd12-PEO11/POPC sample is given in Table 4.2.

Table 4.2: Membrane permeabilities of PBd12-PEO11 vesicles measured from HPTS assay
following addition of 1 M HCl or NaOH.

PBd12-PEO11

(mol%)

1M NaOH addition
(P×10−11cm s−1)

1M HCl addition
(P×10−11cm s−1)

Average
Standard
Deviation

Average
Standard
Deviation

0 5.5 1.7 16 6.0

25 0.9 0.2 41 1.1

50 1.2 0.2 18 5.4

75 8.5 2.7 65 4.9

100 4.8 0.6 48 3.9

For PBd12-PEO11/POPC compositions, 25 mol% PBd12-PEO11 vesicles were found to
have the lowest permeability after addition of NaOH (0.9 ± 0.2 ×10−11cm s−1). However,
as PBd12-PEO11 mol% increased from 50 - 100 mol%, the permeability coefficients increased
from 1.2 ± 0.2 ×10−11cm s−1 to 4.8 ± 0.6 ×10−11cm s−1. 75 mol% PBd12-PEO11 sample,
surprisingly, had the highest permeability after addition of NaOH (8.5 ± 2.7 ×10−11cm s−1).

Similar trends were seen after addition of HCl to PBd12-PEO11/POPC vesicles. Figure
4.2b shows addition of HCl initially causes a rapid decrease in the pH observed, which
then plateaus over time, the initial linear regions of each curve, shown in Figure 4.2d,
shows that 75 mol% PBd22-PEO14 sample has the steepest gradient, which results in the
highest permeability coefficient (65 ± 1.9 ×10−11cm s−1) while 0 mol% and 50 mol% PBd12-
PEO11 vesicles had the lowest permeability coefficients after addition of HCl (16 ± 6.0
×10−11cm s−1 and 18 ± 5.4 ×10−11cm s−1 respectively) to PBd12-PEO11/POPC vesicle
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compositions. 25 mol% and 100 mol% PBd12-PEO11 vesicles had similar permeability
coefficients (41 ± 1.1 ×10−11cm s−1 and 48 ± 3.9 ×10−11cm s−1 respectively).

Although 75 mol% PBd12-PEO11 vesicles had the greatest initial permeability, Figures
4.2a and b show that protons continued to permeate across 50 mol% PBd12-PEO11 vesicle
membranes, causing the pH to plateau at a much higher (NaOH addition) or lower (HCl
addition) pH.

Figure 4.2: Changes in pH in PBd12-PEO11/POPC vesicles upon addition of acid or base.
Change in pH over 10 hours upon the addition of a) NaOH or b) HCl to PBd12-PEO11

vesicles encapsulated with HPTS. The linear regions of a) and b) were used to determine
the net flux of protons and hydroxide ions, JH+/OH− , and are shown in c) and d)

respectively.
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Results from DLS show that 50 mol% and 75 mol% PBd12-PEO11 samples have the
smallest Z-averages at 100.1 nm (PDI 0.173) and 101.8 nm (PDI 0.194) respectively. Although
at first glance it may seem that vesicle size is also related to the permeability, 100 mol%
PBd12-PEO11 is the second most permeable sample when HCl is applied to the system yet
has the largest Z-average at 135.4 nm (PDI 0.136). Full DLS data can be found in Appendix
A3.2.

For all PBd22-PEO14/POPC and PBd12-PEO11/POPC vesicle compositions, the pH
increased over time in two phases: an initial steep gradient, which then slowly plateaus
over time. Previously, this first increase was attributed to the formation of transient pores
from hydrophilic defects caused by thermal fluctuations within the membrane allowing
permeation from the inner vesicle volume to the bulk solution (172). Such transient pores
are believed to form when the internal pressure is higher than the membrane tension. The
pores allow the vesicle content to exit, and so the tension to drops and the pore stops
growing. The pore then closes, subsequently increasing the tension (173).

The second phase of pH increase was believed to be due to the solubility-diffusion
mechanism where ions partition into the hydrophobic phase and then diffuse across
the membrane (108, 165). Undissociated molecules use water molecules present in the
hydrophobic region of the bilayer to transport themselves across the bilayer by hydrogen
bond exchange (109, 174). The solubility-diffusion mechanism is thought to allow anions
to permeate faster than cations of the same size, while the pore mechanism predicts that
cations should permeate faster than anions (172).

Permeability coefficients upon addition of HCl to the sample for all PBd22-PEO14/POPC
and PBd12-PEO11/POPC vesicle compositions were greater than the coefficients calculated
after NaOH addition. As the initial change in pH is believed to be due to the pore
mechanism, any hydrogen ions (cations) in solution would be expected to permeate
more quickly through the membrane than the anionic hydroxide ions present in solution.
Therefore when HCl is added to the sample, the permeability appears greater because
there are more hydrogen ions being transferred across the membrane than when NaOH is
added to the system.

As shown by Figure 4.3, PBd12-PEO11/POPC vesicle compositions appear to have
higher permeability coefficients than PBd22-PEO14/POPC vesicles. The results of a previous
investigation studying hybrid DOPC/PBd37-PEO22 vesicles suggested that the difference
in hydrophobic thickness made the hybrid membrane more prone to spontaneous pore
formation (86). This implied that the larger molecular weight PBd22-PEO14 polymer would
form more permeable vesicles than PBd12-PEO11 vesicles due to the larger difference
in hydrophobic thickness between PBd22-PEO14 and POPC. In this case however, PBd22-
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PEO14/POPC vesicle compositions have overall lower permeability coefficients than PBd12-
PEO11/POPC compositions.

Another potential reason for proton permeation is that the fluidity of the lipid bilayer
can lead to the formation of transient pores that allow an influx or outpouring of molecules
to or from the vesicle. So although PBd12-PEO11 is a lower molecular weight polymer than
PBd22-PEO14, PBd12-PEO11 may form softer membranes and therefore be more prone to
spontaneous pore formation than PBd22-PEO14, which have more rigid membranes.

Figure 4.3: Comparison of permeability coefficients of PBd22-PEO14/POPC and
PBd12-PEO11/POPC samples. Comparing permeability values after addition of 1 M HCl or

NaOH to POPC vesicles with increasing a) PBd22-PEO14 fraction and b) PBd12-PEO11
fraction.

4.3 Conclusion

Previously, the proton permeability coefficient for lipid vesicles has been found to vary
anywhere between 10−1 and 10−13 cm s−1 (109, 174, 175, 176). This wide range in coeffi-
cient values has been attributed to the membrane composition, the temperature and the
calculation method. The rate of molecular traffic across a membrane is also dependent on
the chemical and physical properties of the membrane, the number of lamellae, as well as
the type of molecule being transported across the bilayer: small ions are thought to have
low permeability coefficients (10−8 - 10−13 cm s−1) while water has high permeability (10−3

cm s−1) (108, 174). Here, NaOH and HCl were added to POPC vesicles with increasing
mol% of PBd22-PEO14 or PBd12-PEO11 polymers and the resultant permeability coefficients
were related to their membrane hydration.

For all the vesicle compositions, there is a net movement of ions across the membrane.
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Overall, PBd22-PEO14/POPC vesicles were found to have lower permeability coefficients
than PBd12-PEO11/POPC compositions. Generally, increasing PBd22-PEO14 mole fraction
decreased proton permeability, but on the other hand increasing lower molecular weight
PBd12-PEO11 mole fraction increased the permeability coefficient. Addition of HCl however,
resulted in greater permeability for all compositions than addition of NaOH the the
samples.

As the initial net movement of ions can be attributed to formation of transient pores
from hydrophilic defects caused by thermal membrane fluctuations (172), future work
could explore these mechanical membrane properties. Mechanical membrane properties
such as membrane viscosity, packing and bending rigidities of PBd22-PEO14/POPC and
PBd12-PEO11/POPC hybrid vesicles are explored further in Chapter 7.
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5. Determining the membrane structure
In the past liposomes and polymersomes have been studied for bionanotechnology appli-
cations, however hybrid lipid-polymer vesicles could prove to be a promising alternative
by combining the advantages of each material. Although there are many studies that
demonstrate using hybrid vesicles for membrane protein reconstitution and drug delivery
vectors, relatively few have focused on the relationship between hybrid vesicle membrane
structure and membrane properties (34, 92, 95). Hybrid lipid-polymer vesicles can have
multiple membrane structures depending on how well the lipid and polymer combina-
tion mix: hybrid membranes can form a well-mixed homogeneous membrane, or phase
separate into domains. The polymers can also interdigitate, which reduces the thickness
of the membrane. Whether the spherical membrane is phase separated or homogeneous,
the bilayer can also be transversely asymmetric across the membrane, and relatedly, the
curvature of the membrane might also play a role in composition across the membrane.
Determining the structure of hybrid polymer/lipid vesicle membrane could help find
what properties govern protein folding and stability, therefore could be used to enhance
membrane protein function and durability in artificial systems.

Structure of membranes can be studied with several methods, including scattering
techniques such as small angle x-ray or neutron scattering and cryogenic-transmission
electron microscopy (cryo-TEM) (34). This chapter will focus on using cryo-TEM.

Lipid bilayer membranes have dipole potentials arising from the alignment of dipolar
residues and water within the membrane. This is believed to affect the conformation and
function of membrane proteins, although it is very difficult to measure (143, 145). The
surface potential generated by lipid head groups changes the concentration of ions close to
the membrane surface and ion uptake. This potential also depends on lipid structure and
thus affects the permeability of ions across the membrane (145).

In cryo-TEM the image contrast is usually produced by a phase shift in the electron wave
function from elastic scattering as it passes through the specimen. Neutral atoms produce
contrast in electron microscopy because electrons passing through the atom electron
orbitals experience a positive charge from the less-shielded nuclear charge. Additional
electrostatic potentials, such as the dipole potential, adds to the contrast. The total phase
shift is proportional to the integrated electrostatic potential (projected potential) along the
path of the electron, making images from the microscope profiles of electrostatic potential,
not electron density (143, 153) as discussed in Chapter 2. The magnitude and the profile
of the dipole potential across the bilayer has previously been obtained by subtracting the
contribution from the atomic potential from the cryo-TEM image intensity. Each individual
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membrane profile showed a consistent bilayer thickness for the liposome membranes.
These profiles also displayed higher peak density in the inner leaflet which was expected
from the crowding of head groups due to membrane curvature (143).

The bilayer thickness of liposomes made from phosphatidylcholine (PC) lipids with
saturated and unsaturated acyl chains were measured and found to increase with increasing
acyl chain length. Images show that saturated PCs have a multi-faceted morphology and a
broad distribution in bilayer thickness, while unsaturated acyl PCs appear to have smooth,
regular bilayers with a narrow bilayer thickness distribution (177).

Vesicles composed of polymers with increasing molecular weights were also imaged
using cryo-TEM (37, 178, 179). While images of PBd-b-PEO polymers have usually just
been used to confirm vesicle shape and lamellarity only (85, 178), measurements of the
membrane thickness from images have also been made and compared to coarse-grain
molecular dynamics (MD) simulations (179). One study even determined the hydrophobic
core thickness from cryo-TEM images and found membrane thickness increased with
increasing PBd-b-PEO molecular weight. Images of these polymersomes displayed Fresnel
interference fringes, which were believed to correspond to abrupt changes in projected
density at the inner and outer edges of the membrane so were used to determine the
membrane thickness (37).

However, the majority of these studies use projection images (micrographs) taken
by cryo-TEM for analysis rather than more involved cryo-TEM techniques such as cryo-
electron tomography (cryo-ET) or single particle analysis methods. Even from these
projection images, analyses only extend to measuring the vesicle membrane thickness,
rather than an in-depth examination to determine the membrane structure. Although
studies that use cryo-ET on vesicle membranes are emerging (92, 180, 181), few illuminate
the structure of hybrid lipid-polymer membranes.

5.1 Method

LUVs were formed by the method outline in Section 3.2.1. The size of the vesicle was
determined using DLS as detailed in Section 3.2.3. The size distributions from DLS for
PBd22-PEO14/POPC and PBd12-PEO11/POPC compositions can be found in Appendices
A4 and A5 respectively. The concentration of lipid was estimated by assuming full suspen-
sion of lipid film and no loss through extrusion. Cryo-TEM grids for projection images
only were made as described in Section 3.2.4 and grids for tomography as outlined in
Section 3.2.4. Further processing and analysis was completed on (Fiji is Just) ImageJ (FIJI).

In previous studies, membrane thickness was obtained by measuring the distance
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between the contrast interfaces of the inner and outer edges of the vesicle membrane
(177, 179). For projection images of vesicles in all compositions, 12 measurement lines were
taken across the membrane and then combined and averaged with measurements from
other vesicles of the same composition.

5.1.1 Obtaining an electron intensity profile from projection images

Radial line profile

From a cryo-TEM projection image, an electron intensity profile of the membrane can
be obtained manually using the radial profile plugin in FIJI, downloaded from https://

imagej.nih.gov/ij/plugins/radial-profile-ext.html. From this profile, membrane
thickness measurements can be taken as shown in Figure 5.1.

Figure 5.1: Performing radial profiles to find membrane thickness. Radial profiles of the
pixel intensity on the images can be extrapolated to show the areas of high intensity in a

vesicle membrane. The membrane thickness can also be obtained using this profile by
measuring the distance from the start of the bilayer to the outer rim, as highlighted in

green on the profile. Scale bar indicates 500 Å.

The bilayer thickness can also be extracted from the intensity profiles by taking the
distance values from where the profile minima begin and end as shown by Figure 5.1.

Manual line profile

By manually choosing and drawing individual lines on projection images, the line profile
positions can be changed through the slices in a stack as shown in Figure 5.2. The data has
to be normalised to account for the differing ice thickness in a slice. As shown by Figures

https://imagej.nih.gov/ij/plugins/radial-profile-ext.html
https://imagej.nih.gov/ij/plugins/radial-profile-ext.html
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5.2a and b, the line profiles from the vesicle centre are individually very noisy and some
detail can be lost. The majority of the profile in Figure 5.2b is noise from the buffer in the
lumen of the vesicle, which is unnecessary in finding the membrane structure. The vesicle
radius is still uneven even within a slice, so the line profiles have to be translated so only
the bilayer midpoint overlaps.

Line profiles can instead be taken just over the the membrane itself as shown in Figure
5.2c. Multiple line profiles can be measured, normalised and then translated to find the
average bilayer intensity profile as shown in Figure 5.2d. In this way, data from non-
spherical vesicles can also be collected.

Figure 5.2: Obtaining membrane measurements using multiple line profiles. a) Several line
profiles can be taken from the centre of a vesicle (red arrows) resulting in an b) electron

intensity profile. c) Line profiles can also be measured across the membrane section only
(blue lines). d) The line profiles profiles from c) are translated so the central minimum

located between the two maxima are centred. e) The ideal regions to take line profiles are
indicated by black arrows, while white arrows indicate which sections should not

measured.

However, only sections of the vesicle membrane have a clear view of the membrane at
the selected defocus setting, therefore the line profiles need to be taken at those sections as
shown in Figure 5.2e.

Membrane measurements from tomogram images

From the electron intensity profile of each vesicle membrane within a sample, manual
measurements of the membrane thickness and hydrophobic core thickness could be made.
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The membrane thickness was manually measured by taking the full half width maximum
(FWHM) of an intensity profile as shown in Figure 5.3. The membrane thickness values
could also be determined by taking peak to peak measurements, although this might give
an underestimate of the true bilayer thickness from cryo-ET images. Peak-to-peak values
were assigned as the thickness of the hydrophobic core within a membrane.

Figure 5.3: Determining the membrane thickness from an average electron intensity profile.
The dashed grey line across the line profile indicates where the grey value on the

tomogram lies on the profile. This number is used alongside the inner and outer leaflet y
intensity values to find the y-value for the FWHM value, and thus the actual FWHM value
indicated by the red arrow. The FWHM is assigned as the membrane thickness, while the

peak-to-peak distance (blue arrow) indicates the hydrophobic core thickness.

To manually determine the FWHM measurement, the mean grey value of an empty
area of the tomogram is found using FIJI. This mean grey value is considered the intensity
of the buffer and is made the line profile baseline. Using the mean grey value, ygrey, and
the average y value of the inner and outer leaflet peaks, ypeak, the y value of the FWHM
can be found, yFWHM, using the following equation:

yFWHM = ygrey +
ypeak − ygrey

2
(5.1)

With the resulting yFWHM value, the inner and outer x values for the FWHM can be
found and the bilayer thickness determined. Peak to peak measurements were also taken to
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find the hydrophobic core distance. As the mean grey value changes between tomograms,
the average line profiles for each composition is standardised.

Automated analysis of tomogram images

An automated analysis using Python written by Dr. Caitlin Cornell was used to evaluate the
presence of nanoscale domains membranes of different compositions (181). The code can
be found at https://github.com/caitlin-cornell23/cryoEMliposomes and methods
to use the code was discussed with Dr. Cornell.

Full description and mechanics of the script can be found from reference (181). Briefly,
the tomogram slices were first Gaussian filtered using FIJI, and then transferred to the
Python script. The script then highlights only the interfaces of high contrast at the mem-
brane edges using a Canny-filter allowing a relative membrane thickness to be measured.
This apparent bilayer thickness is defined as the minimum distance between pixels on
the inner and outer leaflet. Bilayer measurements from 20-30 images of each pure vesicle
composition were used to sort which observed distances in the hybrid compositions were
categorised into Lo or Ld phases, or into thick and thin categories, to create a colour map.

The colour maps give the probability of the membrane thickness measurement corre-
sponding to a thicker, extended membrane at 100% given in red, while thinner membrane
thickness measurements are characterised in blue at 0%. White colour on the map indicates
areas with 50% probability of a thick membrane as the measurement is the intermediate
value between expected pure lipid or polymer membrane thickness. The sorted distances
were mapped on to the individual tomogram images of each hybrid vesicle composition
by calculating the probability of each observed distance corresponding to either the thick
or thin distances. Using this method, the homogeneity of the membrane thickness within
large, unilamellar hybrid PBd22-PEO14/POPC and PBd12-PEO11/POPC membranes can be
extrapolated.

5.2 Results and discussion

5.2.1 Projection images

In microscopy, artefacts in the images are inherent due to the process of making the sample
grids and obtaining the images. The white lines seen on the outer rim of the vesicles in
Figure 5.4 were Fresnel lines and were an artefact from obtaining a high contrast image
with high defocus. This means that the intensity profiles extracted from these images were
not an accurate representation of the bilayers.

https://github.com/caitlin-cornell23/cryoEMliposomes
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Figure 5.4: Projection images of PBd22-PEO14/POPC vesicle compositions. Images of
PBd22-PEO14 vesicles taken using the microscope with their graphical representations

below. Images were taken at 6µm defocus and the scale bar indicates 500 Å.

Membrane thickness was obtained from these images by measuring the distance be-
tween the contrast interfaces of the inner and outer edges of the vesicle membrane. From
Table 5.1 it can be seen that the bilayer thickness increases as the PBd22-PEO14 mol% in-
creases, with a significant rise in thickness between 25 mol% and 50 mol% PBd22-PEO14

vesicles.

Table 5.1: Membrane thickness of hybrid PBd22-PEO14/POPC vesicles. Membrane
thickness given here were measured by taking 12 line profiles across the vesicle membrane.

PBd22-PEO14

(mol%)
Membrane Thickness (Å)

Average
Standard
Deviation

0 47 7

25 51 9

50 96 12

75 87 13

100 106 14

The intensity profiles obtained using the radial profile plugin in FIJI displayed in Figure
5.5 show that as the PBd22-PEO14 mol% increases, the membrane thickness increases and
the intensity profile changes significantly. For the 50 mol% and higher mol% PBd22-PEO14

vesicles the intensity profile is asymmetric, with a higher electron density and a third
small peak present on the inner leaflet. This suggests that there is a higher intensity in
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the inner leaflet of the membrane however this could be due to a curvature effect of the
membrane. In curved membranes, the inner leaflet is more curved than the outer leaflet,
as the molecules are more tightly packed together which might give rise to a greater
intensity when measured. However this feature could also be explained by the asymmetry
across the bilayer, where more electron dense molecules are found in the inner leaflet of
the membrane. The presence of the third small peak on the inner leaflet could also be
explained by this, or it could be an artefact of using projection images for analysing bilayer
structure.

Figure 5.5: Initial radial line profiles of PBd22-PEO14/POPC vesicles. Radial profiles from
multiple images were averaged to find the average integrated intensity distributions of

hybrid PBd22-PEO14/POPC vesicle membranes.

5.2.2 Projection images vs tomograms

These results were collected using projection images from cryogenic grids on a Titan KRIOS
microscope. The images have a high defocus of 6µm that allow the detail of the membrane
intensity to be seen more clearly. The images themselves contain several artefacts which
make analysing them difficult. In projection images of vesicles there can be a shadowing
effect on the inner leaflet that appears because the view of the vesicle is through one focal
plane, and does not take differing ice thickness into account. Coupled with the presence
of Fresnel rings, and that over-focusing will increase the presence of Fresnel rings in the
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image, use of projection images to obtain intensity is not reliable as the images are not
representative of the vesicle bilayer.

A better way of collecting data would be to collect tomograms of the cryo-grids. Here,
the grids are tilted 120°, which means that the shadowing effects caused by differing ice
thickness are reduced. In tomography the grid is rotated 120° so the image taken is through
the centre of the sample.

With tomography, a large number of images are collected on just a few vesicles as 61
images are taken over the 120° rotation with 2° increments. Due to the rotation, vesicles
previously thought to be purely spherical are shown to have prolate or oblate shapes. This
means the analysis of the tomograms has to be more involved to get representative results.
As with the projection images, it is possible to obtain the intensity profile for each vesicle by
analysing the grey value intensity. This can be done by either using multiple line profiles
across the membrane or by using the radial profile method previously mentioned.

Figure 5.6: Differences between capturing projection images and tomography. Projection
images show one view from the top through differing ice thickness. These images have
more artefacts. In tomography the sample is rotated so there are different views of the

sample resulting in 3-dimensional information. Multiple images are taken throughout the
rotation and then the images are combined to form a rotational stack.

5.2.3 Tomograms

Each tomogram reconstructed with this method consists of approximately 60 slices and
contains data on several vesicles. All tomogram reconstructions were carried out using the
eTomo program in the IMOD suite. Tomogram reconstruction was optimised iteratively
using a mixture of SIRT and back projection methods with different pixel binning values
for different vesicle compositions. The ultimate aim was to find the method that resulted
in high contrast images which clearly showed the features of each vesicle composition.

Initially, the tomograms were reconstructed with the SIRT method with pixel binning
set to 2 for the 0 mol% PBd22-PEO14 sample and therefore a resolution of 10.75 Å px−1.
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However, to be able to compare tomograms of vesicles with one composition against an-
other, the same reconstruction and binning value had to be used. This meant compromising
either how features were displayed, or image contrast. For the final analysis a filtered back
projection with 10 iterations of SIRT radial filtering was used to reconstruct the tomograms.
No pixels were binned to prevent artefacts in size measurements from forming. Tomogram
analysis was then carried out using FIJI.

Originally radial profiles of each vesicle were taken to determine an electron intensity
profile of the vesicle membrane. Figure 5.7 shows the radial profiles taken from a 100
mol% PBd22-PEO14 vesicle from multiple slices. Figure 5.7b shows that the radial profile
does deviate even between slices, which suggests that the radius is varying throughout
the tomogram. From the tomogram itself it can be seen that the vesicle is not perfectly
spherical and the membrane appears to be undulating, which explains why the radius is
not constant in the radial profiles. Therefore using radial profiles to extract intensity data
is not effective as most vesicles were imperfect spheres, and some had prolate or oblate
shapes, which means the radius is not constant.

Figure 5.7: Obtaining membrane measurements using radial profile. a) Multiple radial
profiles can be measured from the same vesicle if the profiles are taken from different

slices. b) The profiles deviate even between slices, suggesting radius varies in a vesicle.
The scale bar indicates 500 Å.

To account for membrane undulation multiple line profiles across the vesicle mem-
brane could be used instead. However the main issue with this analysis method is that
the statistical significance of the results is reduced, as instead of 360 line profiles being
integrated against each other to give a radial profile, there are only a few line profiles per
slice to determine the average bilayer structure for a vesicle.
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To increase the statistical significance of the line profiles, more line profiles are needed
per slice of a vesicle. The intensity profile of a vesicle membrane will change between
vesicles, so each vesicle can therefore be treated as a separate ”experiment”. To fully
represent the intensity of a vesicle composition multiple line profiles have to be drawn
on each slice of a stack of images, and combined with the average line profiles of other
vesicles to obtain the average intensity profile for that vesicle composition as shown by
Figure 5.8.

It must be noted that the manual analysis of microscopy images is very subjective as it
depends heavily on the view of the researcher.

Figure 5.8: Final tomogram analysis method. a) Vesicles are selected from processed
tomograms. b) Line profiles are taken across the membrane from different slices of each
vesicle. c) These line profiles are translated so the minimum is centred and averaged to

find the electron intensity profile for the vesicle. d) The intensity profiles from individual
vesicles are combined to obtain the average electron intensity profile for that composition.
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5.2.4 Bilayer measurements on tomograms

Usually, the bilayer thickness from cryo-TEM images of vesicles are measured by drawing a
line from the inner and outer interfaces of high contrast (177, 179). As electron microscopy
is an electron scattering technique, and has sub-angstrom resolution, it could be used to
identify electron dense phosphates in lipid head groups (180). Therefore, by using cryo-ET,
structural features such as bilayer thickness and hydrophobic core distance can instead
be obtained by measuring the FWHM and peak-to-peak distances respectively from the
resultant electron intensity profiles.

As shown by Figure 5.9g as PBd22-PEO14 mole fraction increases, the bilayer thickness
also increases from 57.0 ± 2.8 to 97.2 ± 7.2 Å and hydrophobic core distance from 36.4 ±
2.2 to 65.8 ± 5.1 Å across 25 mol% and 100 mol% PBd22-PEO14 samples respectively. The
increase in bilayer thickness between 0 mol% and 25 mol% PBd22-PEO14 samples is not
statistically significant (p > 0.05, Tukey and Bonferroni ANOVA), suggesting PBd22-PEO14

polymer adapts to the lipid at low polymer fractions, while at high polymer fraction (> 25
mol%) the lipid adapts to the polymer thickness.

Figure 5.9: Average electron intensity profiles and associated images of
PBd22-PEO14/POPC vesicles. Images of a) POPC, b) 25 mol%, c) 50 mol%, d) 75 mol% and

e) 100 mol% PBd22-PEO14 vesicle compositions. Scale bar indicates 750 Å. The graphs
show f) the average intensity profile, g) the individual membrane thickness measurements

across the bilayer and h) the individual peak-to-peak measurements of 0-100 mol%
PBd22-PEO14 vesicles.

While the bilayer thickness and hydrophobic core for 0 mol%, 25 mol% and 100 mol%
are relatively narrow, Figure 5.9 also shows that there is a broad distribution for bilayer
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thickness (77.6 ± 22.3 Å , 83.2 ± 20.5 Å) and hydrophobic core (50.2 ± 13.2 Å , 52.7 ± 14.1
Å) in 50 mol% and 75 mol% PBd22-PEO14 samples , with some measurements grouped
at thickness expected of a pure lipid membrane, while others were close to that of a pure
PBd22-PEO14 polymer membrane. Images of individual vesicles in 50 mol% and 75 mol%
compositions shown in Figure 5.9c and d. There are vesicles with two visibly different
membrane thickness: in the same tomogram there are two bilayer thickness populations,
population 1 with thickness < 65 Å, and population 2 with a thickness > 65 Å, indicating
that the appearance of these two populations is not an artefact of the image analysis
method.

Figure 5.10: Average electron intensity profiles and associated images of
PBd12-PEO11/POPC vesicles.Images of a) POPC, b) 25 mol%, c) 50 mol%, d) 75 mol% and

e) 100 mol% PBd12-PEO11 vesicle compositions. Scale bar indicates 750 Å. The graphs
show f) the average intensity profile and g) individual membrane thickness measurements

across the bilayer and h) the individual peak-to-peak measurements of 0-100 mol%
PBd12-PEO11 vesicles.

PBd12-PEO11 vesicle compositions were analysed in the same way. There was a more
gradual increase in bilayer thickness and hydrophobic core distance as PBd12-PEO11 mole
fraction increased in PBd12-PEO11 hybrid vesicles. However, there was a statistically
significant increase between 0 mol% and 25 mol% PBd12-PEO11 vesicle samples (from
51.6 ± 2.5 Å to 68.6 ± 9.6 Å) and again between 50 mol% and 75 mol% PBd12-PEO11

compositions (from 64.8 ± 7.8 Å to 91.1 ± 15.4 Å). Surprisingly, 75 mol% PBd12-PEO11

vesicles appeared to have a larger bilayer thickness than 100 mol% PBd12-PEO11 vesicles
(75.91 ± 6.4 Å). The difference in rigidity between POPC and PBd12-PEO11 may cause the
polymer to favour extension in 25 mol% and 75 mol% samples, thus increasing the bilayer
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thickness and hydrophobic core measurements.

50 mol% PBd12-PEO11 has the smallest bilayer thickness and hydrophobic core amongst
the hybrid compositions, which could be due to the polymer interdigitating. This can
be observed in some tomogram images where the leaflets of 50 mol% PBd12-PEO11 are
less distinctive than the 75 mol% PBd12-PEO11 hybrid membranes. 50 mol% PBd12-PEO11

samples also have a broad thickness distribution that encompasses both pure lipid and
purePBd12-PEO11 polymer, potentially due to the existence of 2 bilayer populations. How-
ever, no visibly distinct membrane thickness populations were observed PBd12-PEO11

samples.

Figure 5.11: Asymmetry in hybrid vesicles. Variation in peak intensity was measured to
find an asymmetry value using Equation 5.2. The asymmetry values of a)

PBd22-PEO14/POPC and b) PBd12-PEO11/POPC hybrid vesicle compositions suggest no
vesicles measured had transverse asymmetry.

The variation in peak intensity values in individual vesicles were used to determine
asymmetry in the membrane as consistently high differences between the inner and outer
peaks would imply greater electron density in one leaflet. Variation in peak intensity, and
thus as asymmetry was calculated from fractional differences between the inner and outer
leaflet intensities, Iinner and Iouter respectively:

Variation =
Iinner − Iouter

Iinner + Iouter
(5.2)

Variation values towards 1 indicates high intensity in the inner (lumen leaflet) peak,
while values towards -1 imply high peak intensities in the outer (extravesicular leaflet)
peak. All variation values are above 0, indicating that the inner leaflet has a higher electron
intensity overall. However, the variation values are also < 0.05 for all compositions,
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including 0 mol% and 100 mol% compositions as shown by Figure 5.11, suggesting that
none these vesicle compositions have transverse asymmetry. The pure lipid and polymer
vesicles cannot have compositional asymmetry as they are single component systems,
therefore the apparent asymmetry is most likely a curvature effect. The higher inner peak
intensity that leads to a variation value > 0 could be due to membrane curvature rather
than transverse asymmetry within the membrane.

Lateral asymmetry and single-component domains were also not observed in either
PBd22-PEO14 and PBd12-PEO11 polymer hybrid compositions using this analysis, implying
that both lipids and polymers are present in inner and outer bilayer leaflets. The individual
line profiles from different points and slices of a vesicle from a tomogram did not signifi-
cantly change, suggesting that within a vesicle, the bilayer thickness remained the same.
To confirm this, the relative bilayer thickness within individual membranes was measured
by automated analysis, discussed in more detail below.

5.2.5 Vesicle morphology

Cryo-TEM can also be used to confirm vesicle shape and morphology. While the majority
of vesicles have a spherical shape, some individual vesicles displayed interesting features.
Pure POPC lipid, 0 mol% PBd22-PEO14, vesicles seem to be multi-lamellar or have intra-
lumenal vesicles and some of the larger diameter vesicles of this composition appear
faceted. While there are intra-lumenal and multi-lamellar vesicles in all compositions,
the fraction of these seems to decrease with increasing PBd22-PEO14 mole fraction. Some
vesicles in 25 mol% PBd22-PEO14 sample also appear to be faceted, however, these vesicles
generally appear smaller than the 0 mol% vesicle composition. Worm-like micelles and
elongated vesicular structures have also been observed in 50 mol% and 75 mol% PBd22-
PEO14 vesicle samples. As stated earlier, vesicles in the 50 mol% and 75 mol% PBd22-PEO14

samples appear to have two different bilayer populations, and these differences can be
seen clearly on the image as shown by Figure 5.12. Pure polymer PBd22-PEO14 vesicles
also have indistinct outer edges, indicative of a hydrated hydrophilic corona on the inner
and outer edges of a hydrophobic core, similar to a lipid membrane.

Tomograms of 75 mol% PBd12-PEO11 composition also display intra-lumenal vesicles
alongside vesicles with unique shapes and high curvature in comparison to the anticipated
spherical shape. Although worm-like micelles were present in all PBd12-PEO11 containing
vesicles, they were most prominent in the 50 mol% PBd12-PEO11 sample.
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Figure 5.12: Example images of PBd22-PEO14/POPC hybrid vesicles. Images of a) 0 mol%,
b) 25 mol% c) 50 mol% d) 75 mol% and e) 100 mol% PBd22-PEO14 vesicles from

tomograms.
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5.2.6 Bilayer populations within hybrid vesicles

The bilayer thickness and hydrophobic core measurements shown in Figure 5.9 have a large
standard deviation for 50 mol% and 75 mol% PBd22-PEO14 vesicles, indicating a range of
values for these compositions. Exploring more closely, two groups of vesicles with the 50
mol% and 75 mol% PBd22-PEO14 compositions begin to emerge: population 1 in both 50
mol% and 75 mol% PBd22-PEO14 compositions have a thin membrane thickness < 65 Å,
while membrane thickness measurement of population 2 vesicles infer a thicker membrane
as the values (> 90 Å). The presence of two distinct populations within hybrid samples
are statistically significant to within 95% confidence (Tukey and Bonferroni ANOVA),
indicating the membrane thickness values from 50 mol% and 75 mol% PBd22-PEO14

samples do not have a broad distribution in values.

On the other hand, PBd12-PEO11 vesicle compositions do not appear to have bilayer
populations, perhaps due to the smaller difference between polymer and lipid bilayer
thickness.

Figure 5.13: Electron intensity profiles of two bilayer populations within 50 mol% and 75
mol% PBd22-PEO14 vesicles. Electron intensity profiles of 0 mol%, 100 mol% and

population 1 and 2 of a) 50 mol% and b) 75 mol% PBd22-PEO14 vesicle compositions.
Population 1 (Pop. 1) of both 50 mol% and 75 mol% compositions has a profile like 0 mol%
indicating a thin membrane, while population 2 (Pop. 2) of both compositions have thick

membrane.

As demonstrated above, there appear to be two bilayer populations in 50 mol% and 75
mol% PBd22-PEO14 tomograms. The membrane thickness of the vesicles in these samples
could therefore correlate with vesicle diameter, or vice versa. As the difference in bilayer
thickness of the thick and thin populations in hybrid PBd22-PEO14 vesicles is quite large, the
vesicles can be categorised into thin membranes or thick membranes, by visual observation
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alone. The diameters of approximately 200 vesicles in 50 mol% PBd22-PEO14 and 100
vesicles in 75 mol% PBd22-PEO14 across 5 different tomograms were measured and the
resulting histograms of vesicle diameter in the thick and thin populations are shown in
Figure 5.14.

As shown by Figure 5.14, in the 50 mol% PBd22-PEO14 sample, small vesicles appear
to have both a thick and thin membrane. For this sample then, the relationship between
membrane thickness and vesicle diameter is not statistically significant (p < 0.05, Tukey
and Bonferroni ANOVA). The solid lines indicate both the thick and thin membrane
populations in 50 mol% and 75 mol% PBd22-PEO14 samples have monomodal Gaussian
distributions for the observed vesicle diameters.

However, in 75 mol% PBd22-PEO14 sample, small vesicles appear to have thinner
membranes, while large diameter vesicles have thicker membranes. This observation is
statistically significant to within 95% confidence (Tukey and Bonferroni ANOVA). PBd22-
PEO14 membranes such as 75 mol% PBd22-PEO14 vesicles would be expected to have a
thicker membrane and a higher bending rigidity than POPC, and so may preferentially
form vesicles with diameters above a certain threshold to reduce generation of structures
with high curvature.

Figure 5.14: Histograms of diameters found in hybrid mol% PBd22-PEO14 vesicles.
Histograms of the diameters of the thick and thin populations in a) 50 mol% and b) 75

mol% PBd22-PEO14. The solid lines indicate both the thick and thin membrane
populations in 50 mol% and 75 mol% PBd22-PEO14 samples have monomodal Gaussian

distributions for the observed vesicle diameters.

5.2.7 Automated analysis to determine phase separation

An automated analysis using Python written by Dr. Caitlin Cornell was used to evaluate
the presence of nanoscale domains membranes of different compositions (181). The Python
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script results in a colour map that gives the probability of a membrane thickness measure-
ment corresponding to a thicker, extended membrane, with 100% probability of a thick
membrane given in red, while thin membrane thickness measurements are characterised
in blue at 0% probability of a thick membrane. White colour on the map indicates areas
with 50% probability of a thick membrane as the measurement is the intermediate value
between thick and thin membrane thickness categories.

For all PBd22-PEO14 hybrid vesicle compositions, the colour maps reveal that the
bilayer thickness is consistent throughout the vesicle, representative maps displayed in
Figure 5.15. The absence of different colours, and therefore membrane thickness, implies
a homogenous distribution of POPC and PBd22-PEO14 polymer within the membrane.
However, occasionally measurements were taken along one leaflet rather than between two
leaflets, culminating in an anomalous phase result and colour assignation. These values
were discarded by visual inspection of the measurement lines on the filtered images.

Figure 5.15: Results from automated analysis on PBd22-PEO14/POPC hybrid vesicles. The
original image is the input for the code. The image is filtered and measurements taken

across the bilayer to determine which ”phase” the bilayer is in as a colour map of %
likelihood the bilayer in a polymer phase. a) 25 mol% PBd22-PEO14, b) 50 mol%

PBd22-PEO14 (population 1), c) 50 mol% PBd22-PEO14 (population 2) and d) 75 mol%
PBd22-PEO14 (Population 2).

Figure 5.15 shows thin membranes in 25 mol% PBd22-PEO14 and population 1 of 50
mol% PBd22-PEO14 samples have a low proportion of thick measurements within the
membrane; the membrane is thin. On the other hand, population 2 of 50 mol% and 75
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mol% PBd22-PEO14 samples have a high proportion of thick membrane measurements
existing in the membrane. The same automated analysis was also carried out on the shorter
chain PBd12-PEO11 hybrid compositions. Their analysis was carried out by G. Coates
during her Master’s project.

From Figure 5.10 the average bilayer thickness for 25 mol% and 75 mol% PBd12-PEO11

vesicles is higher than pure POPC membranes. The automated analysis confirms this
as these vesicle compositions have a high proportion of thick membrane measurements.
Considering Figure 5.10 again for 50 mol% PBd12-PEO11 sample, the distribution of bilayer
thickness values, although small, encompasses both pure lipid and pure polymer bilayer
thickness. The automated analysis shows that 36% of 50 mol% PBd12-PEO11 vesicles had
thin or intermediate bilayer thickness, while 64% appeared thicker or with an intermediate
bilayer thickness, implying presence of 2 bilayer thickness populations within 50 mol%
PBd12-PEO11 samples.

Figure 5.16: Results from automated analysis on PBd12-PEO11/POPC hybrid vesicles. The
original and filtered images with the measurement lines and determined phase as a colour

map of % likelihood the bilayer in a polymer phase of a) 25 mol% PBd12-PEO11, b) 50
mol% PBd12-PEO11 (population 1) c) 50 mol% PBd12-PEO11 (population 2) and d) 75 mol%

PBd12-PEO11.

Although the script automates the image analysis and gives a visual evaluation of
the hybrid lipid/polymer membrane thickness, the manual analysis method still has
advantages. To generate good results from the automated script, the tomogram slices have
to carefully filtered, causing some of the structural details to be lost from the image. In
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the manual line profile method, no image adjustments are required, so subtle structural
details can be retained and captured. The final results from the automated script are also
relative thickness values rather than the absolute thickness values obtained by the manual
line profile method. However, with further optimisation, this automated script could be a
powerful tool to analyse tomography images of hybrid lipid/polymer vesicle membranes.

5.3 Conclusion

Electron microscopy (EM) allows the high resolution observation of small objects by using
accelerated electrons. The electrons interact with the sample to produce a phase shift
that is dependent on the electron potential across the sample. The electron exiting the
grid is measured by a detector which then produces an image. In cryo-transmission
electron microscopy (cryo-TEM), samples are fixed in vitreous ice, which allows the sample
to remain in its native state while it is being imaged. Previous studies on vesicles use
projection images, or micrographs, to view and confirm the presence of vesicles in the
samples (177, 182, 183). However these micrographs cannot be used for structural analysis
by themselves as they contain imaging artefacts such as shadowing from out of plane
features. During tomography, the sample grid is tilted to image the sample with a low
electron dose at different rotations, which reduces some of the artefacts from imaging on
a single plane. The pixels in the resulting images contain intensity values related to the
atomic potentials across the sample. Line profiles can be drawn across the image to find
the intensity values across the vesicle membrane, which can then be used to determine the
possible membrane structure.

Here, POPC phospholipid has been mixed with PBd22-PEO14 and PBd12-PEO11 am-
phiphilic block copolymers to form hybrid membranes. Depending on the lipid-polymer
composition, the membrane can form a well-mixed homogeneous membrane, or phase
separate into domains. The polymers can also interdigitate, which reduces the thickness of
the membrane.

For vesicles, the bilayer thickness of the membrane can be determined by averaging
multiple line profiles at different slices of each vesicle. Then average line profiles of
each vesicle can be combined together to give the average intensity profile for a vesicle
composition. Using these line profiles, the FWHM (bilayer thickness) and peak-to-peak
(hydrophobic core) of each vesicle could be measured.

Generally, membrane thickness was found to increase with increasing polymer fraction,
from 51.6 Å for a pure lipid system to 97.2 Å in pure PBd22-PEO14 vesicles and 75.9 Å
for small molecular weight PBd12-PEO11 vesicles. In 50 mol% and 75 mol% PBd22-PEO14
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hybrid vesicles, two bilayer populations were found: vesicles could be categorised by a
visibly thick or thin membrane and homogeneity within these populations were confirmed
using an automated analysis. This presence of two populations within PBd22-PEO14 hybrid
samples suggests an uneven distribution of lipids and polymers in each vesicle. This is
discussed in more detail in Chapter 6.

Surprisingly, automated analysis distinguished vesicles within 50 mol% PBd12-PEO11

into thin and thick membrane categories, even though no bilayer populations within this
sample were observed in the line profiles and tomogram images themselves. The steep
increase in membrane thickness at 25 mol% and 75 mol% PBd12-PEO11 vesicles indicate
that the difference in material rigidity between POPC and PBd12-PEO11 may cause the
polymer to favour extension in these samples, thus increasing the bilayer thickness and
hydrophobic core measurements.

Cryo-ET can provide a lot of information on the structure of a sample and revealed
an electron intensity profile of membranes for different vesicle compositions, the bilayer
thickness and the presence of different bilayer thickness populations. The results are
unique as small details and features are made visible, but are perhaps not representative
of the entire sample. Combining cryo-ET with another technique such as SAXS would
provide more insight into the average hybrid lipid-polymer membrane structure found in
a sample.



6. Combining techniques to probe membrane
structure
In Chapter 5 the structure of hybrid vesicles was studied with cryogenic transmission
electron microscopy (cryo-TEM). Small angle x-ray scattering (SAXS) has historically also
been used to obtain structural information about lipid membranes using large unilamellar
vesicles (LUV) or multi lamellar vesicles (MLV) (137, 184, 185, 186). The scattering profile
collected using SAXS can be fitted with a model that can be transformed into an electron
density profile for the membrane.

In lipid membranes, changes to the membrane structure caused by vesicle composition
(187, 188), lamellarity (189), temperature (190) and vesicle size (132) have been monitored
by SAXS. For DOPS lipid vesicles with sizes less than 620 Å, the bilayer was found by
SAXS and small angle neutron scattering (SANS) to be symmetric, however for vesicle
sizes of 1220 Å, DOPS was shown to have an asymmetric membrane, thought to form
due to geometrical constraints and electrostatic interactions rather than curvature alone
(132, 187). Combining the results of scattering profiles of DOPC, DMPC and DLPC LUV
and MLV membranes showed that increasing the chain length of the lipid does increase
the thickness of the hydrophobic core region in the electron density profiles (189).

Polymer membranes have also been investigated using SAXS to observe how polymer
architecture affects membrane structure. Transmission electron microscopy (TEM) was
used in conjunction with SAXS to determine the PEO brush length and hydration of
poly(butylene oxide)-block-poly(ethylene oxide) (PBO-b-PEO) membranes with different
molecular weights. The study showed that there was an increase in PEO corona length with
increasing polymerisation, however uranyl acetate was used stain the sample to improve
image contrast, which may bias the results. In this study, using uranyl acetate allowed
measurements of the PEO brush length to be taken and compared to the degree of PBO-b-
PEO polymerisation (191). Although uranyl acetate can be used to improve contrast, it can
create image artefacts by causing a fine grain in the image as uranyl ions bind to functional
groups within the membrane, generating only an outline of the particle and losing all
internal information (156, 192). In applying the stain, another layer of carbon is deposited,
which increases background noise (156). In addition to this, uranyl acetate is very sensitive
towards light and will precipitate if exposed, potentially causing drying artefacts and
flattening the object (156, 192). Cryo-TEM provides more detail of a membrane without
causing dehydration and staining artefacts to occur. It has been used to confirm the shape
and lamellarity of vesicle samples and compare alongside SAXS results (85, 178).

103
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The advantage of SAXS is that it is an ensemble technique that provides an average
structure for an object. However, the scattering pattern can be problematic to model
without some known structural information (193) and smaller local structural details about
the sample are not available. As demonstrated in Chapter 5, use of cryogenic electron
tomography (cryo-ET) for examination of the bilayer provides high-resolution information
about the imaged object, however the results are always specific with respect to analysed
vesicles rather than representative of the whole sample. With single particle analysis (SPA),
distributions of a vesicle membrane can be observed and not just average membrane
structure of the entire sample. However, electron microscopy techniques are only able
to analyse 101 − 103 vesicles at one time, whereas SAXS can collect data from the entire
sample, approximately ranging from 1010 − 1013 vesicles at once.

On their own, these techniques are powerful but have their limitations. Used together
however, the information gained from one technique can be used to inform and optimise
the other. SAXS gives a radial average of a scattering pattern of the sample, unveiling the
structure in 1D, providing information on both the vesicle diameter and the membrane
architecture whereas cryo-ET can yield a 3D density map of similar resolution after post-
acquisition computation (193, 194). Scattering profiles from SAXS must be fitted with
a model, which usually contains an ensemble of solutions, some of which would not
represent the structure (193). To determine robust measurements of the bilayer thickness
and peak-to-peak distances, the details found using cryo-ET can be used to ensure and fine
tune a fitting model for SAXS scattering curves.

Previously, the planar correlations from unaligned cryo-TEM images have been related
to SAXS profiles using an Abel transform (193). Fully reconstructed 3D structures obtained
using cryo-TEM have also been used to obtain theoretical SAXS curves and compared to
experimental SAXS profiles (194). The SAXS scattering pattern is the result of a Fourier
transform of the electronic density correlation function and reveals low resolution sample
features (194). Used in conjunction with cryo-TEM, the ensemble of solutions suggested
by SAXS can then be trimmed to give the most probable sample structure for subsequent
refinement steps.

Electron intensity line profiles from cryo-ET can be used to constrain the model for
SAXS to create a model for hybrid membranes. In this case information about the bilayer
thickness, the presence of different bilayer populations and the possible fraction of each
bilayer population can be used to inform the decisions made when creating a model for
SAXS data.
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6.1 Methods

6.1.1 Small angle x-ray scattering

Vesicles were prepared as described in Section 3.2.1. The same vesicles formed for cryogenic
electron tomography (cryo-ET) experiments were used for the collection of small angle
x-ray scattering (SAXS) scattering profiles. Vesicle samples were also characterised by size
using dynamic light scattering (DLS) as outlined in Section 3.2.3. The size characterisation
results can be found in Appendix A4. Samples were prepared for SAXS as described in
Section 3.2.5.

Scattering profiles from SAXS must be fitted with a model, which should reflect the
known structural knowledge on the studied system as appropriately as possible (193). The
resolution of the SAXS information is governed by the maximum q that you can measure
above the noise level. The bilayer thickness of the hybrid vesicles provided by analysis of
cryo-ET tomograms in Chapter 5 were used to inform the refinement process and reduce
the number of possible model solutions to give the most probable sample structure. The
samples used for SAXS were dilute, with a polydispersity index < 0.250, so no contribution
from a structure factor was anticipated and the scattering profiles can be modelled with a
form factor alone. Full explanation for the form factors can be found in Section 2.2.2.

As previously outlined in Section 2.2.2, the form factor usually used to model lipid
bilayers uses 2 Gaussians to represent polar head groups at positions ±zH and methyl
groups at the centre of the lipid bilayer, z = 0, given by Equation 2.23. This 2-Gaussian
model can be made more complex by expanding to 3, or even 4-Gaussians, as described by
Equation 2.25, potentially to account for interdigitation within the polymer membranes
shown by Figure 6.1. Initially, the 2-Gaussian model in Equation 2.23 was used on all
PBd22-PEO14 membrane compositions. Equation 2.25 was then introduced to fit the pure
PBd22-PEO14 vesicles.

For hybrid samples, the fitting functions from Equations 2.23 and 2.25 for the pure lipid
and polymer membranes were combined. A weighting factor, w, was applied to find the
fraction of thin membrane and thick membrane vesicles in the hybrid sample:

Fhybrid = (1 − w)F2G + wF4G (6.1)

The output to Equation 6.1 gives two electron density profiles, which correspond to thin
and thick membrane vesicles within the hybrid samples.

Equation 2.20 in Section 2.2.2 giving the ”Bilayered Vesicle” model from SASfit analysis
program was also applied to the 100 mol% PBd22-PEO14 polymer vesicle scattering intensity
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profiles, the results of which are presented in Appendix A7.1.

The 4-Gaussian and hybrid models to fit the SAXS scattering intensity patterns of
polymer and hybrid vesicles was created in collaboration with Prof. Michael Rappolt,
Chair in Lipid Biophysics, and Dr. Amin Sadeghpour, teaching fellow within the School of
Food Science and Nutrition. Prof. Michael Rappolt performed the fitting analysis using
the Gaussian models on the PBd22-PEO14/POPC vesicle SAXS data.

Figure 6.1: Example electron density profile models of polymer membranes from SAXS
scattering patterns. The electron density profile of a polymer membrane can be retrieved

from scattering intensity curves obtained by SAXS. The scattering curves for polymer
membranes bilayers can be fitted with a a) 2-Gaussian model, which can be expanded into

a 4-Gaussian model to account for b) partial or c) fully interdigitating membranes. The
electron density profiles provide valuable insight into the structure of the membrane.

6.1.2 Fourier transforms of cryo-ET images

The images of 100 mol% PBd22-PEO14 vesicles collected using cryo-ET were used to
generate a line profile by Fourier transformation of the image. Using FIJI, tomogram images
of 100 mol% PBd22-PEO14 vesicles were processed by creating a fast Fourier transform (FFT)
of the image as shown in Figure 6.2. The background was then subtracted, the brightness
and contrast adjusted and a threshold applied to reduce image background noise. To
obtain a radial line profile, the radial profile plugin for FIJI was used. This plugin can be
downloaded from https://imagej.nih.gov/ij/plugins/radial-profile-ext.html

Once a line profile was obtained, it was transferred to OriginPro for further processing.
The x-axis on the line profile is initially in Å, which first needs to be converted to cycle

https://imagej.nih.gov/ij/plugins/radial-profile-ext.html
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number (cycle(n)) by dividing by the scale, here 8.06 Å px−1, and then into q (Å−1) units
in order to compare the FFT line profile with SAXS scattering curves. The units can be
converted by applying:

q = 2π
cycle(n)

dmax
(6.2)

where cycle(n) is the pixel cycle number and dmax is the value of Å/cycle(n) at cycle 1, in
this case 2036.36 Å/cycle.

Figure 6.2: Method to obtain a scattering curve from cryo-ET images. From a)a cryo-ET
image of 100 mol% PBd22-PEO14 vesicle with a scale (here, 8.06 Å px−1) applied, an b) FFT
of the image of 256 × 256 pixels can be extracted using FIJI. The FFT image brightness and
contrast is adjusted, and a threshold applied. Using the radial profile plugin in FIJI, a c)

line profile for the FFT image is obtained.

Once the x-axis has been converted to q, the SAXS model for the sample is used to fit
the FFT line profile. FFT profiles from 15 cryo-ET images of 100 mol% PBd22-PEO14 vesicles
were averaged and then Equation 2.25 was applied to compare the electron density profile
from SAXS with the FFT profile from cryo-ET images.

6.1.3 Single particle analysis

In addition to cryo-ET and SAXS analysis on all PBd22-PEO14 vesicle compositions, single
particle analysis (SPA) was performed on 100 mol% PBd22-PEO14 sample to confirm the
polymer membrane structure. Vesicles were prepared as described in Section 3.2.1. The
grids for SPA were prepared as outlined in Section 3.2.4. SPA data was collected and
processed by Dr. Rebecca Thompson and Dr. Daniel Maskell, senior support scientists at
the Astbury Biostructure Laboratory at the University of Leeds.

From the 2D projection images of 100 mol% PBd22-PEO14 vesicles, 1300 sections of the
membrane were manually picked by Dr. Daniel Maskell using RELION software. The
images were grouped into three classes of 100 mol% PBd22-PEO14 membrane section which
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were then combined to reconstruct an image of the polymer membrane structure. This
image was then analysed by drawing 16 line profiles across the membrane using FIJI as
described in Section 5.1.1 to find the electron intensity profile from SPA.

Figure 6.3: Results of single particle analysis. 1300 membrane sections of 100 mol%
PBd22-PEO14 polymer membranes were manually picked using RELION software and

grouped into a) three classes. These images were then analysed with FIJI by measuring 16
line profiles across the membrane to obtain an b) average electron intensity profile of 100

mol% PBd22-PEO14 membranes.

6.2 Results and discussion

6.2.1 Scattering contributions

Figure 6.4 shows that as the polymer mole fraction increases, at low q (< 0.08 Å−1)
scattering contributions in the SAXS profiles appear, and increase in intensity. As the
electron intensity profiles from cryo-ET images of the 100 mol% PBd22-PEO14 displayed
shoulders against each peak, a 4-Gaussian SAXS model was created and utilised to fit the
SAXS scattering profile of the 100 mol% PBd22-PEO14 sample. The membrane thickness and
peak-to-peak measurements from cryo-ET described in Chapter 5 were used to constrain
the SAXS model and lead the refinement process, a single form factor was applied to pure
POPC and pure PBd22-PEO14 membranes. Initially, a single form factor was applied to
hybrid PBd22-PEO14 vesicles as well; however, as cryo-ET revealed the presence of two
bilayer populations within hybrid PBd22-PEO14/POPC samples, both the pure lipid and
pure polymer form factors were applied, culminating in electron density profile (EDP)
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displaying thick and thin membranes for each hybrid PBd22-PEO14 sample as shown in
Figure 6.4. An outline of how the SAXS models were constrained using cryo-ET results can
be found in Appendix A6.1.

While the resultant electron density profiles for thin membranes from hybrid PBd22-
PEO14 samples appear unchanged with increasing PBd22-PEO14 mole fraction, the trough
depth increases with increasing PBd22-PEO14 mole fraction in the electron density profiles
of thick hybrid membranes. The electron dense phosphate headgroups would lower the
ratio of the minimum/maximum electron density contrast ρR = ρC/ρH, reducing the
trough depth with increasing lipid fraction, implying that lipids are present in the thick
membranes.

The fraction of thick and thin membranes in each hybrid sample was also fitted, and
compared to the percentage of thick and thin membranes found from cryo-ET images as
shown in Table 6.1. Fractions of thick and thin membrane vesicles in tomograms each
hybrid sample were determined by categorisation through visual observation of cryo-ET
images. Although cryo-ET showed no populations in 25 mol% PBd22-PEO14 sample, SAXS
indicates that there were two thickness populations within this hybrid sample. The fraction
of thin membranes in each composition decreased as PBd22-PEO14 mole fraction increased,
from 56% in the 25 mol% PBd22-PEO14 sample to 15% in the 75 mol% PBd22-PEO14 sample.

The discrepancy between fractions obtained from analysing cryo-ET and SAXS results
could be explained by variations in ice thickness on cryo-ET grids, which sort vesicles
by size and concentrate the smaller vesicles in thinner regions. As demonstrated earlier,
large vesicle diameters correspond to thicker membranes in 75 mol% PBd22-PEO14 samples.
These thicker membranes are less likely to be captured in thin ice or a cryo-ET grid, which
could skew the fraction of thick and thin membrane vesicles observed in hybrid samples.

Table 6.1: The fractions of thick and thin membranes in PBd22-PEO14 vesicle compositions
found by cryo-ET and SAXS analysis. Fractions of thick and thin membranes in cryo-ET

images were found by categorising individual vesicles by visual observation. Fractions of
thick and thin membranes in SAXS scattering profiles were determined using Equation 6.1

PBd22-PEO14(mol%)
Cryo-ET SAXS

Thin (%) Thick (%) Thin (%) Thick (%)

0 100 0 100 0

25 100 0 56 44

50 58 42 25 75

75 63 37 15 85

100 0 100 0 100
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Figure 6.4: SAXS scattering curves and the resultant electron density profiles. The
measurements of the full width half maximum (FWHM), peak-to-peak were taken from

cryo-ET electron intensity profiles and used to constrain the SAXS model fits and obtain a
bilayer electron density profile for a) 0 mol%, b) 25 mol% c) 50 mol% d) 75 mol% and e)

100 mol% PBd22-PEO14 vesicles.
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6.2.2 Comparing results from SAXS, cryo-ET and SPA

Comparing the electron density profiles from SAXS with the electron intensity profiles
attained using cryo-ET, excellent correspondence can be seen in the profiles of pure POPC
lipid, where peak positions are closely aligned as shown by Figure 6.5a. In the SAXS
profile, the peak-to-peak distances in POPC lipid membranes is 36.4 Å, while for the
cryo-ET profile, the peak-to-peak distance is 33.9 Å. These measurements are comparable
to the bilayer thickness of POPC lipid membranes (peak-to-peak) found previously using
SAXS and cryo-TEM: in SAXS, the peak-to-peak distance was estimated to be ∼ 38 Å
(185, 186, 188), while measurements of cryo-TEM images gives a membrane thickness of 37
Å (177). Usually membrane thickness from cryo-TEM projection images is measured by
the distance between the outer edges of the contrast interfaces.

While SAXS analysis also confirms that the polymer membranes are significantly thicker
than the POPC membranes, the profiles have significant disparities. In particular, the SAXS
data indicates much larger peak-to-peak distances compared to the cryo-ET profiles (108 Å
and 65.8 Å, respectively), as shown by Figure 6.5b. Both SAXS and cryo-ET do reveal two
bilayer populations within the PBd22-PEO14 hybrid samples, one population presenting a
thinner membrane <65 Å, and the other with a thicker membrane > 65 Å.

Figure 6.5: Comparing results from SAXS and cryo-ET. Comparing the electron intensity
profiles obtained from cryo-ET with the electron density profiles from SAXS of a) pure

POPC vesicles and b) pure PBd22-PEO14 vesicles.

To explore this discrepancy between SAXS and cryo-ET in 100 mol% PBd22-PEO14

membranes, a FFT of the cryo-ET images was obtained resulting in a line profile similar to
the SAXS scattering curve for 100 mol% PBd22-PEO14 vesicles. This scattering curve was
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fitted with the 4-Gaussian form factor Equation 2.25, which produced another electron
intensity profile from the cryo-ET images of 100 mol% PBd22-PEO14. As shown by Figures
6.6b and f, the peak-to-peak distance in the profile from the FFT correspond to the peaks
found from the SAXS scattering curves (108 Å from both techniques). A closer inspection
also reveals a small electron dense peak in the centre of the trough region, where the
hydrophobic core is expected to be. This suggests that the information collected by SAXS
is present in the cryo-ET images, but it is too noisy to be clearly resolved during real-space
analysis.

Another reconstruction technique utilising cryo-TEM images was used to explore 100
mol% PBd22-PEO14 membrane structure. For SPA, multiple cryo-TEM projection images
of the vesicles were obtained and then membrane sections were specifically picked from
those images and grouped together to give a high-resolution image of the membrane. This
image can then be compared to the electron profiles from cryo-ET and SAXS by using FIJI
to obtain an intensity profile across the membrane.

The SAXS electron density profile and FFT profile of 100 mol% PBd22-PEO14 in Figures
6.6b and f revealed a small electron dense peak in the centre of the trough region, where the
hydrophobic core is expected to be. Although this feature is not observed in the cryo-ET
profile, the SPA profile in Figure 6.6h shows a small electron dense peak within the centre
of the trough region. This is indicative of some polymer interdigitation, as polymers in
both the inner and outer bilayer leaflets would tangle and thus have a higher electron
density than if the polymer leaflets were completely segregated.

Figure 6.6b also shows that the position of full width half maximum of the trough
in the SAXS EDP (59.2Å) corresponds with the inner peak-to-peak distance in cryo-ET
and SPA profiles in Figures 6.6d and h (65.8 Å and 63.4 Å, respectively). In SAXS, the
hydrophobic core is defined as the region which has a lower density than water (< 0.33
e− Å−3) in the the electron density profile. For example, the methyl chains in lipid bilayers
have an electron density of 0.16 e− Å−3 while hydrocarbon tails have a density of 0.30
e− Å−3 (195). However, in measurements of in lipid membrane from cryo-TEM images,
the hydrophobic core is often not considered separately and only membrane thickness is
measured (177, 179, 191).

Theoretically, the hydrophobic core thickness in an interdigitated polymer bilayer
conformation could be estimated using a polymer random walk model, where the root
mean squared end-to-end distance of the hydrophobic block in the amphiphilic block
copolymer,

√
⟨R2⟩: √

⟨R2⟩ = Nυb (6.3)
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Figure 6.6: Comparing results of 100 mol% PBd22-PEO14 sample from SAXS, cryo-ET and
SPA. The a) SAXS scattering curves of 100 mol% PBd22-PEO14 and b) corresponding

electron density profile for the membrane. Analysis of the c) cryo-ET images of 100 mol%
PBd22-PEO14 results in d) an electron intensity profile that has smaller peak-to-peak

distances than the SAXS electron density profile. The trough in b) also has a small electron
dense peak, not observed in d), which could indicate polymer interdigitation within the

bilayer. An e) FFT of the cryo-ET image results in a f) electron intensity profile that
corresponds to the SAXS electron density profile. The g) final image from SPA gives h) an

intensity profile which appears to correspond to features seen in both b) and d). Inner
peak positions in h) correspond to peak positions in d), and there is also a small electron

dense peak within the trough region of h) which is also observed in b).
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where N is the number of Kuhn segments in the hydrophilic block, υ is the Flory
exponent and b is the Kuhn length of the hydrophilic block.

For hydrophobic polybutadiene, (1,2 addition), the Kuhn length is thought to be 13.7
Å (196). Assuming polybutadiene is acting as ideal chains that interdigitate, the Flory
exponent υ = 0.5, gives a hydrophobic core of 55 Å for PBd22-PEO14 membranes. If
the polymers leaflets in the membrane are segregated, the Flory exponent υ = 1, which
gives a hydrophobic core of 110 Å. These give the potential physical limits for membrane
hydrophobic core measurements. However, PBd22-PEO14 polymer membranes could
undergo partial interdigitation as well, where the Flory exponent υ = 0.66, giving a
hydrophobic core thickness of 69.6 Å. However, using random walk models in this way
must be done with care.

The measurements of the hydrophobic core from SAXS, cryo-ET and SPA profiles are all
below the predicted hydrophobic thickness for fully segregated polymer leaflets, but above
the thickness calculated from fully interdigitated membranes, implying PBd22-PEO14 forms
partially interdigitating membranes. Generally, the number of Kuhn segments, N, in a
random walk must be large enough to allow the non-identical steps in the walk to sum
to zero. However, as a polymer membrane consists of many polymers, the large N could
come from the collective behaviours of many polymers rather than the length of individual
polymers within a membrane.

The cryo-ET profile also shows a shoulder forming on the outer edges of these peaks
at approximately ± 80 Å. Although the position of this shoulder does not align with
the outer peak at ± 58.5 Å in the SPA profile of Figure 6.6h, this outer peak in the SPA
profile is directly between the peak and shoulder positions in the cryo-ET profile. This
same observation can be made when comparing the SAXS profile with the cryo-ET profile,
where the SAXS peak position at ± 54.0 Å is directly between the peak and shoulder in the
cryo-ET profile. The SAXS model used here for PBd22-PEO14 membranes does not account
for these two additional positive electron density contributions in this structural region,
which is why this particular feature cannot be reproduced. The inner peaks of the SPA
profile in Figure 6.6h could represent the hydrophobic/hydrophilic interface between the
hydrophobic polybutadiene (PBd) and hydrophilic polyethylene oxide (PEO) blocks, while
the outer peak may represent the centre of the PEO corona.

Figure 6.6h appears asymmetric in the outer peak intensities and widths of the lumen
and extravesicular sides. The peak intensity of the outer peak on the lumen side is larger,
and the width wider, than the outer peak on the extravesicular side. This may suggest a
curvature asymmetry effect where there is a higher density of PEO PBd22-PEO14 chains,
but the chains are extended, on the lumen side of the curved membrane, while the PEO
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chains on the extravesicular membrane side would have greater free volume to coil in
resulting in a smaller peak intensity and narrower peak width. As SPA was conducted on
100 mol% PBd22-PEO14 vesicles, the asymmetry is not due to composition.

Although only 100 mol% PBd22-PEO14 has been investigated using SAXS, cryo-ET and
SPA, as shown by Figures 6.4 and 6.6, the SAXS electron density profiles of population
2 of hybrid PBd22-PEO14/POPC samples corresponds closely to the pure PBd22-PEO14

model, so observations about 100 mol% membranes are anticipated to be similar for hybrid
samples. The SPA profile has features that correspond with positions of features observed
in both SAXS and cryo-ET profiles showing that both cryo-ET and SAXS are required to
obtain a complete picture of the structure within hybrid PBd22-PEO14/POPC membranes.

Although on first inspection both cryo-ET and SAXS would be expected to produce
identical profiles as they are both generally measuring electron density, the techniques are
based on different principles as explained in Chapter 2. Cryo-ET picks up features that
vary in electron potential, while in SAXS electron density is measured. SAXS results are
model dependent, and cryo-TEM results depend mainly on the data reduction techniques
for retrieving intensity profiles. This explains slightly the different features within the
membrane, resulting in varying profiles seen in Figure 6.6. Adding too many fitting
parameters to the SAXS model also does not improve the fit to the scattering data due to its
limited resolution. A 4-Gaussian model was used to fit 100 mol% PBd22-PEO14 membranes,
but increasing this to a 6-Gaussian model would be over-parameterising, and gave the
same result with peak positions between the peaks seen by cryo-ET and SPA.

6.3 Conclusion

Small angle x-ray scattering (SAXS) is an ensemble technique that has commonly been
used to determine the average electron density profile of lipid membranes (197, 137, 198).
However, the resultant scattering pattern is often difficult to model without some structural
information (193). As demonstrated earlier, cryo-ET was successfully used to probe the
membrane structure of hybrid lipid-polymer vesicles, revealing an electron intensity profile
for each compositions, and two bilayer thickness populations with PBd22-PEO14 hybrid
vesicle samples. Here the information gained from cryo-ET was used to inform and
optimise the model for SAXS scattering patterns.

Usually in cryo-TEM analysis of lipid membranes, the bilayer thickness is defined
by the distance between the outer edges of the contrast interfaces while the hydropho-
bic core is often not specifically considered (177, 179, 191). Other studies have utilised
small angle neutron scattering (SANS) and Förster resonance energy transfer (FRET) to
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determine nanoscale domains as small as 5 nm with large unilamellar vesicles and found
polymer architecture has an effect on the mixing behaviours of components in a hybrid
lipid-polymer membrane (98). Although cryo-ET has been used previously to determine
structures of PBd22-PEO14/POPC hybrid vesicles (tubular and vesicular structures in 15-85
mol% PBd22-PEO14 compositions), the study suggested that the polymer accumulates in
the outer leaflet in the hybrid membrane, whereas the lipid is more likely to reside in the
inner leaflet (92).

Here, two bilayer populations in 50 mol% and 75 mol% PBd22-PEO14 hybrid vesicles
were revealed by cryo-ET and confirmed by SAXS. While these populations could be
perceived as polymer-rich and lipid-rich vesicles with hybrid PBd22-PEO14/POPC samples,
these results could also indicate the polymer forms a segregated, bilayer conformation
or an interdigitated conformation as these two conformations are energetically similar.
Population 1 within hybrid PBd22-PEO14 samples, which have a thin membrane (< 65 Å
from measurements of cryo-ET images), may have polymers that are fully interdigitating,
while in population 2 (bilayer thickness from cryo-ET measuements > 65 Å) the polymers
may form a bilayer conformation with only partial interdigitation within the hydrophobic
core. Comparison of the hydrophobic core thickness from cryo-ET, FFT, SAXS and SPA
electron density profiles with theoretical calculations using a random walk model also
suggest that PBd22-PEO14 is partially interdigitating in the membrane.

Inspection of SAXS electron density profiles of population 2 in hybrid PBd22-PEO14/POPC
samples show that relative electron density of the hydrophobic core region reduces as the
polymer fraction increases, implying population 2 comprises mixed membranes. Analysis
of cryo-ET images of hybrid PBd22-PEO14/POPC vesicles in Chapter 5 has also shown the
electron intensity profiles of thick and thin membrane populations do differ to the profiles
for pure lipid and pure polymer vesicles. This implies an uneven distribution of lipids and
polymers in each vesicle is causing the differences in membrane thickness, rather than the
presence of polymer-rich and lipid-rich vesicle populations in each hybrid sample. There
is no evidence from analysis of either SAXS profiles or cryo-ET images of phase separation
into nanoscale polymer-rich and lipid-rich domains within individual vesicles of hybrid
samples, indicating all compositions have homogenous membranes.

However to fully confirm the formation of hybrid PBd22-PEO14/POPC membranes
contain an uneven distribution of lipids and polymers that are homogeneously mixed
within the membrane further analysis is required. Potentially, by labelling the lipid and the
polymer, contributions from each labelled component can then be used to verify membrane
homogeneity by another method, as well as determine the proportion of lipid and polymer
in each hybrid vesicle. This is discussed further in Chapter 7.



6.3. CONCLUSION 117

Although cryo-ET and SAXS electron profiles have excellent correspondence for peak
positions in pure POPC lipid membranes, these two techniques appear to highlight different
features within a PBd22-PEO14 polymer membrane. This makes a quantitative comparison
of hydrophobic core and bilayer thickness using the same definition for all compositions
difficult. However details such as hydrophobic thickness of the membrane, previously
not assessed by cryo-TEM, have been resolved by cryo-ET and SAXS has been used to
produce an electron density profile of a polymer membrane. A FFT of the cryo-ET images
also confirmed the peak positions found in the SAXS electron density profile. Cryo-ET is
an excellent tool for assessing heterogeneities and unique features within samples, but it
can also be used to build and refine models for SAXS. Utilising the results from cryo-ET to
inform and optimise the fits for models, SAXS can then be used with confidence to find
ensemble structural details with low statistical error.

SPA however was able to distinguish all features seen by both cryo-ET and SAXS. With
the additional advantage of being able to observe a distribution of structures within a
sample and not just the average structure, this technique could be used more in the future
to determine the structure of hybrid lipid-polymer membranes.
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7. Hybrid membrane properties from GUV
image analysis
Biological membranes comprise a mixture of lipids and their composition controls essential
cell membrane properties such as fluidity, mechanical stability and membrane protein
function (16). As biological membranes have multiple components, they are believed
to have lateral heterogeneities and nano-scale domains that contribute to the inherent
properties and behaviours of the membrane (65, 199). Giant unilamellar vesicles (GUV)
have similar sizes to biological cells (1-100 µm) and are valuable cell membrane models to
observe membrane dynamics using a light microscope (23, 200).

Phase separation has been observed in GUVs by incorporating fluorescently labelled
polymers or lipids within the membrane and monitoring the spatial localisation of their
fluorescence using confocal microscopy. For GUVs comprising binary polymer mixtures,
polymer mixing and phase separation within the sample was predicted by investigating
the fluorescence from BODIPY and BODIPY-FL fluorophores within the initial polymer
films, before the films are electroformed into GUVs. Where the films showed no mix-
ing between the fluorophores, the resultant GUVs had separated into pure component
vesicles, while films that indicated mixing between the florophores gave GUVs with ho-
mogenous, mixed membranes (65). However, confocal images of GUV formation from
poly((2-methacryloyloxy)ethyl phosphorylcholine)-block-poly(2-(diisopropyl-amino)ethyl
methacrylate) (PMPC-PDPA) and PBd-b-PEO binary polymer mixture demonstrated the
kinetics of formation of hybrid polymer-polymer membranes is very slow, with phase
separation only clearly forming after 12 hours of electroformation (64).

Binary lipid membranes can be used to generate phase-separated lipid membranes
depending on whether the lipid components are in a fluid-, gel-, liquid-ordered or liquid
disordered phases, with phase-separation occurring if one of the components is in the gel-
state (201). Previous studies have observed that hybrid vesicles can be either homogeneous
or inhomogeneous with lateral domains (22, 29, 79, 91, 99). POPC/PBd-b-PEO membranes
composed of lower molecular weight polymers were more likely to form hybrid vesicles
(82). Domains have even been induced to form in hybrid POPC/PBd-b-PEO GUVs by
biotinylation of one of the components and cross-linking with the protein, NeutraAvidin.
The domain pattern depended on whether the polymer or lipid was biotinylated; polymer
cross-linking resulted in a large single domain, while lipid cross-linking gave many small,
lipid-rich domains within a polymer matrix (29).

Lateral phase separation alters the membrane curvature energy, and its occurrence is

119
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determined by the hydrophobic thickness of the components, the chemical compatibilities
between the polymers as well as the component phase states (22, 34). Studies have also
found that line tension at POPC or DPPC/PDMS-PEO boundaries could be finely tuned
by the copolymer molar mass and architecture, resulting in the formation of stable lipid
domains with different sizes and morphologies in hybrid GUVs (98). A high thickness
mismatch was also believed to result in a high line tension that drove PDMS-PEO/POPC
and PDMS-PEO/DPPC vesicle morphologies towards patch domains or the formation of
separated liposomes and polymersomes (22, 34). The bending rigidity of these polymer
domains was shown to be larger than that of the lipid domains. An equilibrium between
the line tension and bending energy was thought to be more easily achieved for small
polymer-rich domains, while small lipid-rich domains were believed to require a large
curvature increase followed by membrane fission into separated vesicles to balance line
tension with bending energy (34). Line tension and membrane elasticity was also observed
to affect the phase separation in PDMS-co-PEO/DPPC or DOPC membranes (75).

The ability of domains to coalesce is dependent on the viscosity of the continuous
phase, while attractive or repulsive interactions between them depend on membrane
elasticity (29). Fluorescence recovery after photobleaching (FRAP) has been used in the
past to monitor membrane fluidity and viscosity: for POPC/PBd46-PEO30 GUVs, FRAP
showed that the diffusion coefficient decreased with increasing polymer fraction (29). The
intermediary value of the diffusion coefficient between pure POPC and pure PBd46-PEO30

of an asymmetric giant hybrid vesicle was believed to indicate polymer interdigitation
(199). FRAP experiments have been combined with micropipette aspiration techniques
to investigate the relationship between membrane tension and fluidity (29, 96). Flicker
spectroscopy has also been used in combination with FRAP, and is another option in the
determination of membrane tension and bending rigidity in lipid membranes (124, 202,
203). To further complement FRAP results, membrane probes such as Laurdan can also
be used to visualise membrane fluidity. Recently, Laurdan has been employed to report
relative values of membrane packing, used to extrapolate membrane order and hydration
in lipid mixtures (119, 204, 205).

Although PC and PBd22-PEO14 hybrid membranes have been shown to extend func-
tional lifetimes of incorporated membrane proteins (1, 77, 78), relatively few studies have
completed experiments incrementally increasing the copolymer fraction within hybrid
vesicles to determine surface morphologies (membrane homogeneity or phase separation),
membrane viscosity and mechanical properties, and then relating membrane composition
to those results. Therefore there is a need to systematically investigate PC/PBd22-PEO14

membrane compositions.
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7.1 Methods

7.1.1 Determination of polymer-lipid ratio

10 mol% of the resultant fluorescently labelled polymer dye was used alongside 2 mol%
3,3’-dioctadecyloxacarbocyanine perchlorate (DiO) to determine the polymer-lipid ratio.
As all the hybrid vesicles contained both 2 mol% DiO and 10 mol% PBd22-PEO14-TMR,
their compositions were altered as shown in Table 7.1. Going forwards, compositions will
continue to be referred to by the sample label in Table 7.1.

Table 7.1: True mole fractions of POPC, PBd-b-PEO, DiO and PBd22-PEO14-TMR in
PBd22-PEO14 and PBd12-PEO11 GUV compositions. The addition of 2 mol% DiO and 10

mol% PBd22-PEO14-TMR to the hybrid vesicles alters their composition.

Sample label
(mol%)

POPC
(mol%)

PBd-b-PEO
(mol%)

DiO
(mol%)

PBd22-PEO14-TMR
(mol%)

0 98.0 – 2.0 –

25 66.5 22.5 1.8 9.2

50 43.6 45.4 1.8 9.2

75 22.7 66.5 1.8 9.0

100 – 90 – 10

Giant unilamellar vesicles (GUV) were formed using the method outlined in 3.2.8. Con-
focal laser scanning microscopy was used to determine absolute intensity of 2 mol%DiO
and 10 mol% PBd22-PEO14-TMR dyes in hybrid membranes. Imaging was conducted with
a Zeiss LSM880 + Airyscan inverted confocal microscope within 1 hour of GUV formation.

The microscope tile scanning option was used to scan large areas of the sample and
facilitate the acquisition of statistical data and the images were analysed using the FIJI
software (National Institutes of Health, Bethesda, MD). Förster resonance energy transfer
(FRET) was not expected as the tile scan option excites each dye individually before
compiling the multichannel image. The image was split into channels, representing the
intensity contribution from each fluorescent dye as shown in Figure 7.1. The image from
the PBd22-PEO14-TMR channel was duplicated to create the mask. First this duplicate was
adjusted for brightness and contrast, and a threshold applied. Then a mask was created
to ensure only vesicles greater than > 10 µm were measured using the automatic particle
analysis tool. This size was chosen to prevent selection of non-vesicular aggregates. The
mask created regions of interest around selected vesicles of a particular size. These regions
of interest were then applied to the split channel images with intensity contributions from
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each dye to retrieve their intensity values.

Figure 7.1: Method for determining polymer-lipid ratio. The a) tile scan of the hybrid
lipid-polymer vesicles (25 mol% PBd12-PEO11) is split into channels of intensity

contributions from b) DiO fluorescent lipid and c) PBd22-PEO14-TMR fluorescent polymer
only. The image of PBd22-PEO14-TMR intensity is d) duplicated and brightness and

contrast adjusted before e) a threshold is applied. Finally, a f) mask is created, created
regions of interest around vesicles of diameters > 10 µm. The black outlines in f) represent
the unmasked areas where intensity will be measured, while white indicates the masked
areas where no intensity measurements are taken. These regions of interest in f) are then

applied to b) and c) to find the intensity contributions from each dye separately.

The intensity values from each dye image are normalised to the mean plus standard
deviation value. The relative intensity ratio, R, between the intensity contributions from
DiO, IDiO, and PBd22-PEO14-TMR, IPBd22−PEO14−TMR, was calculated using:

R =
IPBd22−PEO14−TMR − IDiO

IPBd22−PEO14−TMR + IDiO
(7.1)

This gives a normalised value between -1 and 1, where -1 indicates the intensity contribu-
tions in hybrid vesicles are from DiO only: 1 indicates the intensity contributions in the
hybrid vesicles are entirely from PBd22-PEO14-TMR, while an intensity ratio of 0 indicates
equal fluorescence intensity contributions in hybrid vesicles from both PBd22-PEO14-TMR
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and DiO. The resultant histograms are then fitted with a normal distribution curve.

7.1.2 Fluorescence recovery after photobleaching

10 mol% of the PBd22-PEO14-TMR polymer dye was used alongside 2 mol% DiO to
investigate changes in membrane viscosity by Fluorescence recovery after photobleaching
(FRAP). As all the hybrid GUVs contained both 2 mol% DiO and 10 mol% PBd22-PEO14-
TMR, their compositions were altered as shown in Table 7.1. Going forwards, compositions
will continue to be referred to by the sample label in Table 7.1. GUV were formed using
the method outlined in 3.2.8. Confocal laser scanning microscopy was used to determine
FRAP of 2 mol%DiO and 10 mol% PBd22-PEO14-TMR dyes in hybrid GUV membranes.
Imaging was conducted with a Zeiss LSM880 + Airyscan inverted confocal microscope
within 1 hour of GUV formation.

FRAP consists of bleaching irreversibly a particular region of interest (ROI) with a 100%
intensity for all laser beams (405, 458, 514, 561 and 633 nm) and then monitoring with
a 2% intensity laser beam (for 488 nm for DiO excitation and 561 nm for PBd22-PEO14-
TMR excitation). The rate of fluorescence recovery that represents the time needed for the
surrounding fluorescent molecules to diffuse into that region of interest. FRAP experiments
were performed on the top pole of GUVs where a circular region of interest with a 5 ±
0.5 µm diameter was exposed to five bleaching scans at 100 mol% laser power, and the
recovery was monitored by recording time series of 13 frames of size 256 × 256 pixel per
second, with the confocal pinhole adjusted to 3.1 µm. The recovery curves were fitted with
Origin Pro using the classic fluorescence recovery model:

f (t) = A[exp(−2τD

t
)[I0(

2τD

t
) + It(

2τD

t
)]] (7.2)

where t is the time, A is the recovery level, τD is the half recovery time, and I0 and I1

are modified Bessel functions of the first kind. The diffusion coefficient (D) can then be
calculated from the recovery times and the radius of the bleached region (r) using:

D =
r2

4τD
(7.3)

7.1.3 Spectral imaging

0.5 mol% 6-Dodecanoyl -2- Dimethylaminonaphthalene (Laurdan) was added to the lipid-
polymer thin film mixtures to investigate changes to membrane hydration. GUV were then
formed using the method outlined in 3.2.8. A Zeiss LSM880 + Airyscan inverted confocal
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laser scanning microscope was used to image the GUVs within 1 hour of formation.
Spectral imaging of Laurdan fluorescence in the different membrane samples was

performed using the microscope 32-channel GaAsP detector array. Laser light at 405 nm
was selected for fluorescence excitation of Laurdan. The lambda detection range was
set between 412 and 555 nm with intervals of 8.9 nm, allowing simultaneous coverage
of the whole spectrum. The confocal pinhole aperture was adjusted to 3.1 µm, and to
increase the scan speed, single GUVs were maximally magnified to allow the whole
vesicle to be imaged. The images of resolution 512 × 512 pixels were saved in .lsm
file format and filtered with a Gaussian blur before being analysed to find the general
polarisation value of each pixel by using a custom plug-in compatible with FIJI, found
at https://github.com/dwaithe/GP-plugin. Spectral images can be found in Appendix
A9.1.

GP =
I444 − I488

I444 + I488
(7.4)

7.1.4 Flicker spectroscopy

The mechanical properties of GUVs were determined using flicker spectroscopy. This is a
non-invasive image analysis technique that quantifies the amplitude of membrane thermal
fluctuations ⟨| u2

q |⟩ as a function of their wavenumber (q = 2π
l ) along the length (l) of

the GUV contour. For these experiments, the GUVs were osmotically relaxed by being
incubated overnight at 4 °C with a hyperosmotic buffer (320 mOsm kg−1). A time series
over 5 min at a frame rate of 3.3 frames per second at a resolution of 1024 × 1024 pixels
were taken of the equatorial plane of individual GUVs. The confocal pinhole aperture
was adjusted to 0.7 µm (1 Airy unit), and to increase the scan speed, single GUVs were
maximally magnified, which allows imaging of the whole vesicle. The data were analysed
using MATLAB contour analysis software kindly provided by P. Cicuta and co-workers at
the University of Cambridge (Cambridge, U.K.). This program analyses each frame of the
time series and quantifies the membrane tension (σ) and bending rigidity modulus (κb) by
fitting the fluctuation spectrum with the following equation:

⟨| u2
q |⟩ =

kBT
2σ

(
1
q
− 1√

σ
κb
+ q2

) (7.5)

where kB is the Boltzmann constant and T is the temperature.

https://github.com/dwaithe/GP-plugin
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7.2 Results and discussion

7.2.1 Membrane composition

Combining POPC with PBd22-PEO14 or PBd12-PEO11 to create GUVs was successful in
varying degrees for all compositions as shown by Figure 7.2. DiO was used as the flu-
orescent probe for lipids, while PBd22-PEO14-TMR, synthesised from PBd22-PEO14, was
expected to partition into the polymer. The hybrid vesicles contain both 2 mol% DiO
and 10 mol% PBd22-PEO14-TMR while 0 mol% and 100 mol% PBd22-PEO14 compositions
contain only 2 mol% DiO or 10 mol% PBd22-PEO14-TMR respectively. The true mole
fractions of POPC, PBd-b-PEO (representing both PBd22-PEO14 and PBd12-PEO11), DiO
and PBd22-PEO14-TMR within these mixed vesicles can be found earlier in Table 7.1.

Figure 7.2: Tile scans of PBd22-PEO14 and PBd12-PEO11 composition GUVs. Tile scans a)
POPC, b) 25 mol% PBd22-PEO14, c) 50 mol% PBd22-PEO14, d) 75 mol% PBd22-PEO14, e) 100

mol% PBd22-PEO14, f) 25 mol% PBd12-PEO11, g) 50 mol% PBd12-PEO11 and h) 75 mol%
PBd12-PEO11 compositions were taken. To obtain good images of 100 mol% and 75 mol%

PBd22-PEO14 GUVs, the samples were diluted × 2 to reduce saturation. The hybrid
vesicles contain both 2 mol% DiO and 10 mol% PBd22-PEO14-TMR while 0 mol% and 100
mol% PBd22-PEO14 compositions contain only 2 mol% DiO or 10 mol% PBd22-PEO14-TMR

respectively. The scale bar is 200 µm.

100 mol% and 75 mol% PBd22-PEO14 samples consistently formed many large (10-50
µm) GUVS, with minimal method optimisation required and × 2 dilution required to
reduce image saturation and obtain good images. However 0 mol%, 25 mol% and 50
mol% PBd22-PEO14 usually generated smaller vesicles (1-20 µm) and several optimisation
iterations were required to achieve the images shown in Figure 7.2, compared to 75 mol%
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and 100 mol% PBd22-PEO14 compositions. On the other hand, 25 mol% PBd12-PEO11

sample consistently formed many large GUVs (10-35 µm), while 50 mol%, 75 mol% and
100 mol% PBd12-PEO11 samples formed fewer, smaller vesicles (1-20 µm).

While the majority of vesicles were uni-lamellar, some multi-lamellar and intra-lumenal
vesicles were observed in all samples. 0 mol% and 25 mol% vesicle compositions espe-
cially, contained vesicles with very small intra-lumenal vesicles. All hybrid compositions
appeared homogenous, and no phase separation was observed in any vesicles.

While blending POPC lipid with either PBd22-PEO14 and PBd12-PEO11 polymers was
expected to form homogenous hybrid membranes due to the similar Hildebrand solubilities
of the two materials, there could still be phase separation from differences in component
hydrophobic thickness. To verify hybrid vesicle samples have formed blended membranes
and not phase separated into distinct lipid-only or polymer-only populations, the relative
intensities of a fluorescently labelled lipid (DiO) and polymer (PBd22-PEO14-TMR) for
each vesicle were measured. In Figure 7.3, intensity values tending towards 1 indicate a
higher polymer dye intensity within the membrane and implies a polymer-rich vesicle,
while values tending towards -1 indicate a higher lipid dye intensity, implying a lipid-rich
membrane. An intensity ratio of 0 indicates equal fluorescence intensity contributions in
hybrid vesicles from both PBd22-PEO14-TMR and DiO.

As shown by Figure 7.3a the relative intensity ratios of hybrid PBd22-PEO14 GUVs have
a monomodal distribution centred around 0, indicating most GUVs in hybrid PBd22-PEO14

samples have equal fluorescence intensity contributions from DiO and PBd22-PEO14-TMR.
There are no distributions around -1 or 1, showing there are no vesicles with only DiO
or PBd22-PEO14-TMR present in the membrane. This suggests these membranes are
homogenous and there are no populations of pure PBd22-PEO14 polymer or pure POPC
lipid vesicles.

Figure 7.3h also shows that the relative intensity ratios of 25 mol% and 75 mol% hybrid
PBd12-PEO11 GUVs have a monomodal distribution centred around 0 and there are no
distributions around -1 or 1. Again, this indicates most GUVs in 25 mol% and 75 mol%
PBd12-PEO11 samples have equal fluorescence intensity contributions from DiO and PBd22-
PEO14-TMR, and that there are no populations of POPC- or PBd12-PEO11-only GUVs,
therefore membranes composed of PBd12-PEO11 are homogenous. Although 50 mol%
PBd12-PEO11 has the broadest distribution tending towards 1 and therefore indicating
slightly more polymer-rich membranes, the distribution is still monomodal rather than
bi-modal, indicating there are no populations of pure PBd12-PEO11 polymer or pure POPC
lipid vesicles.
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Figure 7.3: Intensity contributions from DiO and PBd22-PEO14-TMR in hybrid GUVs. A
histogram of relative intensity ratios in a) PBd22-PEO14/POPC hybrid GUVs, fitted with a

normal distribution curve, shows the ratios are centred around 0, suggesting a mixed
membrane. Images below show intensity contributions from: b) DiO and c)

PBd22-PEO14-TMR in 25 mol% PBd22-PEO14; d) DiO and e) PBd22-PEO14-TMR in 50 mol%
PBd22-PEO14; f) DiO and g) PBd22-PEO14-TMR in 75 mol% PBd22-PEO14. The histogram of
relative intensity ratios in h) PBd12-PEO11/POPC hybrid GUVs, again fitted with a normal

distribution curve, shows the ratios are also centred around 0, suggesting a mixed
membrane. Images below show intensity contributions from: i) DiO and j)

PBd22-PEO14-TMR in 25 mol% PBd12-PEO11; k) DiO and l) PBd22-PEO14-TMR in 50 mol%
PBd12-PEO11; m) DiO and n) PBd22-PEO14-TMR in 75 mol% PBd12-PEO11. The scale bar is

200 µm.
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As the two fluorophores present in the hybrid lipid-polymer membranes have overlap-
ping emission and excitation spectra, Förster resonance energy transfer (FRET) between
them could occur, altering the intensity contribution from each dye and providing an
inaccurate, non-representative result. The contribution from the lipid fluorophore, DiO,
would decrease during FRET, shifting the intensity ratio towards 1 and resulting in a
conclusion of a polymer-rich membrane in all vesicle compositions, which is not seen in
Figure 7.3. The tile scan option on the microscope excites and images fluorescence from
each probe sequentially, meaning the emission from DiO would not affect the fluorescence
of PBd22-PEO14-TMR. The normalising the fluorescence intensity contributions from each
dye before calculating the ratio would also negate any effects from FRET that could impact
the result.

The results from observations and relative fluorescence intensity ratios show no obvious
phase separation within the individual vesicles was observed. However lipid-rich and
polymer-rich domains that are smaller than the microscope spatial resolution (∼ 200 nm)
may have formed in the hybrid membranes. To determine whether the hybrid PBd22-
PEO14 and PBd12-PEO11 vesicles have nano-scale domains, cryo-electron tomography on
LUV membranes of these lipid-polymer blends was performed as discussed in Chapter
5. Using visual observation, manual line profile analysis and an automated membrane
thickness analysis, no nano-scale domains within hybrid vesicles composed of POPC and
PBd22-PEO14 or PBd12-PEO11 were found.

7.2.2 Membrane viscosity

Changes to lipid lateral mobility with increasing polymer fraction were investigated using
fluorescence recovery after photobleaching (FRAP). The diffusion coefficients were extrap-
olated from the fluorescence recovery times of a bleached area in the upper pole of a vesicle
by calculating the mobility of the fluorescent lipid (DiO) and the fluorescent polymer
(PBd22-PEO14-TMR) within the GUV membrane. As before, hybrid vesicles contain both 2
mol% DiO and 10 mol% PBd22-PEO14-TMR while 0 mol% and 100 mol% PBd22-PEO14 com-
positions contain only 2 mol% DiO or 10 mol% PBd22-PEO14-TMR respectively. The true
mole fractions of POPC, PBd-b-PEO (representing both PBd22-PEO14 and PBd12-PEO11),
DiO and PBd22-PEO14-TMR within these hybrid vesicles can be found earlier in Table 7.1.
The fluorescence recovery data was modelled using a single diffusion coefficient for all
membrane compositions. Between 15 and 20 GUVs were analysed for each composition
and the average values shown in Figure 7.4.

The fluorophore DiO was included in 0-75 mol% polymer membrane compositions
and was expected to partition into the lipid matrix of a hybrid membrane. The diffusion
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coefficient from DiO fluorescence recovery decreased with increasing polymer fraction,
from 3.31 ± 0.56 µm s−1 for a pure POPC lipid membrane to 0.46 ± 0.15 µm s−1 in 75
mol% PBd22-PEO14 hybrid vesicles and 0.68 ± 0.23 µm s−1 in 75 mol% PBd12-PEO11 hybrid
vesicles. In PBd22-PEO14 vesicle compositions, only the difference between 0 mol% and 25
mol% PBd22-PEO14 is statistically significant. However for all PBd12-PEO11 hybrid vesicle
compositions, the differences in DiO fluorescence recovery is statistically significant (p <

0.05, Tukey and Bonferroni ANOVA).

Figure 7.4: Comparing diffusion coefficients of PBd22-PEO14/POPC samples with
PBd12-PEO11/POPC samples. The diffusion coefficients of a) PBd22-PEO14 vesicles and d)
PBd12-PEO11 vesicles as well as the fluorescence recovery after photobleaching profiles

from b),e) DiO and c),f) PBd22-PEO14-TMR fluorescent dyes in each composition.
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The diffusion of polymers through the hybrid matrix was also monitored using a
fluorescently labelled polymer, PBd22-PEO14-TMR, included in 25-100 mol% polymer
compositions. The diffusion coefficient from PBd22-PEO14-TMR fluorescence recovery
decreased with increasing polymer fraction, from 0.75 ± 0.25 µm s−1 for 25 mol% PBd22-
PEO14 vesicles to 0.67 ± 0.28 µm s−1 in 100 mol% PBd22-PEO14 hybrid vesicles and 1.67
± 0.52 µm s−1 in 25 mol% PBd12-PEO11 hybrid vesicles to 0.71 ± 0.56 µm s−1 in 100
mol% PBd12-PEO11 vesicles. Although polymer diffusion through the hybrid matrix
also decreased with increasing polymer fraction in PBd22-PEO14 and PBd12-PEO11 hybrid
compositions, this decrease is not statistically significant (p < 0.05, Tukey and Bonferroni
ANOVA) except between 50 mol% and 75 mol% PBd12-PEO11.

Overall, the diffusion of both DiO and PBd22-PEO14-TMR through either a PBd22-PEO14

or PBd12-PEO11 membrane decreases with increasing polymer mol%. This reduction in
both DiO and PBd22-PEO14-TMR mobility appears to correlate with the polymer causing
a significant drop in lipid mobility in 25 mol% PBd22-PEO14 vesicles. Except in the 25
mol% PBd22-PEO14 sample, there is no statistical significance between the diffusion coeffi-
cients of DiO or PBd22-PEO14-TMR in hybrid vesicles composed of either PBd22-PEO14 or
PBd12-PEO11, (p < 0.5, Tukey and Bonferroni ANOVA). This drop in DiO mobility in 25
mol% PBd22-PEO14 vesicles correlates with hydrogen ion permeability results discussed
previously in Chapter 4, where 25 mol% PBd22-PEO14 vesicles were found to be more
permeable than pure POPC vesicles.

7.2.3 Membrane hydration

Changes in membrane hydration with increasing polymer fraction in PBd22-PEO14/POPC
and PBd12-PEO11/POPC vesicle compositions was monitored using the fluorescent probe
Laurdan. The shift in fluorescence emission between 444 nm and 488 nm is used in
Equation 7.4 to calculate a GP value that can be used as a quantitative measure for lipid
packing as previous studies on hydration in lipid membranes have shown that lipids in the
fluid phase are more hydrated, while lipids in the gel phase have more restricted motion,
and are less hydrated (121). A GP value of 1 indicates an ordered membrane with little to
no solvent within the hydrophobic region, while a GP of -1 indicates Laurdan is completely
exposed to the bulk media and the membrane is disordered as shown in Figures 7.5a and b.

GUVs were used to obtain GP values from 15-20 individual vesicles using the confocal
microscope. Higher molecular weight PBd22-PEO14 membranes were anticipated to have
more rigid membranes and so have greater membrane order than PBd12-PEO11 membranes.
Surprisingly, all compositions GP values were < 0 indicating a hydrated disordered
membrane, with a marginal increase in GP value as polymer fraction increases as shown
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in Figure 7.5c. The marginally higher GP value in 100 mol% PBd22-PEO14 sample is not
statistically significant (p > 0.05, Tukey and Bonferroni ANOVA), therefore both PBd22-
PEO14 and PBd12-PEO11 form GUV membranes with the same membrane order.

Figure 7.5: Comparison of membrane hydration obtained by fluorescence spectroscopy
and spectral imaging. General polarisation (GP) values give an indication of packing in

membranes: a) a positive GP value indicates an ordered membrane with little to no
solvent while b) a negative GP value indicates a disordered membrane. c) GP values of
GUVs increases slightly as polymer fraction increases in PBd22-PEO14 and PBd12-PEO11
vesicles. For all the compositions, there is very little variation in GP value in individual
vesicles. d) The colour maps indicating GP values in images of each vesicle composition.
The black spots on the colour map indicate no spectral data at those points. All spectral

images can be found in Appendix A9.1. Scale bar indicates 10 µm.
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7.2.4 Membrane rigidity

Flicker spectroscopy experiments were performed to quantify the membrane bending
modulus (κb) of 0 mol%, 50 mol% and 100 mol% polymer GUVs with 0.5 mol% Rh-PE.
Although the resolution of this technique does not allow accurate calculation of the mem-
brane fluctuation amplitudes, ⟨|u(q)|2⟩, of high-tension GUVs at a range of wavenumbers
(q), the GUVs can be osmotically relaxed to decrease the tension of the membrane (124)
to take these measurements. In doing so, the thermal undulations increases, increasing
the membrane fluctuation amplitude, allowing for a more reliable fitting of the resultant
power spectrum. The GUVs were chosen for flicker spectroscopy by visual observation;
large GUVs with membranes that were clearly undulating were chosen over small GUVs
or GUVs with apparently static membranes.

Figure 7.6: Outputs from MATLAB script. The output of a) 100 mol% PBd22-PEO14 vesicles
show these vesicles have a much lower tension σ, and greater bending rigidity κb with a

smaller error than b) 100 mol% PBd12-PEO11 vesicles. The images of c) 100 mol%
PBd22-PEO14 sample shows that these vesicles are also larger (16 µm) than d) 100 mol%

PBd12-PEO11 (7 µm), which may also affect the output from the MATLAB script. Scale bars
are 5 µm.

For 0 mol% and 100 mol% PBd22-PEO14, and 50 mol% PBd12-PEO11 vesicle compo-
sitions, the difference in osmotic pressure between the internal and external media was
15-20 mOsm kg−1. Unfortunately, despite increasing the osmotic difference across the
membrane to 25-30 mOsm kg−1, the lateral membrane tension was too high in 50 mol%
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PBd22-PEO14 and 100 mol% PBd12-PEO11 vesicles, resulting in inconsistent bending rigidity
values with high error for these samples. This may partially be due to the diameter of 100
mol% PBd12-PEO11 and 50 mol% PBd22-PEO14 vesicles being, on average, smaller than
the other compositions measured for their undulations to be captured using the MATLAB
script. High membrane tension would also reduce the amplitude of membrane fluctuations,
making the fluctuations too small to be observed. As the membrane fluctuations would fall
outside the resolution of the microscope, the undulations not be captured during image
analysis.

As expected, pure polymer vesicles composed of the higher molecular weight PBd22-
PEO14 polymer have the highest average bending rigidity, 37.3 ± 6.3 κb/KBT, measured as
shown by Figure 7.7.

Figure 7.7: Bending rigidity and tension of hybrid lipid polymer membranes. The bending
rigidity values taken by flicker spectroscopy on a) PBd22-PEO14 and b) PBd12-PEO11vesicle

compositions as well as the bending rigidity vs lateral membrane tension in
c)PBd22-PEO14 and d) PBd12-PEO11 compositions.
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Although the values appear similar, 50 mol% PBd12-PEO11 vesicles have a lower
bending rigidity than pure POPC membranes (12.3 ± 3.4 κb/KBT and 16.1 ± 3.9 κb/KBT re-
spectively). Based on previous experiments 100 mol% PBd12-PEO11 vesicles are anticipated
to have a similar, or even lower bending rigidity compared to POPC membranes.

Lateral membrane tension was measured simultaneously with bending rigidity but no
statistically significant difference between any composition was found (p > 0.05, Tukey
and Bonferroni ANOVA).

7.3 Conclusion

POPC and PBd-b-PEO polymers were combined to form hybrid giant unilamellar vesi-
cles. As polymer molar mass is thought to control the membrane thickness and therefore
the membrane properties (103), different PBd-b-PEO polymer molecular weights were
evaluated and their properties were compared. Even though the higher molecular weight
PBd22-PEO14 polymer would be expected to form more rigid, ordered membranes than
PBd12-PEO11, well-mixed, homogenous membranes can be predicted as PBd46-PEO30, with
a greater molecular weight than PBd22-PEO14, was successfully combined with POPC to
form GUVs with homogenous membranes (90). The alkane chains in POPC also has a simi-
lar Hildebrande solubility to polybutadiene found in PBd-b-PEO, indicating homogeneous
membrane formation (79, 100).

No macroscale phase separation was observed by visual inspection of the images of
hybrid vesicle compositions. Analysing the relative fluorescence intensity ratios from
DiO and PBd22-PEO14-TMR in both PBd22-PEO14/POPC and PBd12-PEO11/POPC hybrid
vesicles indicate the membranes are well-mixed and homogenous, and that separate
liposome and polymersome populations do not exist within any hybrid composition.
Nanoscale domains were not expected as demonstrated by previously shown cryo-electron
tomography studies in Chapter 5.

Fluorophore diffusion provides an indication of membrane viscosity. The few studies
that have explored diffusion through polymer/lipid membranes found that diffusion of
polymers through a membrane is much slower than for lipids (29) and that for higher
molecular weight polymers, increasing the polymer fraction decreased the diffusion coeffi-
cient (96), corresponding to the results discussed in this chapter. On average the combined
DiO and PBd22-PEO14-TMR fluorophore diffusion through hybrid PBd12-PEO11 mem-
branes was greater than hybrid PBd22-PEO14 membranes, implying hybrid PBd22-PEO14

membranes are more viscous than hybrid PBd12-PEO11 membranes. However using PBd22-
PEO14-TMR to measure membrane viscosity in PBd12-PEO11/POPC hybrid vesicles may
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not produce a representative result as diffusion of the PBd22-PEO14-TMR probe through the
membrane is measured, rather than the diffusion of unlabelled PBd12-PEO11. PBd22-PEO14-
TMR is fluorescently labelled PBd22-PEO14 polymer, so has a higher molecular weight
than PBd12-PEO11 so the hybrid PBd12-PEO11/POPC samples are now ternary rather than
binary mixtures (assuming DiO component has negligible effect).

This was mirrored in the general polarisation values of LUV and GUV membranes.
Overall, the GP values indicate membranes of all PBd22-PEO14 and PBd12-PEO11 composi-
tions are disordered and fluid, with only a marginal increase in GP as polymer fraction
increases, suggesting similar hydration between POPC and both PBd22-PEO14 and PBd12-
PEO11.

Although a complete dataset could not be obtained due to high tension within some
samples, 100 mol% PBd22-PEO14 vesicles have the highest bending rigidity, indicating more
rigid membrane structure. 50 mol% PBd12-PEO11 have a low bending rigidity, implying
a soft membrane. This corresponds to a previous study where reducing the polymer
molecular weight in hybrid PBd-b-PEO/POPC vesicles resulted in vesicles that were more
prone to deformation (206).

Although previous studies have shown PBd-b-PEO/POPC membranes increase func-
tional lifetimes of incorporated membrane proteins (1, 77, 78), relatively few investigations
have determined membrane phase separation, viscosity and fluidity and related the mem-
brane compositions to these properties. Here, hybrid PBd-b-PEO/POPC GUVs were
shown to form well-mixed, homogenous membranes, which have tunable viscosity and
fluidity by altering the membrane composition.
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8. Sterilisation and preservation
Since their discovery in the 1960s, the potential of lipid vesicles as drug delivery vesicles
has been explored (9, 207, 208, 209). Most recently, lipid vesicles have been used as a
key component in Pfizer/BioNTech and Moderna COVID-19 vaccines, protecting and
transporting messenger ribonucleic acid (mRNA) molecules to the cells (210). Polymer
vesicles have also been investigated as an alternative option for drug delivery due to
their enhanced structural stability compared to their lipid counterparts (211, 212, 213, 214).
Despite the advantages of block copolymers, they lack the natural biocompatibility and
biofunctionality of phospholipids. By blending these two materials into a hybrid system,
the advantages of both are combined and use of hybrid lipid-polymer vesicles as drug
delivery vehicles are beginning to emerge (10, 215).

To be a viable option for drug delivery applications, hybrid lipid-polymer vesicles must
be sterilised to make them safe for public use (216), and also be easy to transport, or at
least withstand the temperature fluctuations that occur during transport (217) from the
manufacturing site to their final destination without releasing their contents. Sterilisation
is the process by which all forms of life are destroyed, removed or permanently inactivated.
Instead of an absolute measure of sterilisation, pharmaceutical industries use processes
that reduces the probability of the survival of undesired organisms to a negligible level.
Currently, pharmaceutical companies use thermal, filtration and irradiation techniques to
sterilise their products (216, 218). Thermal sterilisation, by using an autoclave, is the most
common and the most reliable as it achieves destruction of microorganisms by irreversible
denaturation of enzymes (218). During thermal sterilisation, the heat imparted could
damage the structure of the vesicles or their payload. Filtration through a maximum of
0.22 µm membrane is usually used for thermally labile solutions and sterilisation of active
ingredients or medical devices can be achieved by irradiation (216). During filtration,
vesicles undergo shear stress when passing through the filter membrane channels. With
the addition of high flow through the channel, high shear stress could cause vesicles to
deform and even induce transient pore formation in the vesicle membrane, which might
lead to the vesicles leaking or even rupturing. Irradiation also has the potential to damage
lipids and/or polymers.

The vesicle formulations must also be stable during their storage and transportation
between primary and secondary manufacturing locations, or between the manufacturer
and end-user. Even once the formulations have reached the end-user, they may be stored
for some time before they are finally used. Cold-chain transportation is often used to
maintain the stability and activity of medicinal products and labile formulations. Liquid
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formulations can be frozen for preservation, but extended freezing can cause ice crystal
formation that could damage the membrane during freezing and subsequent thawing
(219). Potential damage from ice crystals aside, vesicles will become stressed by the
expansion of water in their lumen upon freezing. Water volume increases by ∼ 9% when
frozen, which will extend the area of the vesicle membrane by ∼ 6%, which exceeds
the lysis strain lipid membranes can withstand. Freeze-thaw cycles in LUV formation
protocols are used intentionally rupture liposomes for this reason. During manufacture,
transport and storage, formulation may experience several freeze-thaw cycles. During
transport, many pharmaceutical products are stored and shipped at improper temperatures.
Fluctuations in temperature can also hit products with temperatures that they cannot
withstand causing some samples to reach their destination past their shelf life, which
can make some formulations ineffective or even harmful (217, 220). This variation in
temperature could be emulated by numerous freeze-thaw-vortex (FTV) cycles; the release
of encapsulated material can be monitored over several cycles of FTV.

Lyophilisation (freeze-drying) can be used to maintain the stability of lipids during
transportation. During the freeze-drying process the product is frozen, thus immobilising
the sample and allowing it to retain its original form, and then the water is evaporated
by sublimation, preventing microbial growth (221). For lipids, the absence of water
would minimise the rate of hydrolysis during storage (222). However for lyophilisation of
liposomes additives are often required to maintain encapsulation and structural stability,
even though their efficacy can be inconsistent (222).

Hybrid lipid-polymer vesicles have been shown to exhibit the biocompatibility of
lipid systems as well as the mechanical stability of polymersomes, making them a viable
drug delivery vehicle (10, 215). However, for drug delivery applications, the vesicles also
need to withstand sterilisation processes and the rigours of transport. Very few studies
have explored the stability of hybrid lipid-polymer vesicles under these conditions, so the
material properties of hybrid PBd22-PEO14/POPC and PBd12-PEO11/POPC vesicles pre-
sented in this chapter could help design vesicles as drug delivery vehicles with controlled
encapsulation and release.

8.1 Methods

Large unilamellar vesicles were formed as outlined in 3.2.1 using 60 mM 5(6)- carboxyflu-
orescein (CF), 40 mM HEPES and 20 mM sodium chloride as the buffer, adjusted the pH
to 7.4 by dropwise addition of sodium hydroxide. Suspensions were extruded 11 times
though a 100 or 400 nm pore size polycarbonate membrane filters using a LiposoFast Basic
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Extruder. The samples were run on a Sephadex G50 column under gravity using 40 mM

HEPES and 20 mM sodium chloride buffered to pH 7.4 as the mobile phase to remove
unencapsulated CF dye as outlined in 3.2.2, and size characterisation carried out as detailed
in 3.2.3. Size distributions were also measured after the processing steps described below
to assess the colloidal stability of these vesicle formulations under these conditions.

8.1.1 CF leakage assay

The 100 nm sized hybrid vesicle samples were split into 4 fractions of 500 µL (vesicle
concentration ∼ 2 mM). Fraction 1 was thermally sterilised using an autoclave at 121
°C) for 15 min. Fraction 2 was lyophilised using a VirTis Benchtop Pro Lyophiliser (Wolf
Laboratories Ltd., York, UK) for 24 h after freezing the sample in nitrogen. Fraction 3
underwent 5 filtration cycles through a 13 mM PTFE 200 nm syringe filter device (Fisher
Scientific Ltd, Hampton, New Hampshire, USA) with polypropylene housing. Fraction 4
was frozen in liquid nitrogen, thawed in a water bath at 60 °C and then vortexed for 3s.
The samples in Fraction 4 were treated by 4 of these freeze-thaw-vortex (FTV) cycles. 400
nm sized vesicles were also filtered through a PTFE 200 nm syringe filter device (Fisher
Scientific Ltd, Hampton, New Hampshire, USA) with a polypropylene housing 5 times.

CF is self-quenching at high concentrations (> 40 mM) (11, 111) , so the emission in-
tensity at this concentration was often very low. The CF was encapsulated at 60 mM, so
the control samples would have a low emission intensity. When the vesicles released the
encapsulated CF, the CF was diluted by the external buffer and the fluorescence intensity
increased. To measure the CF release, 0.5 mL fractions were diluted to 2 mL (vesicle concen-
tration ∼ 18 µM) and the fluorescence emission at 519 nm of CF-encapsulated vesicles was
measured with excitation set to 492 nm using a Horiba Scientific Fluoromax Plus (Horiba
Ltd., Kyoto, Japan). Measurements were made on initial vesicle fractions and between
every processing cycle for each fraction. The initial vesicle preparations were ruptured with
50 µL of 10% (w/v) Triton X-100 (end concentration 0.91% (w/v)) to completely destabilise
the vesicles and release the encapsulated CF before a final fluorescence emission at 519 nm
was measured. The CF% release was calculated by

CF% release =
Ii − I0

It − I0
× 100% (8.1)

Where I0 is the initial intensity of the sample, Ii is the intensity of the sample after each
processing cycle (from autoclaving, lyophilisation, FTV or filtering), and It is the intensity
after the initial sample is burst with Triton X-100.
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8.1.2 Cryogenic transmission electron microscopy

Vesicles of 50 mol% PBd22-PEO14 at 100 nm and 400 nm were imaged before and after the
final freeze-thaw-vortex and filtration cycles respectively. Minor changes to the methods
outlined in Section 3.2.4 were made: for 100 nm vesicles, 400 mesh 2/2 Cu Quantifoil grids
were used, while for 400 nm vesicles 400 mesh Cu Lacey grids were used.

Samples (3µL, ∼ 2 mM) were placed directly onto the grid using a FEI Vitrobot mkIV.
The samples were kept in closed pucs under nitrogen until required. To image the grids,
FEI Titan KRIOS microscope with an accelerating voltage of 300 kV was used with a
defocussing of 3 µm at a magnification of × 75000. The pixel resolution for these images
were 1.069 Å px−1.

8.2 Results and discussion

The hybrid vesicles were investigated under conditions designed to mimic the sterilisation
and preservation processes used in industry. The full range of compositions from pure
lipid to pure polymer of both PBd22-PEO14 and PBd12-PEO11 diblock copolymers were
formed and loaded with CF. The encapsulation stability was studied using fluorescent
spectroscopy through the release of CF. The colloidal stability of the vesicle formulations
was determined from their hydrodynamic size distributions obtained from the DLS.

8.2.1 Sterilisation

Autoclaving

Autoclaving of hybrid vesicles would be the preferred choice for sterilisation for these
formulations. First, vesicles composed of the pure system were investigated: 100 mol%
POPC, 100 mol% PBd22-PEO14 and 100 mol% PBd12-PEO11. As 100% CF release was
observed in all pure lipid or polymer vesicles as shown in Figure 8.1, it was considered
extremely unlikely that hybrid compositions would perform any better.

To observe the colloidal stability of the vesicles DLS size distributions were collected be-
fore and after autoclaving as shown in Figure 8.1. The auto-correlation function associated
with the size profiles are shown in Appendix A10.1. The delayed exponential decay shown
in the auto-correlation functions indicate aggregation or structural instabilities in all the
vesicles (except 100 mol% POPC) after autoclaving. The presence of larger micron-sized
sedimenting particles is also suggested by the auto-correlation function not reaching the
baseline.
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Autoclaving as a method of sterilisation proved to be too destructive, causing the
vesicles to release their entire contents. As these vesicles were unstable under autoclaving,
other potential methods of sterilisation were also investigated. However, this does not
mean that autoclaving these hybrid vesicles is impossible: the vesicle formulations could
be optimised with additional additives to the buffer, such as sugars or polyols, to help
protect the vesicle structure during autoclaving (223).

Figure 8.1: CF release and size distributions of 100 nm hybrid vesicles after autoclaving. a)
CF release and b) DLS distributions of the hydrodynamic diameters of 100 nm extruded

PBd12-PEO11 and PBd22-PEO14 hybrid vesicles before and after autoclaving cycles. The CF
intensity increases when the 100 mol% vesicle compositions are autoclaved indicating that

the CF contents is fully released.

Filtration

Sterilisation can also be achieved by filtration through a membrane with a maximum pore
size of 0.22 µm. Here, a 0.20 µm pore size membrane was used in five filtration cycles at
room temperature of hybrid vesicles between 0 and 100 mol% block copolymer content
in 25 mol% increments for both PBd-b-PEO polymers. Across the five filtration cycles the
average contents release reached at most 10% for both PBd-b-PEO polymers as shown by
Figures 8.2 a and b. There is no statistical significance (p < 0.05 Tukey and Bonferroni)
between the different vesicle compositions studied. Contrary to expectations, the only
statistically significant difference is in the greater contents release of 100 mol% PBd22-
PEO14 polymersomes compared to all other membrane compositions. As this membrane
comprises the larger PBd22-PEO14 polymer, the previous expectation was that these vesicles
would be more mechanically stable. However, the % release is only marginally greater
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than 10% for the fourth and fifth filtration cycle in the 100 mol% PBd22-PEO14 membranes,
which is still low even after several filtration cycles.

Figure 8.2: CF release and size distributions of 100 nm extruded hybrid vesicles before and
after filtration through a 200 nm pore. Encapsulated CF % release following filtration
plotted against membrane composition for hybrid vesicles composed of POPC and a)

PBd12-PEO11 or b) PBd22-PEO14. Data is shown for between one to five filtration cycles
through a 0.2 µm pore size filter membrane. Each measurement was performed in

triplicate and the errors data points represent mean ± s.d. The red line on these graphs
indicate the filter pore size of 200 nm. The DLS distributions of the hydrodynamic

diameters of 100 nm extruded c) PBd12-PEO11 and d) PBd22-PEO14 hybrid vesicles before
and after five filtration cycles.

The DLS size distributions of 100 nm extruded vesicles before and after five filtration
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cycles was similar between vesicle compositions in both PBd-b-PEO polymers. Vesicles
with higher polymer content have a tail in their size distribution that extends beyond the
filtration pore size. 100 nm sized vesicles can pass the filter without any major changes in
their size however as the size distribution extends beyond the filtration pore size suggests
that the probability of transient pore formation in the vesicle membrane increases when
vesicle size is greater than the filter pore size as the vesicle must deform to propagate
through the filter pore channel. There was no evidence of aggregation or sedimentation
as shown by Appendix A10.2 and A10.3. Since the majority of the 100nm extruded
vesicles were smaller than the 200nm filter size, a more stringent test of hybrid vesicle
stability under filtration was completed by using 400nm extruded vesicles. For this set of
experiments, only the pure lipid and PBd-b-PEO vesicles plus the 50 mol% polymer hybrid
compositions of both polymers were investigated.

The contents release from 400 nm extruded vesicles was significantly greater than
from 100 nm extruded vesicles as shown in Figure 8.3. The shorter PBd12-PEO11 polymer
membranes appear to slightly reduce the CF release observed with increasing polymer
mol%, although this difference is not statistically significant. The only statistically signif-
icant difference in contents release is observed for pure PBd22-PEO14 polymer vesicles,
which show reduced encapsulation stability compared to the POPC liposomes and 50
mol% polymer hybrid vesicles 8.3b. However, overall contents release after five filtration
cycles remains small, less than 15% for all compositions except the 100 mol% PBd22-PEO14

vesicles, where contents release is approximately 25% after five filter passes.
Filtering the 100 mol% PBd22-PEO14 vesicles was more difficult than the filtration

of other vesicle compositions, as higher pressures had to be applied to force the vesicle
sample through the filter. This suggests that the vesicles composed of the thicker polymers
are more rigid and have a high bending stiffness. The higher pressure required during
filtrations is probably the cause of the greater CF release from the 100 mol% PBd22-PEO14

vesicles as high pressure is more likely to induce more shear stress during filtration. The
shorter PBd12-PEO11 polymer vesicles might have a lower bending resistance, which could
impart some enhanced elasticity, allowing these vesicle samples to pass through the filter
more easily.

All the samples contained some vesicles that were much smaller in size than the 400
nm pore size of the extrusion membrane for vesicle preparation as shown in Figure 8.3.
However, a large proportion of vesicles are larger than the 200 nm filter size, meaning that
these vesicles would need to deform or break-up to pass through the filter.
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Figure 8.3: CF release and size distributions of 400 nm extruded hybrid vesicles before and
after filtration through a 200 nm pore. Encapsulated CF % release following filtration
plotted against membrane composition for hybrid vesicles composed of POPC and a)

PBd12-PEO11 or b) PBd22-PEO14. Data is shown for between one to five filtration cycles
through a 0.2 µm pore size filter membrane. Each measurement was performed in

triplicate and the errors data points represent mean ± s.d. The red line on these graphs
indicate the filter pore size of 200 nm. The DLS distributions of the hydrodynamic

diameters of 400 nm extruded c) PBd12-PEO11 and d)PBd22-PEO14 hybrid vesicles before
and after five filtration cycles.

All pure component vesicles, lipid or polymer, showed multimodal size distributions
after five filtration cycles, indicating aggregation and loss of colloidal stability. The 50
mol% polymer hybrid vesicle formulations fared best under filtration, which might be due
to the enhanced colloidal stability of blended lipid-polymer hybrid membrane. However,
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it is also possible that this is simply due to the smaller initial size of these hybrid vesicles
(145 nm for 50 mol% PBd12-PEO11 hybrid vesicles and 182 nm for 50 mol% PBd22-PEO14

hybrid vesicles) compared to the pure component vesicles. As good colloidal stability
was observed for the 100 nm extruded vesicles, this latter explanation seems the most
likely. The smaller initial size of 50 mol% polymer hybrid vesicles could be because of this
composition has a preferred curvature that limits the maximum vesicle size.

Figure 8.4: Cryo-TEM images of 400 nm extruded vesicles before and after five filtration
cycles through a 200 nm pore. Cryo-transmission electron microscopy (Cryo-TEM) of 50

mol% PBd22-PEO14 hybrid vesicle (400 nm extrusion membrane) before and after five
filtration cycles. a) Histogram of initial vesicle sizes from cryo-TEM images; b)

representation images of vesicles before filtration; c) histogram of vesicle sizes after
filtration from cryo-TEM images; d) representation images of vesicles after filtration. Scale

bars represent 100 nm. The image was taken from reference (2).

400 nm 50 mol% PBd22-PEO14 vesicles were imaged before and after filtration using
cryo-transmission electron microscopy. Diameter measurements from cryo-TEM images
show that initially 50 mol% PBd22-PEO14 vesicles have an average diameter of 113 ± 95
nm and 32% of vesicles were observed to be multilamellar. This is similar to the DLS
analysis which gave a Z-average of 124 nm (PDI 0.279) for the initial 50 mol% PBd22-PEO14

sample. However after filtration the size measurements differ between cryo-TEM and
DLS analyses: cryo-TEM analysis gave an average vesicle size of 57 ± 32 nm with 7% of
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vesicles found to be multilamellar while DLS showed a post-filtration Z-average of 120 nm
(PDI 0.269). From the histograms of vesicle size from cryo-TEM in Figures 8.4a and c, this
reduction in average size might be due to the rupturing of larger > 200 nm vesicles from
the post-filtered samples, which would also explain the lower fraction of multilamellar
vesicles observed in the cryo-TEM images.

As shown in Figure 2.14, ice thickness can vary depending on the particle dimensions,
but usually ranges from a few nanometres to a few hundred nanometres (138). The thicker
the ice, the worse the resolution (224), however if the ice is too thin than the particles are
pushed towards the grid hole edges, leaving the grid hole empty of sample an potentially
causing particle aggregation (225). Variations in ice thickness can also sort the vesicles
by size, concentrating the larger vesicles in thicker ice (145). Lacey carbon-coated copper
grids have a higher percentage of open area than traditional grids, which allows larger
objects to protrude over the edges of the grid holes and be seen at a higher resolution
(2, 226). Although variations in ice thickness can sort the vesicles by size and exclude
the larger vesicles from the thin ice found in the EM grid holes thus giving a smaller
size distribution from cryo-TEM compared to DLS, the difference between the pre-and
post-filtered hybrid vesicles by cryo-TEM appears to be significant. The disassembly of
some larger and multilamellar vesicles during filtration would likely account for the ∼15%
leakage of vesicle contents observed in Figure 8.3.

8.2.2 Preservation

Lyophilisation

Lyophilisation of hybrid vesicles would be the preferred choice for preservation if these
formulations can be made to be stable under these conditions. When the samples were
lyophilised, only vesicles composed of the pure components were investigated initially:
100 mol% POPC, 100 mol% PBd22-PEO14 and 100 mol% PBd12-PEO11. As 100% CF release
was observed in all cases as shown in Figure 8.5, it was considered extremely unlikely that
hybrid blends would perform any better.

To observe the colloidal stability of the vesicles DLS size distributions were collected
before and after lyophilisation as shown in Figure 8.5. The auto-correlation function as-
sociated with the size profiles are shown in Appendix A10.6. The delayed exponential
decay shown in the auto-correlation functions indicate aggregation or structural instabili-
ties in all the vesicles. The presence of larger micron-sized sedimenting particles is also
suggested by the auto-correlation function not reaching the baseline, leading to poor fits of
the auto-correlation function and non-Guassian-like traces shown in Figure 8.5b.
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Lyophilisation as a preservation method proved to be too destructive, causing the
vesicles to release their entire contents, so other potential methods of preservation were
also investigated. However, lyophilisation of hybrid vesicles is not impossible: the vesicle
formulations could be optimised with additional additives such cryoprotectants to the
buffer to help protect the vesicle structure during lyophilisation (227).

Figure 8.5: CF release and size distributions of 100 nm extruded vesicles before and after
lyophilisation. a) CF release and b) DLS distributions of the hydrodynamic diameters of

100 nm extruded PBd12-PEO11 and PBd22-PEO14 hybrid vesicles before and after
lyophilisation. The CF intenstiy increases when the pure component vesicles are

lyophilised indicating that the CF contents is fully released.

Freeze-thaw-vortex

Vesicle samples can also be frozen in the liquid state without sublimation of excess water
as alternative to lyophilisation. The formulations would need to withstand several cycles
of freeze-thawing without releasing their contents to be a viable storage method during
transportation. Here, the stability of the vesicles were investigated following four freeze-
thaw-vortex (FTV) cycles. The vortexing step is necessary to ensure the vesicles are fully
resuspended in the liquid state.

Figure 8.6 shows that pure POPC vesicles are unstable even after one FTV cycle, which
is expected as the freeze-thaw technique is often used for passive loading in lipid vesicle
preparation protocols as it temporarily makes the membrane permeable. Vesicles with
increasing PBd22-PEO14 mol% were observed to be more stable maintain their encapsulated
CF than those with increasing mol% of PBd12-PEO11. The 100 mol% PBd22-PEO14 vesicle
had the highest encapsulation stability over other hybrid formulations across four FTV
cycles. As PBd22-PEO14 is the larger block copolymer, it is thought to have a thicker, more
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elastic membrane that allows the membrane to stretch without rupturing from the volume
expansion of freezing. These thicker membranes might also protect the vesicles from
damage caused by the formation of ice crystals during freezing.

Figure 8.6: CF release and size distributions of 100 nm extruded vesicles before and after
four FTV cycles. Encapsulated CF % release following four FTV cycles plotted against

membrane composition for hybrid vesicles composed of POPC and a) PBd12-PEO11 or b)
PBd22-PEO14. Data is shown for one to five filtration cycles through a 0.2 µm pore size

filter membrane. Each measurement was performed in triplicate and the errors data points
represent mean ± s.d. The DLS distributions of the hydrodynamic diameters of 100 nm
extruded c) PBd12-PEO11 and d) PBd22-PEO14 hybrid vesicles before and after four FTV

cycles.

The DLS size distributions from Figure 8.6c and d show that the FTV cycles had the
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most impact on the colloidal stability on the lipid-rich vesicles: for lipid-rich compositions
the size distributions broaden following four FTV cycles while for hybrid vesicles with
≥50 mol% polymer content were similar before and after four FTV cycles.

Cryo-TEM was used again to investigate the effect of freeze-thaw action on the size and
morphology of 50 mol% PBd22-PEO14 hybrid vesicles shown in Figure 8.7. The vesicles
appear to have similar size before and after the FTV cycles (59 ± 38 vs. 60 ± 24 nm),
and multilamellarity seems to increase slightly following the FTV cycles (from 15% vs.
24%). However the size distribution from cryo-TEM does not agree with the z-average
measurements from the DLS (108 nm vs. 101 nm, PDI 0.213 and 0.191 respectively), which
could be explained by the cryo-TEM grid preparation. Again, variations in ice thickness
sorts the vesicles by size, favouring smaller vesicles in the cryo-TEM grid holes and larger
vesicles on the carbon-coated support.

Figure 8.7: Cryo-TEM images of 100 nm extruded vesicles before and after four FTV cycles.
Cryo-transmission electron microscopy (Cryo-TEM) of 50 mol% PBd12-PEO11 hybrid

vesicle (400 nm extrusion membrane) before and after five filtration cycles. a) Histogram
of initial vesicle sizes from cryo-TEM images; b) representation images of vesicles before

filtration; c) histogram of vesicle sizes after filtration from cryo-TEM images; d)
representation images of vesicles after filtration. Scale bars represent 100 nm. The image

was taken from reference (2).
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8.3 Conclusion

For pure, single-component lipid and polymer vesicles, sterilisation using an autoclave
results in the total release of the encapsulated CF. Autoclaving involves exposure to high
temperature, which is thought to be detrimental to lipid vesicles by causing aggregation
(223, 228). The aggregation after heat sterilisation has been suggested to lead to instability in
lipid vesicles by electrolytes causing dehydration of the hydrophilic moiety (223). However,
in a previous study, it was found that egg or saturated lipid vesicles without encapsulated
drugs could be sterilised by autoclaving (228). It was expected that the polymeric vesicles
would be more resistant to heat exposure as polymers membranes are believed to be more
robust than lipids. Autoclaving polymersomes with thick membranes (PEE31-PEO40 and
PBd46-PEO26) has previously shown encapsulation and colloidal stability, although there
was shift to a smaller size distribution indicating aggregated or ruptured vesicles (229).
However, the block copolymers PBd22-PEO14 and PBd12-PEO11 used here release their full
contents after they are autoclaved. Furthermore, the DLS shows that the size distribution
before and after autoclaving varies considerably, suggesting aggregation of the polymer
samples has taken place. To enhance the stability of the vesicles during heat sterilisation, it
has been suggested that sugars or polyols could be used to stabilise the vesicles (223) and
the drug could be encapsulated after vesicles have been autoclaved (228).

Lyophilisation, also known as freeze-drying, also caused complete contents release
in all pure component lipid and PBd-b-PEO vesicles, with the size distribution from the
DLS also indicating ruptured or aggregated vesicles. The initial freezing step causes ice
crystals to form that could potentially pierce the membrane. Expansion of the internal
aqueous volume could also cause the vesicle membrane to rupture. However, the polymer-
rich vesicle compositions are stable after several freeze-thaw cycles, indicating that the
freezing action during lyophilisation is not solely responsible for the loss of colloidal and
encapsulation stability of these vesicles. During the second step of lyophilisation, water
is removed by sublimation. It is believed that this dehydration step could lead to the
the structural instabilities that causes the vesicles to aggregate and rupture as water is
essential to the self-assembly of amphiphiles into vesicles. The enhanced stability of block
copolymers alone was expected to increase their stability during lyophilisation, however
this was not the case under conditions used here. The damaging effects of lyophilisation
can be minimised by addition of cryoprotectants, such as glycerol or trehalose or other
carbohydrates, to the aqueous phase before freezing to prevent aggregation, fusion and
leakage. Cryoprotectants have been successfully used to enhance the stability of liposomes
to lyophilisation and rehydration (222). However, there is potential for the cryoprotectants
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to interact with block copolymers in the hybrid vesicles making further investigation
necessary.

While autoclaving and lyophilisation of hybrid vesicles with additional preservatives
in the bulk aqueous phase needs further investigation, filtration and freeze-thaw processes
appear to be more viable processes for sterilisation and preservations protocols. Overall,
sterilisation by filtration through a 200 nm pore resulted in low overall contents, especially
in 100 nm extruded vesicles. The DLS size distributions suggest only a small fraction of
the vesicles are larger than the filter pore size, which explains these vesicles having overall
good colloidal stability. However, hydrodynamic shear stress from passing through the
filter pore might still cause some membrane destabilisation and contents release.

400 nm extruded vesicles were also filtered through a 200 nm pore filter as a more
stringent test of vesicle stability under filtration. The majority of these vesicles were larger
than the 200 nm filter pore size, and their size distributions were not maintained after
several filtration cycles. Contents release was higher in the 400 nm extruded membranes
compared to the 100 nm extruded membranes (up to 25% vs. 15%) and there appeared to
be loss of colloidal stability from aggregation and membrane rupture. Only the 50 mol%
PBd12-PEO11 and 50 mol% PBd22-PEO14 vesicles appeared to maintain their initial size
after filtration through a 200 nm pore. However, that may be due to the 50 mol% polymer
hybrid vesicles having an initial size of less than 200 nm despite being extruded through a
400 nm pore membrane.

Converse to the initial hypothesis of vesicles with high mol% of the larger PBd22-PEO14

block copolymer being more stable under filtration due to greater mechanical robustness,
100 mol% PBd22-PEO14 vesicles fared the worst. This is thought to be due to the higher
bending rigidity of the thicker membranes of the polymer-rich vesicles, which have higher
resistance towards the deformations required to pass through the filter membrane. A
previous study on POPC and PBd-b-PEO membranes of different molecular weights also
showed that reducing the polymer molecular weight resulted in vesicles that were more
prone to deformation (206). This explains why higher pressures were required to force
these vesicle samples across the filter membranes. This higher pressure is likely to have a
severe impact on the encapsulation stability of the PBd22-PEO14 hybrid vesicles as high
pressure is more likely to induce shear stress during filtration. On the other hand, the
smaller PBd12-PEO11 polymer does not appear to lose encapsulation stability, probably
because it has a low bending rigidity similar to pure lipid vesicles. The PBd12-PEO11 hybrid
vesicles may also have enhanced membrane elasticity and improved toughness, although
this is not a statistically significant observation.

The polymer-rich vesicles can also withstand several FTV cycles making this a better
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alternative for sample preservation to lyophilisation. While the contents release increased
with the number of FTV cycles, it decreased as the polymer mol% increased. This might be
due to high polymer content imparting greater membrane elasticity and lysis strain to the
hybrid vesicle membranes.

In conclusion, filtration and freeze-thaw are the most viable routes to sterilising and
preserving hybrid vesicles while maintaining their encapsulation and colloidal stability.
Although filtration is sufficient to sterilise small vesicle samples, larger vesicles are less
stable to filtration so more investigation into developing a viable autoclave method is still
worthwhile. Lyophilised vesicles would also be advantageous to reduce economic and
environmental costs. Therefore, further efforts to enhance hybrid vesicle stability to these
harsher processes are still of significant interest.



9. Conclusion and Outlook
Pure lipid and polymer vesicles have been used for a variety of applications, from acting
as microreactors for compartmentalized chemistry (3, 4, 5), or sensors if the membrane
surface is functionalised with proteins (6, 7), to drug delivery vectors by encapsulation
or insertion of the drug molecules (9, 13) and cell membrane models (14, 15). However,
the pure systems do have some disadvantages: although biocompatible, lipid membranes
have poor long-term stability while the opposite is often true of polymer membranes.
A previous study showed that by blending these materials to form a hybrid vesicle, the
durability from the polymers can be combined with the biocompatibility of lipids, and that
these hybrid vesicles can also be used to reconstitute a membrane protein (1) that retains
its functionality after 500 days.

In the research described in this thesis, 1- palmitoyl -2- oleoyl -sn- glycero -3- phospho-
choline (POPC) lipid (MW = 760.09 g mol−1) was mixed with poly 1,2-butadiene -block-
polyethylene oxide (PBd-b-PEO) of two different molecular weights (PBd22-PEO14, MW
= 1800 g mol−1 and PBd12-PEO11, MW = 1150 g mol−1) to determine how polymer molec-
ular weight affects the structure and membrane properties of the hybrid vesicles. This
amphiphilic block copolymer was used because it has a similar Hildebrande solubility
parameter to POPC (100, 101); butadiene mimics the long alkyl chains of a phospholipid,
while ethylene oxide mimics the hydrophilic phosphate head group (102). PEO is also
known to improve the pharmacokinetic properties of vesicles due to a stealth effect it
causes that hinders recognition of the vesicle as a foreign body by the immune system (91).
Polymer molecular weight is also thought to control the membrane thickness and therefore
the membrane mechanical properties (103). A combination of techniques were used to
probe the material properties and structure of hybrid POPC lipid and PBd-b-PEO polymer
membranes.

Synthetic lipid membranes are known to age rapidly, resulting in the formation of
transient pores and aggregation. Unlike a lipid membrane however, polymer membranes
are more colloidally stable, robust and have low permeability (37, 103, 230). Fluorescence
spectroscopy was used to determine the proton permeability of these POPC/PBd-b-PEO
membranes. Overall, increasing polymer composition decreases membrane permeability
in large unilamellar vesicles (LUVs). However, while the larger PBd22-PEO14 polymer
would be expected to have a high permeability coefficient due to the potential size mis-
match with POPC, the average permeability coefficients for hybrid PBd12-PEO11 are in
fact greater, despite the similarity in molecular weight between PBd12-PEO11 and POPC.
This greater permeability in the smaller PBd12-PEO11 vesicle compositions could be due to

153



154 CHAPTER 9. CONCLUSION AND OUTLOOK

the formation of a softer, more flexible membrane. However, differences in permeability
could also be attributed to the coexistence of worm-like micelles with vesicles within PBd12-
PEO11/POPC samples, which has the potential for a dynamic equilibrium between the
vesicles and micelles, and so have a substantial impact on the permeability measurements
(86).

To determine the relationship between polymer molecular weight to hydrophobic
thickness, the membrane structure and membrane properties of the hybrid vesicles, bilayer
measurements were obtained using cryo-electron tomography (cryo-ET) and the results
used to inform small angle x-ray scattering (SAXS) fitting models. Profiles across the
hybrid membranes acquired by both cryo-ET and SAXS indicate a symmetric membrane,
where the polymer is interdigitating in the hybrid and pure polymer vesicles. Bilayer
thickness measurements taken at the full width half maximum (FWHM) were also found
to increase with increasing polymer mole fraction. However two membrane thickness
populations exist within the PBd22-PEO14 hybrid samples, one population displaying a thin
membrane, and the other with a thick membrane. While this could suggest the formation
polymer-rich and lipid-rich populations with hybrid PBd22-PEO14/POPC samples, it could
also be indicative of the polymer forming either a segregated, bilayer conformation or an
interdigitated conformation, as these two conformations are energetically similar.

In the electron density profiles of PBd22-PEO14/POPC hybrids resulting from SAXS, the
electron density contrast ratio increases in the thick membrane model implying that lipids
are present in these thick membranes, and that as the lipid fraction in the sample decreases,
their presence in the membrane also decreases. Although no statistical significance exists
between bilayer thickness and vesicle size in the 50 mol% polymer sample, there is a
correspondence between thin membranes and smaller vesicles in the 75 mol% PBd22-
PEO14 sample. Automated analysis of cryo-ET images confirmed that individual hybrid
vesicles within each thickness population were homogenous. The steep increases in bilayer
measurements of PBd12-PEO11 hybrid vesicles indicate that vesicle compositions of 25
mol% and 75 mol% difference in POPC and PBd12-PEO11 rigidity may cause the polymer
to favour extension in these samples, increasing their bilayer thickness measurements. The
trends in bilayer thickness measurements of both PBd22-PEO14 and PBd12-PEO11 vesicle
samples are also mirrored in the permeability coefficients of these samples, implying a
relationship between membrane thickness and proton permeability. All compositions
presented not only unilamellar vesicles, but multi-lamellar and intra-lumenal vesicles as
well as worm-like micelles.

Relative intensity ratios of fluorescently labelled polymer, PBd22-PEO14-TMR, and
labelled lipid, DiO show that all hybrid PBd22-PEO14/POPC and PBd12-PEO11/POPC
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giant unilamellar vesicle (GUV) samples have monomodal distributions centred around
0. This implies that the membranes are well-mixed and homogeneous as there are no
vesicles with only DiO or PBd22-PEO14-TMR present in the membrane and therefore
there are no pure polymer or pure lipid vesicles within these GUV samples. However,
cryo-ET and SAXS results show that there are two distinct membrane populations in PBd22-
PEO14/POPC hybrid LUVs. As speculated earlier, these populations could be indicative
of the polymer forming either a segregated, bilayer conformation or an interdigitated
conformation as these two conformations are energetically similar. Cryo-ET also showed
that there was correspondence between thick membranes and larger vesicles in 75 mol%
PBd22-PEO14 sample, it could be hypothesised that as GUVs have much larger diameters
than LUVs, GUVs may favour the thicker membrane structure.

Fluorophore diffusion can provide an indication of membrane viscosity. Overall,
diffusion of DiO fluorophore through hybrid PBd22-PEO14/POPC and PBd12-PEO11/POPC
GUVs decreased with increasing polymer mole fraction. However, the diffusion coefficients
for the fluorescent polymer PBd22-PEO14-TMR in hybrid membranes did not change with
increasing polymer content, suggesting that while increasing polymer fraction reduces
movement of lipid through a polymer-rich matrix, the polymer diffusion is unaffected.
DiO diffusion through PBd12-PEO11/POPC membranes was greater than through hybrid
PBd22-PEO14/POPC membranes, implying PBd22-PEO14 forms more viscous membranes
than PBd12-PEO11. As PBd22-PEO14 is a higher molecular weight polymer and forms
thicker membranes than PBd12-PEO11, it could be speculated PBd22-PEO14 forms a more
rigid membrane than PBd12-PEO11, and so is more difficult to diffuse through.

General polarisation values of hybrid PBd22-PEO14/POPC and PBd12-PEO11/POPC
GUV membranes show both blends form a disordered, hydrated membrane, and increasing
polymer mole fraction increases membrane order in both PBd22-PEO14 and PBd12-PEO11

vesicle compositions.

Material interactions might also play a role in membrane elasticity. Trends seen in FRAP
experiments agree with flicker spectroscopy results: 100 mol% PBd22-PEO14 vesicles have
the highest bending rigidity and lowest diffusion coefficient across all compositions. The
higher molecular weight block copolymer, PBd22-PEO14, provides a more rigid membrane
structure due to the more viscous nature of its matrix compared to PBd12-PEO11, resulting
in low diffusion of lipids and polymers through the membrane and a high bending rigidity.
Potentially due to the similar solubility parameters between the materials, and the overall
fluidity of PBd-b-PEO block copolymers being similar to that of POPC, no macroscale
domains were observed in the hybrid compositions.

Characterising the material properties of hybrid lipid-polymer vesicles could help de-



156 CHAPTER 9. CONCLUSION AND OUTLOOK

sign vesicles for bionanotechnology applications with controlled encapsulation and release.
Although hybrid vesicles composed of POPC and PBd22-PEO14 or PBd12-PEO11 were not
stable under autoclaving and lyophilisation, they were found to retain encapsulated cargo
after several filtration and freeze-thaw cycles, and increasing the polymer mole fraction
decreased the contents release. However, hydrodynamic shear stress from passing through
the 200 nm filter pore might cause membrane destabilisation and contents release, as 400
nm extruded vesicles had a greater contents release compared to 100 nm extruded vesicles
of both polymer compositions. Initially, vesicles with higher mole fraction of PBd22-PEO14

were believed to have a greater mechanical robustness from their higher bending rigidity,
however 100 mol% PBd22-PEO14 vesicles actually fared the worst. The mechanical robust-
ness of PBd22-PEO14 increased the resistance to deformation required to pass through the
filter membrane, which explains why higher pressures were required to force these vesicles
through the filter. On the other hand, PBd12-PEO11 membranes did not appear to lose
encapsulation stability, because it may have bending rigidity similar to POPC vesicles (2).

The aim of this investigation was to understand the relationship between membrane
structure and properties. For POPC and PBd-b-PEO blends, the hybrid membranes appear
to be well-mixed, homogenous symmetric membranes, with different proportions of
lipid to polymer within individual vesicles. Although the PBd-b-PEO polymers have a
similar membrane order to POPC, the larger PBd22-PEO14 membrane does exhibit greater
bending rigidity and resistance to deformation than PBd12-PEO11 membranes. For PBd22-
PEO14/POPC lipid-polymer blends, increasing the polymer fraction appears to increase
membrane order, bilayer thickness and reduce membrane permeability and diffusion of
molecules through the membrane.

Previous studies have already shown that PBd-b-PEO/PC hybrid membranes do extend
the functional lifetime of incorporated membrane proteins (1, 77, 78, 86) making this blend
a viable choice for applications in bionanotechnology. The results found during this
project show that membrane properties such as permeability, contents release, viscosity
and bending rigidity can be tuned to fit a specific purpose by altering the membrane
composition in PBd22-PEO14/POPC and PBd12-PEO11/POPC membranes.

Outlook

Other techniques and methods can be used to complement and further explore the material
properties of hybrid lipid-polymer vesicles, and how their properties relate to structure.

For example, there are an arsenal of scattering techniques available to probe membrane
structure which have not been used in this investigation. X-ray scattering of aligned
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lamellar bilayers can not only be used to find lamellar repeat distance at small scattering
angles (231), but also to determine coexisting liquid ordered and liquid disordered phases
by changes in the average chain tilt orientation at wide scattering angles (232). Wide angle
x-ray scattering (WAXS) can interrogate bilayer structures that are in the order of 3–4 Å
(q ≤ 2.0 Å −1) (233), and the scattering pattern can usually be obtained in conjunction
with SAXS measurements. WAXS has been used in the past to explore molecular distance
and packing of head group and acyl chain regions of phospholipids containing alcohols
and polyalcohols, providing important details on vesicle microscopic structure, such as
phospholipid phase and packing (234). This could provide insight into interdigitation of
polymers within hybrid lipid-polymer membranes. Small angle neutron scattering (SANS)
is another popular scattering technique and has certain advantages over x-rays utilised
in SAXS and WAXS. Neutrons have a greater penetration depth but the sample does not
typically suffer from beam damage (235). SANS also allows contrast variation experiments
where different parts of the sample can be selectively highlighted by isotopic labelling
(236) and are relatively insensitive to the size of the vesicle, so can provide very accurate
measurements of bilayer thickness for both multilamellar vesicles and unilamellar vesicles
(237). SAXS and SANS data of asymmetric POPC/DPPC vesicles have even been analysed
simultaneously to fully exploit the benefits of contrast variation in SANS (238).

However, there are challenges to data analysis of both scattering results as the curves
are smooth and one-dimensional so contain quite a limited amount of information. This
leads to either over-fitting of structural models to scattering patterns, or constraining the
model too much alongside other issues (236). Molecular dynamics (MD) has been used to
overcome some of these problems, by directly comparing the simulated properties with
primary experimental data to provide a realistic description of the membrane properties.
In one study, GROMACS simulation package was used to determine the volume and
area per lipid, as well as the WAXS spectra of DPPC and DMPC lipid membranes, with
good agreement between the experimental and simulated spectra (239). Coarse-grain
MD simulations on GROMACS have also been used to predict mechanical properties of a
range of lipid membranes (240, 241). Coarse-grain MD was used to successfully predict the
membrane thickness, area per chain, polymer stretching and electron density of PBd-b-PEO
and PEE-b-PEO polymer membranes with increasing molecular weights (179). Even hybrid
membranes have been simulated to determine how hydrophobic thickness mismatch can
affect phase separation behaviours of lipids and polymers with different molecular weights
(95). Therefore MD studies on hybrid lipid-polymer vesicles could be used to augment
practical experiments and extract membrane structure and properties more easily.

Förster resonance energy transfer (FRET) has also often been used in combination
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with scattering techniques as it provides insight into the membrane structure of hybrid
vesicles, especially in the determination of nano-domains between the lipid and polymer
phases with sizes between < 50-100 nm (34, 99, 98). The donor probe used was expected to
partition into the polymer phase, while the acceptor probe was mainly in the lipid phase.
No energy would transfer between the probes if the hybrid sample was a mixture of pure
liposomes or polymersomes, so detection of the FRET phenomenon would indicate the
presence of hybrid vesicles. Then, FRET efficiency is used to elucidate the homogeneity
of the membrane: a decrease in FRET efficiency is thought to be synonymous with phase
formation within a membrane as the average distance between the FRET donor and
acceptor would be larger than the Förster radius of the FRET pair. In this way, stable
nano-domains were discovered in DPPC/PDMS-g-(PEO)2 and POPC/PDMS-g-(PEO)2

hybrid lipid polymer vesicles (99). Ultra nano-domains were found using FRET on lipid
mixtures by using two domain-detecting FRET pairs with small Förster radii (< 5 nm)
(242). However, as demonstrated in Chapters 5, 6 and 7, PBd22-PEO14/POPC and PBd12-
PEO11/POPC vesicles do not appear phase separate, so FRET experiments would not be
useful beyond confirming this.

For many bionanotechnology applications it is also desirable for the system to incor-
porate biofunctional molecules for biomimetic membrane-based technologies. Hybrid
PBd22-PEO14/POPC lipid-polymer blends have already been shown to provide a stable,
durable, homogenous environment for cytochrome bo3 (1). Blending PBd22-PEO14 with
other lipids besides POPC, such as complicated lipid mixtures like E. coli lipids, could also
be investigated. However there has been no investigation into the stability or durability
of integrated membrane proteins in to PBd12-PEO11 hybrid vesicles. In addition to the
ubiquinol assay previously used on cytochrome bo3 reconstituted PBd22-PEO14 hybrid
vesicles, oxygen concentration and proton permeability can also be monitored to deter-
mine and compare the protein activity in the different hybrid lipid-polymer compositions
(78, 88).

Biological cellular functions, such as signal transduction, that rely on membrane pro-
teins also appear to be affected by biological membrane morphologies (243). In artificial
cells such as vesicles, deformations are believed to be due in part to ion-membrane inter-
actions (47, 85). An investigation using SAXS and cryo-TEM imaging has shown triblock
copolymer PEO-PDMS-PEO membranes to be affected by high salt concentrations (up to
500 mM), with the overall hydrodynamic diameter and membrane thickness increasing
with increasing salt concentration. Different vesicle morphologies were also observed with
increasing salt concentration, evolving from spherical shapes to prolates and finally oblates
(85). Membrane interactions with salts at a range of concentrations and their relationship
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with membrane properties may be useful in tuning the size, morphology and properties of
hybrid lipid-polymer vesicles.

The results described in this thesis show that by blending these PBd22-PEO14 or PBd12-
PEO11 with POPC, vesicle properties can be tuned through varying their relative mixing
ratio and could help design vesicles for bionanotechnology applications with controlled
encapsulation and release. These hybrid lipid-polymer blends could be developed further
however to provide a stable, durable, homogenous environment for certain membrane
proteins in order to create artificial cells.

Although the results offer detailed fundamental understanding on PBd22-PEO14/POPC
and PBd12-PEO11/POPC membrane compositions and some of their bulk physicochem-
ical properties, utilising the full potential of scattering techniques in combination with
molecular dynamics simulations would allow greater insight into vesicle structure. For
many bionanotechnology applications it is also desirable for the system to incorporate
biofunctional molecules for biomimetic membrane-based technologies, therefore more
work needs to be done to further optimise the hybrid membrane environment for a wider
range of membrane proteins or different bionanotechnology applications by blending PBd-
b-PEO with more complex lipid mixtures. This thesis provides some of the groundwork for
further advances in vesicle engineering for emerging applications, such as nanoreactors,
drug delivery vectors and biosensors.
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(98) Dao, T.T., Brûlet, A., Fernandes, F., Er-Rafik, M., Ferji, K., Schweins, R., Chapel,
J.P., Fedorov, A., Schmutz, M., Prieto, M., et al., Mixing block copolymers with
phospholipids at the nanoscale: from hybrid polymer/lipid wormlike micelles to
vesicles presenting lipid nanodomains. Langmuir, 2017, 33(7), pp. 1705–1715.

(99) Dao, T.T., Fernandes, F., Er-Rafik, M., Salva, R., Schmutz, M., Brûlet, A., Prieto, M.,
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(194) Jiménez, A., Jonic, S., Majtner, T., Otón, J., Vilas, J.L., Maluenda, D., Mota, J., Ramı́rez-
Aportela, E., Martı́nez, M., Rancel, Y., et al., Validation of electron microscopy initial
models via small angle x-ray scattering curves. Bioinformatics, 2019, 35(14), pp. 2427–
2433.

(195) Harper, P., Gruner, S., Lewis, R., McElhaney, R., Electron density modeling and
reconstruction of infinite periodic minimal surfaces (IPMS) based phases in lipid-
water systems. II. Reconstruction of D surface based phases. The European Physical
Journal E, 2000, 2(3), pp. 229–245.

(196) Fetters, L., Lohse, D., Colby, R., Chain dimensions and entanglement spacings. In:
Physical properties of polymers handbook, Springer, 2007, pp. 447–454.



178 BIBLIOGRAPHY
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Appendices
A1 Infrared spectra peak assignations

Table A1.1: Assignations of peaks in PBd22-PEO14 IR spectrum.

Observed
wavenumber (cm)

Assignation
Assigned bond

wavenumber (cm)

3457 O-H Stretching Alcohol 3550-3200

3073 C-H Stretching Alkene 3100-3000

2965 C-H Stretching Alkane 3000-2840

2915 C-H Stretching Alkane 3000-2840

1637 C=C Stretching Alkene 1662-1626

1451 C-H Stretching Alkane (methyl) 1450

1414 O-H Bending Alcohol 1420-1330

1344 O-H Bending Alcohol 1420-1330

1087 C-O Stretching Alcohol (2ndary) 1124-1087

922 C=C Bending Alkene (mono) 995-985

943 C=C Bending Alkene (trans) 980-960
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Table A1.2: Assignations of peaks in PBd22-PEO14-TMR IR spectrum.

Observed
wavenumber (cm)

Assignation
Assigned bond

wavenumber (cm)

3077 C-H Stretching Alkene 3100-3000

3056 C-H Stretching Alkene 3100-3000

2965 C-H Stretching Alkane 3000-2840

2915 C-H Stretching Alkane 3000-2840

2874 C-H Stretching Alkane 3000-2840

2717 C-H Stretching Aldehyde 2830-2695

1927 C-H Bending Aromatic 2000-1650

1832 C=O Stretching Anhydride 1818

1592 N-H Bending Amine 1650-1580

1439 O-H Bending Carboxylic 1440-1395

1384 O-H Bending Phenol 1390-1310

1215 C-N Stretching Amine 1250-1020

1093 C-N Stretching Amine 1250-1020

989 C=C Bending Alkene (mono) 995-985

830 C=C Bending Alkene (tri) 840-790
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A2 HPTS calibration curve

Figure A2.1: Calibration curve of absorbance ratio against pH. The absorbance ratio from
absorbances at 450 and 405 nm were plotted against pH was used to determine the pH of
the HPTS solution inside lipid, hybrid and polymer vesicles. Lipid POPC vesicles were

added to the calibration solutions to observe the affect of vesicles on the collected
absorbance ratio. The curves were fitted with a form of the Henderson-Hasselbalch

relation using OriginPro.

Three calibration curves were measured to determine the effect of vesicles on HPTS
absorbance. As shown by Figure A2.1, increasing the concentration of vesicles from
0 µM to 2000 µM flattens the calibration curve. This flattening could be due to vesicle
scattering. As 2 mM vesicle solutions were used for the experiment, calibration curve using
2000 µM was used to determine pH of the internal vesicle solutions from the absorbance
ratios.

The data were fit to the following equation with the same functional form as the
Henderson-Hasselbalch relation, to find the pH from UV-vis absorbance ratio values
Abs = A450

A405
from the intensities at 450 nm, A450, and 405 nm, A405 :

pH = ln(−A1 − Abs
Abs − A2

)dx + x0 (1)

where A1, A2, dx and x0 are equal to 0.199, 1.791, 0.599 and 7.485 respectively for 2000
µM vesicle solutions.
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A3 Size distributions of HPTS encapsulated hybrid vesicles

Table A3.1: Size distribution of HPTS encapsulated PBd22-PEO14 vesicles.

PBd22-PEO14

(mol%)
Z-average

(d.nm)
PDI Size (d.nm)

Standard
Deviation

0 113.4 0.073 120.9 32.51

25 94.21 0.106 106.8 27.87

50 115.9 0.140 136.0 54.95

75 121.1 0.092 134.3 44.62

100 140.2 0.544 148.0 32.20

Table A3.2: Size distribution of HPTS encapsulated PBd12-PEO11 vesicles.

PBd12-PEO11

(mol%)
Z-average

(d.nm)
PDI Size (d.nm)

Standard
Deviation

0 111.6 0.137 128.7 47.64

25 109.1 0.112 124.2 44.89

50 100.1 0.173 122.4 50.00

75 101.8 0.194 128.7 62.46

100 135.4 0.136 158.7 63.34
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A4 Membrane measurements of PBd22-PEO14 vesicles

Table A4.1: The FWHM, peak to peak and FWHM to peak measurements of POPC vesicles
with increasing mol% of PBd22-PEO14.

PBd22-PEO14

(mol%)
FWHM (Å) Peak to Peak (Å) FWHM to Peak (Å)

Average
Standard
Deviation

Average
Standard
Deviation

Average
Standard
Deviation

0 51.6 2.5 33.9 2.6 8.8 1.1

25 57.0 2.8 36.4 2.2 10.3 1.3

50 77.6 22.3 50.2 13.2 12.9 4.4

75 83.2 20.5 52.7 14.1 14.7 6.8

100 97.2 7.2 65.8 5.1 15.7 3.2

Table A4.2: FWHM, peak to peak and FWHM to peak measurements of the all the vesicles
(total) and populations 1 and 2 (pop 1 and pop 2)measured in both 50 mol% and 75 mol%

PBd22-PEO14 samples.

PBd22-PEO14

(mol%)
FWHM (Å) Peak to Peak (Å) FWHM to Peak (Å)

Average
Standard
Deviation

Average
Standard
Deviation

Average
Standard
Deviation

50 (Total) 77.6 22.3 50.2 13.2 12.9 4.4

50 (Pop 1) 54.5 5.4 36.0 4.5 9.3 1.1

50 (Pop 2) 94.1 13.4 60.3 6.2 15.6 4.0

75 (Total) 83.2 20.5 52.7 14.1 14.7 6.8

75 (Pop 1) 56.7 4.0 36.4 3.9 10.1 2.2

75 (Pop 2) 95.3 11.7 60.0 10.4 16.7 7.2
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Table A4.3: DLS size distributions of the PBd22-PEO14 vesicle samples used in cryo-ET.

PBd22-PEO14

(mol%)
Z-average

(d.nm)
PDI

Size
(d.nm)

Standard
Deviation

0 130.8 0.106 139.2 40.04

25 104.2 0.184 133.1 43.01

48.24 7.962

50 116.7 0.236 154.9 81.73

75 139.2 0.098 155.3 53.24

100 140.5 0.097 157.5 55.15
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A5 Membrane measurements of PBd12-PEO11 vesicles

Table A5.1: The FWHM, peak to peak and FWHM to peak measurements of POPC vesicles
with increasing mol% of PBd12-PEO11.

PBd12-PEO11

(mol%)
FWHM (Å) Peak to Peak (Å) FWHM to Peak (Å)

Average
Standard
Deviation

Average
Standard
Deviation

Average
Standard
Deviation

0 51.6 2.5 33.9 2.6 8.8 1.1

25 68.6 9.6 40.0 3.1 14.3 4.3

50 64.8 7.8 36.8 3.0 14.0 4.1

75 91.1 15.4 60.9 5.9 15.8 5.2

100 75.9 6.4 50.6 5.0 12.6 1.6

Table A5.2: DLS size distributions of the PBd12-PEO11 vesicle samples used in cryo-ET.

PBd12-PEO11

(mol%)
Z-average

(d.nm)
PDI

Size
(d.nm)

Standard
Deviation

0 130.8 0.106 139.2 40.04

25 107.8 0.120 122.5 33.70

50 105.5 0.123 121.8 47.42

75 110.0 0.134 126.9 46.00

100 117.2 0.108 131.8 44.91
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A6 Using Cryo-ET measurements to refine SAXS models

Table A6.1: How results from cryo-ET described in Chapter 5 were used to constrain and
refine the SAXS models as described in Chapter 6.

Cryo-ET SAXS

Electron intensity profile
across membrane

Use of 2-Gaussian
or 4-Gaussian model

Bilayer thickness
from FWHM

Constrain and refine
Gaussian widths

Hydrophobic core thickness
from peak-to-peak

Constrain and refine
Gaussian positions

Two bilayer populations
in hybrid samples

Two models required to
fit hybrid vesicle scattering

Proportion of thick and
thin membranes in sample

Constrain weighting of
combined Gaussian model
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A7 Profiles obtained using strip-function and 4-Gaussian models

In Chapter 6, the scattering profiles were fitted using both the in-house 4-Gaussian model
using MatLAB code created by Dr. A. Sadeghpour, as well as SASFit’s strip-function
bilayer model. As can be seen by Figure A7.1, the electron density profile of 100 mol%
PBd22-PEO14 vesicle composition provided by strip-function is comparable to with the
peak-to-peak and trough widths of the 4-Gaussian model. The remaining compositions
were treated with the 4-Gaussian model.

Figure A7.1: Electron density profiles using different form factor fitting models. The a)
electron density profiles of 100 mol% PBd22-PEO14 obtained by a strip-function and

4-Gaussian model, and the model fit using b) a 4-Gaussian model or c) a strip-function
model.

Prof. Michael Rappolt performed the fitting analysis using the SASfit strip model on
the PBd22-PEO14 SAXS data.
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A8 SAXS scattering profiles at 4 °C and 25 °C

Figure A8.1: Scattering profiles at 4°C and 25 °C. The scattering profiles obtained at 4 °C
and 25 °C of a) POPC, b) 100 mol% PBd12-PEO11 and c) 100 mol% PBd22-PEO14 vesicle

compositions show that there is negligible difference in scattering indicating the samples
are not affected strongly by temperature.

In Chapter 6, Tomograms of each vesicle composition were obtained by forming vitreous
ice on copper carbon grids at 4 °C, while SAXS scattering profiles were obtained at 25 °C.
To ensure that temperature did not play a role in the differences between the final bilayer
thickness and hydrophobic core measurements of the electron profiles, SAXS scattering
profiles were obtained at both 4 °C and 25 °C. Figure A8.1 shows that there is minimal
difference between the scattering profiles with the difference in temperature.
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A9 Spectral imaging of Laurdan GUVs

Figure A9.1: Colour maps of Laurdan GP values on GUVs. The images of GUVs
containing 0.25 mol% at wavelengths 44 nm and 488 nm that contribute to the final GP

result in Figure 7.5. Scale bars indicate 10 µm.

In Chapter 7, 0.25 mol% Laurdan was incorporated into 0 mol%, 50 mol% and 100 mol%
PBd22-PEO14 and PBd12-PEO11 compositions. The brighter GUVs at 444 and 488 nm
emission give a more intense GP image. Although the same fraction of each composition
was Laurdan, the distribution of Laurdan in individual vesicles may cause the difference
in brightness.
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A10 Size distributions and CONTIN fits in CF encapsulated vesi-
cles

Figure A10.1: The CONTIN fit size distributions before and after autoclaving from the
DLS profiles shown in Figure 8.1and their fitted autocorrelation functions.
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Figure A10.2: The CONTIN fit size distributions of 100 nm extruded PBd12-PEO11 vesicles
before and after five filtration cycles from the DLS profiles shown in Figure 8.2 and their

fitted autocorrelation functions.
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Table A10.1: DLS fitting data of 100 nm extruded PBd12-PEO11 hybrid vesicles before five
filtration cycles.

PBd12-PEO11

(mol%)

Z-average
(d.nm)

Average Intensity
Diameter (d.nm)

PDI

Average
Standard
Deviation

Average
Standard
Deviation

Average
Standard
Deviation

0 123.2 120.0 131.9 7.7 0.096 0.018

25 107.8 0.1 122.5 0.6 0.120 0.011

50 95.7 4.3 115.2 4.6 0.163 0.014

75 90.4 1.8 110.6 1.8 0.174 0.003

100 99.8 3.8 122.7 6.8 0.183 0.015

Table A10.2: DLS fitting data of 100 nm extruded PBd12-PEO11 hybrid vesicles after five
filtration cycles.

PBd12-PEO11

(mol%)

Z-average
(d.nm)

Average Intensity
Diameter (d.nm)

PDI

Average
Standard
Deviation

Average
Standard
Deviation

Average
Standard
Deviation

0 121.8 9.3 132.0 7.8 0.085 0.024

25 107.6 1.7 126.3 5.3 0.134 0.002

50 96.1 5.3 1595.4 2643.2 0.180 0.017

75 124.0 57.7 287.8 306.4 0.218 0.083

100 99.6 1.2 127.4 0.7 0.204 0.011



A10. SIZE DISTRIBUTIONS AND CONTIN FITS IN CF ENCAPSULATED VESICLES197

Figure A10.3: The CONTIN fit size distributions of 100 nm extruded PBd22-PEO14 vesicles
before and after five filtration cycles from the DLS profiles shown in Figure 8.2 and their

fitted autocorrelation functions.
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Table A10.3: DLS fitting data of 100 nm extruded PBd22-PEO14 hybrid vesicles before five
filtration cycles.

PBd22-PEO14

(mol%)

Z-average
(d.nm)

Average Intensity
Diameter (d.nm)

PDI

Average
Standard
Deviation

Average
Standard
Deviation

Average
Standard
Deviation

0 123.2 120.0 131.9 7.7 0.096 0.018

25 97.2 1.5 114.5 6.0 0.154 0.003

50 108.0 2.1 138.9 2.4 0.213 0.022

75 114.8 5.4 135.3 5.8 0.145 0.018

100 160.8 17.0 189.0 21.1 0.16 0.044

Table A10.4: DLS fitting data of 100 nm extruded PBd22-PEO14 hybrid vesicles after five
filtration cycles.

PBd22-PEO14

(mol%)

Z-average
(d.nm)

Average Intensity
Diameter (d.nm)

PDI

Average
Standard
Deviation

Average
Standard
Deviation

Average
Standard
Deviation

0 121.8 9.3 132.0 7.8 0.085 0.024

25 96.1 0.8 111.2 2.5 0.147 0.013

50 105.9 2.0 132.4 1.0 0.185 0.015

75 116.8 4.8 137.2 5.9 0.137 0.010

100 149.1 1.8 176.0 3.3 0.145 0.011
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Figure A10.4: The CONTIN fit size distributions of 400 nm extruded PBd12-PEO11 vesicles
before and after five filtration cycles from the DLS profiles shown in Figure 8.2 and their

fitted autocorrelation functions.
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Table A10.5: DLS fitting data of 400 nm extruded PBd12-PEO11 hybrid vesicles before five
filtration cycles.

PBd12-PEO11

(mol%)

Z-average
(d.nm)

Average Intensity
Diameter (d.nm)

PDI

Average
Standard
Deviation

Average
Standard
Deviation

Average
Standard
Deviation

0 318.8 36.5 263.5 34.5 0.417 0.050

50 106.9 1.0 1588.6 850.9 0.247 0.002

100 160.6 68.5 2448.7 1354.4 0.221 0.135

Table A10.6: DLS fitting data of 400 nm extruded PBd12-PEO11 hybrid vesicles after five
filtration cycles.

PBd12-PEO11

(mol%)

Z-average
(d.nm)

Average Intensity
Diameter (d.nm)

PDI

Average
Standard
Deviation

Average
Standard
Deviation

Average
Standard
Deviation

0 318.8 36.5 263.5 34.5 0.417 0.050

50 106.9 1.0 1588.6 850.9 0.247 0.002

100 160.6 68.5 2448.7 1354.4 0.221 0.135
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Figure A10.5: The CONTIN fit size distributions of 400 nm extruded PBd22-PEO14 vesicles
before and after five filtration cycles from the DLS profiles shown in Figure 8.2 and their

fitted autocorrelation functions.
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Table A10.7: DLS fitting data of 400 nm extruded PBd22-PEO14 hybrid vesicles before five
filtration cycles.

PBd22-PEO14

(mol%)

Z-average
(d.nm)

Average Intensity
Diameter (d.nm)

PDI

Average
Standard
Deviation

Average
Standard
Deviation

Average
Standard
Deviation

0 318.8 36.5 263.5 34.5 0.417 0.050

50 123.7 0.9 182.2 8.5 0.279 0.014

100 261.4 87.4 1447.4 948.3 0.491 0.055

Table A10.8: DLS fitting data of 400 nm extruded PBd22-PEO14 hybrid vesicles after five
filtration cycles.

PBd22-PEO14

(mol%)

Z-average
(d.nm)

Average Intensity
Diameter (d.nm)

PDI

Average
Standard
Deviation

Average
Standard
Deviation

Average
Standard
Deviation

0 822.9 856.1 719.9 555.9 0.493 0.444

50 119.8 30.2 164.9 47.9 0.269 0.029

100 579.4 707.4 798.75 699.9 0.524 0.225
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Figure A10.6: The CONTIN fit size distributions before and after lyophilisation from the
DLS profiles shown in Figure 8.5 and their fitted autocorrelation functions.
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Figure A10.7: The CONTIN fit size distributions of 100 nm extruded PBd12-PEO11 vesicles
before and after four FTV cycles from the DLS profiles shown in Figure 8.6 and their fitted

autocorrelation functions.
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Table A10.9: DLS fitting data of 100 nm extruded PBd12-PEO11 hybrid vesicles before four
FTV cycles.

PBd12-PEO11

(mol%)

Z-average
(d.nm)

Average Intensity
Diameter (d.nm)

PDI

Average
Standard
Deviation

Average
Standard
Deviation

Average
Standard
Deviation

0 123.2 120.0 131.9 7.7 0.096 0.018

50 107.8 0.1 122.5 0.6 0.120 0.011

100 95.7 4.3 115.2 4.6 0.163 0.014

75 90.4 1.8 110.6 1.8 0.174 0.003

100 99.8 3.8 122.7 6.8 0.183 0.015

Table A10.10: DLS fitting data of 100 nm extruded PBd12-PEO11 hybrid vesicles after four
FTV cycles.

PBd12-PEO11

(mol%)

Z-average
(d.nm)

Average Intensity
Diameter (d.nm)

PDI

Average
Standard
Deviation

Average
Standard
Deviation

Average
Standard
Deviation

0 116.8 19.5 136.2 32.9 0.135 0.074

50 82.3 5.3 93.5 2.5 0.168 0.009

100 81.7 2.0 100.5 2.3 0.178 0.007

75 80.6 2.0 98.4 0.9 0.172 0.009

100 90.9 1.6 109.6 7.4 0.177 0.015
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Figure A10.8: The CONTIN fit size distributions of 100 nm extruded PBd22-PEO14 vesicles
before and after four FTV cycles from the DLS profiles shown in Figure 8.6 and their fitted

autocorrelation functions.
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Table A10.11: DLS fitting data of 100 nm extruded PBd22-PEO14 hybrid vesicles before four
FTV cycles.

PBd22-PEO14

(mol%)

Z-average
(d.nm)

Average Intensity
Diameter (d.nm)

PDI

Average
Standard
Deviation

Average
Standard
Deviation

Average
Standard
Deviation

0 123.2 120.0 131.9 7.7 0.096 0.018

50 97.2 1.5 114.5 6.0 0.154 0.003

100 108.0 2.1 138.9 2.4 0.213 0.022

75 114.8 5.4 135.3 5.8 0.145 0.018

100 160.8 17.0 189.0 21.1 0.16 0.044

Table A10.12: DLS fitting data of 100 nm extruded PBd22-PEO14 hybrid vesicles after four
FTV cycles.

PBd22-PEO14

(mol%)

Z-average
(d.nm)

Average Intensity
Diameter (d.nm)

PDI

Average
Standard
Deviation

Average
Standard
Deviation

Average
Standard
Deviation

0 116.8 19.5 136.2 32.9 0.135 0.074

50 379.3 511.2 863.8 886.8 0.26 0.119

100 101.0 1.4 125.4 1.1 0.191 0.016

75 157.2 75.0 313.5 312.5 0.260 0.210

100 154.2 4.8 181.4 8.0 0.139 0.015
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