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Abstract:

Hypothesis: Vesicle-polymer dispersions are found in drug-delivery systems and consumer products
but undergo phase separation. Previous studies of phase separation have focussed on systems with
high density differences between continuous and vesicular phases. In this study, we investigate phase
separation in vesicle-polymer mixtures with very small density differences, in the presence and
absence of air bubbles.

Experiments: Magnetic resonance (MR) imaging, X-ray Computed Tomography and rheological
measurements are reported which characterise the properties and stability of vesicle suspensions
composed of the cationic surfactant, diethylesterdimethyl ammonium chloride, mixed with non-
adsorbing polymer. H T, MR relaxation images are employed to observe phase separation, for a range
of vesicle-polymer mixtures, which are analysed using Moran’s / spatial autocorrelation to quantify
the extent and rate of phase separation.

Findings: It was found that in presence of air bubbles, phase separation follows a
compression/collapse mechanism, typical of colloidal gels with large density differences between the
phases. Without air bubbles, phase separation develops through the formation of tiny cracks and
fractures in the samples. MRI enabled visualisation of the evolution of phase separation inside highly
turbid samples. The rate of phase separation was found to generally increase with increasing polymer
concentration and decrease with increasing vesicle volume fraction.

Keywords: Moran’s |, DEEDMAC, polyDADMAC, MRI, T, MR relaxation time images, phase separation,
X-ray CT, yield stress, air bubbles.

1. Introduction

Colloidal suspensions are kinetically stable and, over time, undergo phase separation because of
density differences between the colloidal particles and the continuous phase [1]. Adding polymer to

a colloidal suspension can cause suspended particles to aggregate and form a colloidal gel [2], either



through bridging flocculation, by interacting directly with the particles, or through depletion
flocculation [3]. Depletion flocculation occurs because the small polymer coils cannot approach within
a certain distance of the large colloidal particles and, therefore, each colloidal particle possesses a
depletion layer [4]. When the large particles approach and the depletion layers overlap, there is more
space for the small polymer particles in solution, therefore, it is entropically favourable for the large
particles to aggregate [4]. If the particle volume fraction is sufficiently high, a space spanning gel
network can form. The resulting gel network has a percolated, bi-continuous structure which will
eventually collapse, because of the combination of attraction forces and gravity, into particle-rich and
particle-poor phases [3, 5]. While, the link between gelation and phase separation in colloidal systems
is complex, understanding phase separation and gel collapse is of critical importance for the use of

colloidal suspensions in many consumer products, food and medicine [5].

There have been numerous studies of gelation and phase separation in hard sphere colloidal systems
[1, 2, 5-7]. These studies have often described gelation as the result of an arrested spinodal
decomposition during phase separation. [3, 5] Gel compression and collapse leads to two phases with
different densities layering one over the other, which is explained by the balance between
gravitational and elastic forces [6], and the poro-elastic model predicts that the colloidal gel is
compressed by gravity, expelling the continuous phase, via filtration flow. The rate of phase separation
is controlled by the porosity of the gel network, while the extent of compression depends on the

elastic modulus of the gel.

Evidence for gelation in these colloidal systems is typically acquired from rheological measurements,
as well as observing gel behaviour close to objects which disrupt the gel network.[6] Disruptions of
the gel network have been shown to cause the development of particle-poor cracks in the particle-

rich phase [6]. Most of the experimental studies on colloidal gel phase separation are made using



mono-disperse polystyrene or poly(methyl methacrylate) microspheres as colloidal particles.
However, suspensions of mono-disperse, hard colloidal particles are not representative of many

industrially relevant systems.

One type of colloidal suspension commonly found in drug delivery systems and consumer products
are vesicle dispersions [8]. In particular, vesicles formed with the cationic surfactant
diethylesterdimethyl ammonium chloride (DEEDMAC) are used on a large global scale as
biodegradable fabric enhancer [9]. Vesicle dispersions are frequently mixed with non-adsorbing
polymer to form transient gel networks in order to improve rheological properties, such as flowability
and dispensability [3, 10]. Vesicles are internally filled with an aqueous phase that is isotonic with the
external continuous phase and this makes the density difference and thus the gravitational forces very
small compared to microgel particles. Furthermore, the polydispersity and softness of the vesicles
further complicate gelation and phase separation processes. For example, polydispersity might lead
to size fractionation during phase separation [3]. This additional complexity means phase separation

and gelation in vesicle dispersions could be different to that of microsphere suspensions [3].

Phase separation and gelation of DEEDMAC vesicle dispersions mixed with non-adsorbing polymer,
such as poly-diallyldimethyl ammonium chloride (polyDADMAC), have, previously, been studied at low
to medium volume fraction (¢ =0.05—-0.30), high polymer concentrations (0.3 — 2.0 %wt) and polymer
to particle size ratios (Rg/a) of 0.09 [3, 10] and 0.27 [10]. The density difference between continuous
phase and vesicles, in such systems, is 50 kg m= [11]. All these variable factors affect the strength of
the depletion interactions and, therefore, the strength of the gel network. It was found that, in the
absence of polymer, the dispersion is stable over a few weeks [10]. Yet, in the presence of polymer,
the dispersions separate into vesicle-poor and vesicle-rich phases in a matter of hours. At vesicle

volume fraction (¢) > 0.15, gel networks form, via arrested spinodal decomposition, which were



visualised using confocal microscopy [3, 10]. The rate of gel collapse in these systems was found to
increase with polymer concentration, which is unexpected, because higher polymer concentrations
lead to stronger gels that are typically more resistant to the effects of gravity [3, 10]. Increasing
polymer concentration was shown to increase the porosity and permeability of the gel network which
makes the network more tenuous and it collapses faster [10]. This was further investigated by
measuring the height of the particle-rich phase over time and fitting the reduction in height of these
gels to a poroelastic model [3], which states that gel collapse is dependent on gravity, viscous drag

and elastic forces within the material [12].

Furthermore, in other systems, such as TEQ (triethanolamine-based esterquat) vesicle dispersions
mixed with a non-adsorbing polymer (Specific dextrin derivative (SDD)) studied by Miyajima et al. [13],
the relationship between rheology and physical stability has been investigated. These systems were
studied at mass fraction (w = 0.04 — 0.16), high polymer concentrations (0.04 — 3.2 %wt) and polymer
to particle size ratios (Rg/a) of 0.16 but no information was provided on vesicle volume fraction. They
found that it is possible to produce a stable depletion gel with reasonable viscosity for intermediate

polymer and esterquat concentrations. However, the stability of these systems is not well understood.

Elastic forces within colloidal suspensions undergoing phase separation have been linked to the
formation of particle-poor regions within a particle-rich phase [6, 14]. The progression of phase
separation in previous studies of DEEDMAC vesicle dispersions [3, 10] has been modelled using the
height of the vesicle-rich phase as a means of monitoring the progress of phase separation. While the
development of heterogeneity within the vesicle-rich phase has not been investigated, it has been
shown that vesicle-poor voids form in the vesicle-rich phase suggesting that imaging techniques may
be able to provide more insight [15]. Furthermore, Tanaka et al. [16, 17] have shown that phase
separation into colloid-rich and colloid-poor structure can develop even in the absence of gravitational
forces just as a consequence of the attractive forces between the colloids. Depending on the relation

of the deformation rate, generated by phase separation itself, to the bulk and shear mechanical



relaxation rates, a transient network demonstrates viscoelastic and elastic properties, leading to a
liquid-like fracture of the network during shrinking. However, in the experiments quoted by Koyama
and Tanaka [16] the samples were sandwiched between two cover glasses and, thus, were quasi-two-
dimensional. This enabled from one side the visualization of phase separation through an opaque

sample and on the other side eliminated the effect of gravitational forces.

Previously, magnetic resonance imaging (MRI) has enabled sedimentation and creaming to be
observed, non-invasively, in opaque systems [5, 14, 18-25]. Also, MRI has been widely used to
characterise sedimentation and creaming in a wide variety of systems including polymer particles [5,
14, 19, 20, 22], paliperidone palmitate particles [25], glass beads [19] and rayon fibres [24], as well as
being used to study application specific systems such as crude oil [21], biodiesel [18] and moisturising
creams [23]. MRI has provided a way of investigating the structure of the colloid-rich phase [14] and,
through image analysis, using techniques like Moran's I, phase separation has been quantified when

the local colloid volume fraction is not only dependant on the gravitational field [15].

In this paper, MRI, X-ray Computed Tomography (X-ray CT) and rheological measurements have been
used to characterise the properties and stability of suspensions of almost density matched DEEDMAC
vesicles mixed with non-adsorbing polymer to form transient colloidal gels. The vesicle volume
fractions used in this study (¢ = 0.3 - 0.5) are in the range typically found in consumer products, but
are higher than those previously studied [3, 10] and the polymer concentrations used are lower than
those previously studied [10, 26]. In such systems, the density difference between vesicles and
continuous phase is expected to be very small, as the vesicles are filled with the continuous phase.
Phase separation, under this extremely small density difference, is studied herein. The gel stability is
assessed, in the presence and absence of air bubbles, and at different gel strengths. 'H T, MR
relaxation images are used to observe phase separation, and, in certain cases, Moran’s [ is employed

to quantify the extent and rate of phase separation [15].



2. Materials and Methods

2.1. Sample Preparation

Aqueous dispersions of DEEDMAC vesicles, with a vesicle volume fraction (¢) of 0.5, were prepared
according to an extrusion process with an apparatus similar to the one described previously [27].
Dispersions of lower volume fraction (¢= 0.4 and ¢ = 0.3) were obtained by isotonically diluting the ¢
= 0.5 dispersion with 450 ppm formic acid (Sigma). Volume fraction was measured according to the
procedure previously described in [26]. Vesicles had typical sizes ranging from 100 nm - 5 um. X-ray
scattering measurements, cited in supplementary information (Figure S3), do not show Bragg
reflection peaks, indicating the presence of mainly unilamellar vesicles with a bilayer thickness of 4.70
A.

Vesicle dispersions were thoroughly mixed with an aqueous solution of the poly-diallyldimethyl
ammonium chloride (poly-DADMAC) (M, = 150000 g mol™) polymer, Merquat 100 (Lubrizol), giving
final polymer concentrations of 0 - 0.25 % wt. The radius of gyration of this polymer is approximately
30 nm. For MR imaging, samples (¢=0.3 - 0.5 and [polymer] = 0 - 0.25 %wt) were prepared under air
or under vacuum, stored in 20 mm (outer diameter) glass test tubes (Cole-Parmer Instrument Co.) and
imaged over 5 weeks. The height of each sample was 5 cm. For X-ray CT and rheology measurements,

fresh samples were prepared under air.

2.2. MRI Experiments

MRI data were collected on a Bruker DMX 300 spectrometer equipped with a 7 T vertical wide-bore
superconducting magnet, operating at a proton resonance frequency of 300.13 MHz with micro2.5
imaging gradients and 25 mm H radio frequency (RF) bird cage coil (WB40 probe). All experiments
were recorded at 293 £ 0.3 K, which was maintained by the temperature of the water-cooled micro2.5

gradient coils. RF pulses were calibrated for each sample. Vertical *H magnetic resonance (MR)



images of water in the vesicle dispersion were acquired using the spin-echo imaging sequence RARE
(Rapid Acquisition with Relaxation Enhancement) [28]. Vertical MR images were acquired with a 1
mm slice thickness, 256 x 128 pixel matrix and field of view of 4.5 x 2.25 cm?2. T, MR relaxation maps
were produced from 16 echo images with an echo time of T: = 7 ms and a RARE factor of 16, leading
to echo times ranging from 60 - 1740 ms. A repetition time of Tz = 10 s was used. All MRI data were
analysed using Prospa [29]. In all MR images, a systematic variation in T, relaxation time is observed
across the sample, which was removed as described in the Supplementary information and using the
images (Figure S1) [30]. T2 MR relaxation time maps were analysed using Moran’s [ [15, 31], which is
a measure of spatial autocorrelation. Moran’s I can vary from 1, for perfect correlation (where
features are ‘fully’ clustered), to —1, for perfect alternation (where features are spaced periodically),
and a Moran’s [ value of 0 represents a random distribution [15]. The Moran’s I value was calculated
for each image in Matlab [32] using equation 1, where N is the number pixels in the image, Wj; is a

weight matrix defining spatial closeness, X;;is the T, at pixel (i/j) and X is the mean T for the image.

_ N L Wiy _ N i TjWii(Xi-X)(X;-X)
X Tiwi Lixi—X)2 X XjWij Xixi—X)?

I (1)

In our analysis, any pixels with a value of T, = 0 ms (and hence outside the sample) were set to equal
the mean of the image so these would not contribute to the value of Moran’s I. More details on the

implementation of this analysis can be found elsewhere [15].

2.3 X-ray Computed Tomography

Vesicle-polymer mixtures (¢ = 0.3 — 0.5 and [polymer] = 0 — 0.25 %wt) were placed into plastic
cryogenic storage tubes (inner diameter = 9.4 mm, VWR), shaken, left to stand for 24 hrs and scanned
using a Bruker Skyscan1172 micro-computed tomography system. A maximum X-ray energy of 50 kV

was used, with 5 W beam power, 800 ms exposure per projection, a 0.5 mm aluminium filter and



14.87 um pixel size. Data were reconstructed and then a volume of interest (VOI) was extracted using
CTAn (Bruker). The VOl was chosen to include the whole of the vesicle-polymer dispersion but exclude

the sample tube. Images were viewed and 3D representations were constructed using Image J [33].

2.4 Yield stress measurements

Rheology measurements of vesicle polymer mixtures (¢=0.3 -0.5 and [polymer] =0—0.25 %wt) were
conducted on a AR-G2 rheometer (TA instruments) using a cone and plate geometry (equipped with
a 2° stainless steel cone, of 60mm diameter and 50 um gap). Steady-state flow experiments were
performed starting at a shear rate of 10 s* and reducing the shear rate to 10~ s7%, with 10 points per
decade, logarithmically spaced. Data were acquired for a sample time of 30 s and at least three
consecutive measurements were made at each point. The shear rate-shear stress (flow) curves were
fitted, between 0.01 and 10 s7%, to the Herschel-Bulkley equation (equation 2) where oy is the yield
stress, o is the shear stress, y is the shear rate, K is a measure of viscosity and n is the power law

exponent [34]. Typical fits can be found in the supplementary information figure S2 and table S1.
o= oo(1—e ")+ Ky" (2)
2.5 Density measurements

The density of vesicles bilayer as a function of temperature was measured according to the procedure

described in [35] and can be found in the supporting information.

3. Results

3.1 Bulk measurements
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Figure 1: Graph of bulk density for a DEEMAC bilayer and a vesicle dispersion, compared with water,
over a temperature range 3 —-60 °C

The density difference between a vesicle and the continuous phase depends on the vesicle size, the
bilayer thickness and the number of bilayers. Figure 1 shows the density of a DEEDMAC bilayer and
vesicle dispersion. At 20 °C, the density difference between the vesicle bilayer and the continuous
aqueous phase is 16 kg m™. A vesicle dispersion is typically rather polydisperse, both in size and
lamellarity. However, based on SAXS data (see supplementary information Figure S3) it can be
assumed that the number of bilayers of the used dispersions was close to 1 and the bilayer thickness
was derived from the same spectrum and estimated to be 4.7 nm. For example, a unilamellar vesicle
of 250 nm radius, with a bilayer thickness of 4.7 nm, filled and surrounded by a solution that is 16
kg m™ heavier than the bilayer, would have a density difference of less than 1 kg m™. This small
difference is explained by the small difference in density, between the bilayer and the continuous
phase, and by the small volume fraction (5% in the example) of the bilayer versus the entire vesicle

volume.

Yield stress measurements were used to determine the gel strength of vesicle-polymer mixtures over
the range ¢ = 0.3 — 0.5 and polymer concentrations = 0 — 0.25 %wt (figure 2). It was found that the

yield stress values for these mixtures were very low (< 0.1 Pa) and that yield stress scales with



increasing ¢and [polymer]. The dependence of the yield stress on ¢and [polymer] was modelled using

equation 3, where k is a constant and aand [3 are power law exponents [6, 7, 36].
g = k ¢* [polymer]? (3)

Values of a =2.71 and = 0.66 were determined using multicomponent linear regression. The data
do not fit this model perfectly and the value of £ = 0.66 is lower than the expected values of =2 for
polymer concentrations approaching the overlap concentration [7]. It is, however, worth noting here
that the volume fractions of the system were measured before polymer addition and it is expected

that vesicles shrink slightly on polymer addition due to osmotic effects [30].
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Figure 2: a) Plot of yield stress against polymer concentration for a range of vesicle-polymer mixtures
at ¢=0.3 (grey triangles), ¢ = 0.4 (dark grey dots) and ¢ = 0.5 (black squares). The lines are a fit to
the data using equation 3: yield stress = k ¢*[polymer]” with k = 1.46, a = 2.71 3=0.66, for the
mixtures at ¢ = 0.3 (grey solid line), ¢ = 0.4 (grey dashed line) and ¢ = 0.5 (black dashed line).



3.2 Phase separation in samples produced under air

Figure 3 shows extracted slices from X-ray CT images of a range of vesicle-polymer mixtures. From the
X-ray CT images in Figure 3, it is apparent that concentrated vesicle-polymer mixtures (¢ =0.5 for
[polymer] =0.25,0.15, 0.10 %wt and ¢=0.4 for [polymer] =0.25, 0.15 %wt) are able to trap air bubbles
for up to 24 hrs. In these samples, typical air bubble sizes were found to be 350 um (for mixtures at
¢=0.5 and [polymer] = 0.25 %wt), 200 um (for mixtures at ¢ =0.5 and [polymer] = 0.15 %wt or 0.10
%wt; and at ¢ =0.4 [polymer] = 0.25 %wt) and 150 um (for mixtures at ¢ =0.4 and [polymer] = 0.15
%wt). This demonstrates that vesicle-polymer mixtures, that have sufficient high yield stress, can

suspend air bubbles, at least temporarily.
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Figure 3: Slices from X-ray CT images of vesicle-polymer mixtures with ¢= 0.3 — 0.5 and polymer
concentrations = 0—0.25%wt at t = 24 hrs.

Figure 4a shows a time series of T, MR relaxation maps for a vesicle-polymer mixture (¢= 0.5 [polymer]
= 0.25 %wt) containing air bubbles, which rise upwards over time. The image at t = 0 shows a T of
approximately 480 ms over most of the sample with some small, localised regions of low T, (T, < 300

ms) randomly distributed through the sample. The areas with T, = 480 ms were attributed to the



vesicle dispersion and the areas of lower T, were attributed to the air bubbles. In the later images (t =
2 —12 hrs), regions of higher T, (T> > 600 ms) can be seen. These were attributed to regions containing
fewer vesicles, which have the effect of shortening the T, relaxation time [15]. The air bubbles do not
appear as regions of zero signal because the air bubbles are approximately 300 um in diameter and,
therefore, smaller than the slice thickness (1 mm). However, they could be directly visualised by X-
ray CT (figure 4c). From the MR images, it can be seen that the air bubbles rise over time, as a result
of gravity, and that, as they rise, vertical regions of high T, (T> > 600 ms) are observed, indicating the
formation of vesicle-poor regions in the wake of the bubble. This can be most easily observed in the
case of the circled air bubble in figure 4a. By monitoring this bubble over time, by plotting the T,
relaxation time along its direction of travel (figure 4b), its trajectory and velocity was determined.
Initially, its position was 1.7 cm at t = 0, and rose to a position of 2.1 cm at t = 12 hr. From this, the
velocity of the air bubble was calculated to be 0.03 cm hr™. What can also be observed in figure 4 is a
region of high T, in the wake of the rising air bubble, indicating a direct relationship between the

rising air bubble and the formation of vesicle-poor regions.
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Figure 4: a) 'H T, MR relaxation time maps of a vesicle-polymer mixture (¢ = 0.5 [polymer] = 0.25
%wt) containing air bubbles. The position of the air bubble monitored in part b is indicated by the
dashed circle and the arrow underneath the first image indicates the position of the profile given in
part b. b) Profiles of T relaxation time against sample height taken, in line with position of arrow,
from the T, relaxation time maps in part a. A line is drawn for each profile indicating the position of
the average T, value (T, = 540 ms). c) X-ray CT image of a vesicle-polymer mixture (¢ = 0.5 [polymer]
=0.25 %wt) containing air bubbles.

The results, shown in figures 3 and 4, demonstrate that air bubbles can be trapped inside the depletion
gel long enough to have an impact on the stability of vesicle-polymer mixtures. One of the effects of
entrapped air bubbles is the increase in density difference between gel and continuum phases, thus,

increasing the magnitude of gravitational forces.

Figure 5a shows photographs of a vesicle-polymer mixture (¢ = 0.3, [polymer] = 0.25 %wt) before (t =
0) and after phase separation (t = 5 weeks (wk)). The photograph taken at (t = 5 wk) shows a
transparent fluid at the base of the container underneath a cloudy blue region, which was attributed
to the vesicle-poor and vesicle-rich phases, respectively. Vesicles, and their particularly aggregates,
are slightly less dense than the continuous phase, so cream to the top of the sample. At t =0, the T,
MR relaxation maps (figure 5b) show the vesicle-polymer mixture is homogenous with an average T;
=540 ms. From t = 1 wk, regions of higher T, (T, > 600 ms) appear in the images that are associated
with regions containing fewer vesicles. Initially, vesicle-poor regions only form close to the container
walls and follow the shape of the container. After t = 3 wk, a vesicle-poor phase is also observed in the
T, relaxation maps at the bottom of the tube. At this point phase separation could be observed

visually.
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Figure 5: a) Photographs of a vesicle-polymer mixture (¢ = 0.3, [polymer] =0.25 %wt) att=0and t =
5 wk. b) T, relaxation time maps of a vesicle-polymer mixture (¢ = 0.3, [polymer] = 0.25 %wt) att =0
- 5 wk.

The failure model, to describe the phase separation observed in the images in figure 5, is
reminiscent of the compression and collapse of colloidal gels and it can be attributed to the
buoyancy force due to the presence of trapped air bubbles. In fact, while the X-ray CT image after
24 hours of a sample of this composition did not show evidence of trapped bubbles, it is possible
that the presence of a few, small, undetected air bubbles were enough to induce compression in this

weak gel. (oo = 0.02 Pa).

3.3 Phase separation in samples produced under vacuum

In order to eliminate the effect of trapped air bubbles, samples were produced under vacuum and
they showed, indeed, a completely different behavior from aerated samples. In particular, we did

not observe, within the observation period, the formation of a large vesicle-poor region at the



bottom, which would be predicted for a poro-elastic compression, but we still see a microscopic
phase separation with vesicles poor phases forming close to container walls, at the top of the sample

vial or, later in time, in the bulk of the sample.

The effect on phase separation of changing vesicle volume fraction (Figure 6), at a constant polymer
concentration (0.1 %wt) and changing polymer concentration (Figure 7) at a constant vesicle volume
fraction (¢ = 0.4), was investigated over a period of 5 weeks. In figure 6, it can be seen that the T
relaxation time depends on the vesicle volume fraction. At ¢ = 0.5, the average T, relaxation time is
530 + 41 ms, and increases to 580 + 36 ms at ¢= 0.4 and 630 + 25 ms at ¢ = 0.3. All samples,
irrespective of volume fraction, show the development of regions of higher T, relaxation time,
associated with regions of lower vesicle volume fraction, over the 5 wk period. In all samples, these
vesicle poor regions are observed to develop close to the sides of the container and at the top of the
sample, near the meniscus. It was found that the sample at ¢ = 0.4 appears to phase separate more
slowly than the other volume fractions, with many regions of higher T, appearing after 7 days,
compared to 2 days for ¢=0.3 and 0.5. However, a small region of high T, can be seen forming near

the container walls in the axial images at ¢ = 0.4 at t= 2 days.



$=0.5 T,/ms
600

B 500

. 400

- 300
200

100

¢=04

$=03

Figure 6: 'H T, MR relaxation time maps of vesicle—polymer mixtures with polymer concentration =
0.1 %wt and ¢=0.5, 0.4 and 0.3 over 5 weeks.

Figure 7 shows that the T, MR relaxation time for a vesicle-polymer mixture is also sensitive to polymer
concentration, as well as vesicle volume fraction, with average T, relaxation times measured at 580 +
36 ms (0 wt%), 550 + 32 ms (0.05 wt%), 530 + 44 ms (0.1 wt%), 490 * 24 ms (0.15 wt%) and 470 + 30
ms (0.25 wt%). The most stable sample appears to be the one without any polymer, which remains
homogeneous over the 5 wk period. The remaining samples all show the emergence of regions of
higher T, MR relaxation times, associated with vesicle poor regions, which appear close to the
container edges and sample meniscus. The rate of phase separation appears to be slowest at a
polymer concentration of 0.1 %wt, with this sample showing fewer regions of higher T, MR relaxation

time, particularly at early time.



[polymer]
=0

S
©
o©
o ~
Il Il
- -
[polymer]
=005 v
%wt =
o©
o ~
1l Il
- -
[polymer]
=0.10 2 %
%owt S o
) ~ A
1l Il Il
+ — = |
[polymer]
=015 % t %
%wt 3 Rel
o ~ "
Il Il Il
[polymer]
=0.25 @ w |
> >
Y%owt '8 _g (;‘ 7
o ~ ol i
1l Il Il
- - -

Figure 7: 'H T, MR relaxation time maps of samples with polymer concentration = 0, 0.05, 0.10, 0.15
and 0.25 %wt and ¢= 0.4 over a 5 wk time period.

While it is possible to qualitatively assess the degree of phase separation from visual inspection of the
images, Moran’s [ spatial autocorrelation is able to provide a quantification of the degree of phase
separation [15]. Using Moran’s I, the degree of phase separation was calculated for each image in

Figures 6 and 7, which are plotted in Figure 8. In Figure 8a, it can be seen that Moran’s [ increases



more rapidly for samples at ¢= 0.3 and ¢ = 0.5, indicating these samples phase separate faster. In
Figure 8b, it can be seen that Moran’s I increases most markedly from a value of 0.1 to 0.7 for the
sample at polymer concentration = 0.25 %wt. The Moran’s [ value for mixtures at a polymer
concentration of 0.05 - 0.15 %wt also increase, but by not as a great an extent as 0.25 %wt. The
Moran’s [ value for the sample without polymer was found to remain around 0.2. The sample at a
polymer concentration of 0.10 %wt was found to have the smallest increase in Moran’s [ value, for a
sample containing polymer, which agrees with the qualitative observation that this sample phase

separates slowest.
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Figure 8: a) Plots of Moran’s I against time for ¢= 0.5 (i), 0.4 (ii) and 0.3 (iii) at polymer
concentration = 0.10 %wt, b) Plots of Moran’s I against time for polymer concentrations = 0.25 (i),
0.15 (ii), 0.10 (iii), 0.05 (iv) and 0.00 (v) %wt at ¢ =0.4. Dotted lines show the fit to a first order rate

equation [15].

Using the Moran’s I values, the rate of phase separation was calculated and its dependence on
polymer concentration is shown in Figure 9, as described in [15]. As expected from qualitative
inspection of the MR images, the rate of phase separation is lowest for the sample which does not
contain polymer. The rate of phase separation was found to increase with polymer concentration,
apart from the sample with the lowest (0.05 %wt) polymer concentration, which was found to phase

separate fastest. Figure 8 also shows the rate of phase separation at ¢ = 0.3 and ¢ = 0.5 for samples



with 0.10 %wt polymer, which indicates the rate of phase separation is slower at higher vesicle

volume fraction.
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Figure 9: Plot of rate of phase separation vs polymer concentration for ¢= 0.5 (grey cross), 0.4 (black
dots) and 0.3 (grey triangle)

Finally, Figure 10 shows the relationship between yield stress and the rate of phase separation. The
graph shows that, at ¢= 0.4, stronger gels phase-separate more quickly. Higher vesicle volume
fractions lead to stronger gels that separate more slowly. Only data from samples with yield stress >

0.005 Pa and images shown herein are displayed in Figure 10.
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Figure 10: Plot of rate of phase separation vs yield stress for ¢ = 0.5 [polymer] = 0.10 %wt (grey
square), 0.4 [polymer] = 0.10, 0.15 and 0.25 %wt (black dots) and 0.3 [polymer] = 0.10 %wt (grey
triangle). The relationship between yield stress and polymer concentration can be found in figure 2.

4. Discussion

In general, our systems tend to remain metastable for a much longer time than those previously
investigated [3, 10]. This is probably due to the higher volume fraction, increasing crowding and
smaller density mismatch in the systems studied herein. Aerated samples phase separate as expected
for a density mismatched colloidal gel. It is apparent from a comparison of the photographs and MR
images in Figures 4, 5, 6 and 7, that phase separation, in non-aerated vesicle-polymer mixtures, cannot
be described by a poro-elastic model, and it can be identified significantly earlier by MRI than visual
inspection. The MR images also reveal the development of regions of low vesicle concentration prior

to phase separation in all cases.

The presence of air bubbles was found to have a significant impact on the stability of a sample as they
rose through the network, due to gravity, disrupting the gel network and causing vesicle-poor cracks
to form as they passed. The impact of air bubbles is twofold, not only does it induce gel
compression/collapse, but it also accelerates the failure. Hence, the presence and lifetime of trapped
air bubbles strongly influences the stability of these samples. We believe that air bubbles, which are
trapped long enough, not only disrupt the network in a small localised region, but they increase the
density difference between the gel vesicle-rich phase and the continuous polymer-rich aqueous
phase. When air bubbles overcome vyield stress and they move up, they are able to dig a tunnel in the
network, the fact that the trajectory does not heal is a demonstration that the gel formed has a very
long relaxation time. Furthermore, slow moving air bubbles create vesicle-poor regions increasing the
colloidal gel porosity and this accelerates phase separation. This has previously been observed in iron

oxide suspensions [37].



The lifetime of an air bubble trapped in the gel is dependent on the yield stress of the gel. An air bubble
exerts a force on the gel network and if that force is greater than the gel’s yield stress, the air bubble
will be mobile [38, 39]. In the vesicle-polymer mixtures investigated here, the air bubbles are found
to be mobile as shown in the MR images (Figure 4), and hence, the stress exerted by the air bubbles
is greater than the yield stress. The minimum yield stress required to trap air bubbles of 300 um

indefinitely is 0.07 Pa, calculated from equations 4 and 5:
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where Y, = 0.143 and is the dimensionless yield stress and takes into account size and shape of the
yielded region [38, 40], R is the radius of the air bubble, Ap is the density differences between the air
bubble and the vesicle-polymer mixture and g the gravitational acceleration. The number and size of
air bubbles trapped decreases as the polymer concentration and ¢ decrease (figure 3), because the
gel strength (yield stress) decreases with decreasing polymer concentration and ¢ (figure 2). Modelling
the yield stress data using equation 3 shows that gel strength is more dependent on polymer
concentration than ¢, as a > fand it would be possible, using equation 3, to predict whether specific
polymer concentrations and values of ¢ would be able to trap air bubbles. However, the data do not
fit the model perfectly. It has been found that DEEDMAC vesicles shrink when mixed with salt solutions
or polymer solutions[15, 41-45]. Such shrinkage reduces the total volume fraction of the suspension
and the resulting, reduced, vesicle volume fraction causes the model to not completely fit the data.
This effect is most prominent for samples at high polymer concentration where the osmotic strength
of the added material is highest. This shrinkage also results in a reduction in the T, relaxation time on
polymer addition as is observed in figure 7 [15]. A reduction in the vesicle volume would also result in
weaker gels as the smaller vesicles would not be able to span space as easily. Hence the polymer

concentration has two counteracting effects on gel strength.



It was observed that, in non-aerated samples, the vesicle-poor regions form first close to the container
walls (figure 6 and 7). There is currently no explanation for this. It could be a consequence of the
preferential attraction between glass surface and charged cationic polymers, which creates a
depletion layer for vesicles, or it could be a consequence of stress transmission in the network [6], or

a combination of both.

Based on the poro-elastic model, it is expected that the formation of a stronger gel promotes greater
stability, for a formulation, as the elastic gel supports vesicles against gravitational forces. However,
in vesicle-polymer mixtures at lower ¢ and higher polymer concentration than used here the opposite
has been shown [3, 10]. From the T, MR relaxation time maps in Figure 8, it can be observed that, at
¢ = 0.4, the stronger gels phase separate more quickly, which agrees with previous research [3, 10].
Yet, the gel at ¢ = 0.4 and polymer concentration = 0.05 %wt is found to separate more quickly than
expected. In figure 6, it can also be seen that the gels at ¢ = 0.3 appear to be more separated than
those at higher volume fraction so it appears weaker gels are less stable. The increased rate of phase
separation at low ¢ can be explained by the gel network being more tenuous, as the vesicles are less
close packed. This leads to a more porous network, which has previously been shown to decrease gel
stability [3, 10]. Furthermore, the unexpected increase in rate of phase separation at low polymer
concentration has also been observed at ¢=0.5 and ¢=0.3 [30]. This could be because the
interparticle forces are not sufficiently strong for a space spanning network to form, so loosely packed
aggregates form [46]. These aggregates are mobile and less dense than the continuous water phase
and, thus, accelerate phase separation. From figure 8, a quantitative assessment of the rate of phase
separation can be made. The values of k calculated agree with the observations made visually. The
graphs in figure 9 and figure 10 indicate that an optimum polymer concentration where phase

separation is minimised might exist. It can be seen that a sample with high ¢ but a weak gel network,



so that it does not trap air bubbles, will be the most stable, similar to the sample at ¢ = 0.4 polymer
concentration =0.1 %. In general, the non-linear behaviour of rate of separation with volume fraction
and polymer concentration is probably explained by the interplay between two different mechanisms:

gravitational collapse and viscoelastic phase separation.

5. Conclusion

In colloidal systems with attractive interparticle forces, phase separation can be described as transient
gelation and is often followed by consolidation due to gravity [1,2,3,5,6]. However, it has also been
shown that phase separation can occur in the absence of a density difference, due to the depletion
interaction [16, 17]. Phase separation in vesicle-polymer systems, particularly DEEDMAC vesicles
mixed with polyDADMAC solution, have previously been described as separation by poro-elastic
consolidation which describes transient gelation and collapse under gravity [3,10]. Herein, it has been
shown that the mechanism of collapse in the vesicle-polymer mixture studied depends on the

presence or absence of air bubbles.

In the presence of air bubbles, phase separation is a fast phenomenon, which follows poroelastic
consolidation and is driven by density differences between the air bubbles and surrounding fluid.
Investigations into vesicle-polymer systems with ¢ = 0.3 - 0.5 and polymer concentrations in the range
0 - 0.25 %wt showed that gels, at higher ¢ and polymer concentrations, are able to trap air bubbles.
The ability to trap air bubbles depends on the yield stress of the gel formed. At yield stresses higher
than 0.027 Pa, air bubbles were visualised, by X-ray CT, in the gel 24 h after mixing [30]. The effect of
trapped air bubbles, on sample stability, was observed over time by MRI. The MR images showed
vesicle-poor cracks forming in the wake of rising air bubbles revealing the direct relationship between
air bubbles and the phase separation process. Formation of vesicle-poor cracks increases the porosity

of the transient gel and increases the rate of phase separaiton [12]. While accelerated phase



separation has previously been observed in aerated systems [37], it is only by using MRI that this direct

relationship can be observed in these turbid mixtures.

In the absence of air bubbles, phase separation is a slow process due to the small density difference
between the vesicles and continuous phase. In these cases, phase separation can be described as
viscoelastic phase separation, where the volume-shrinking of the transient gel is most likely driven by
the depletion attraction between the vesicles [16,17]. In this system, MRI shows that the phase
separation begins with very small vesicle-poor regions forming in the sample. These small cracks were
observed weeks before phase separation became visually apparent. The formation of these cracks,
close to the container walls, is consistent with volume shrinking of the transient gel [16,17]. The effect
of composition and, therefore, gel strength on stability was quantified over large range of vesicle
polymer mixtures, using Moran’s | to quantify the rate and extent of phase separation [15]. It was
found that strong and weak gels separated faster as did those with low ¢. Faster separation, at higher
gel strength, has been observed previously [3,10], but the results from these previous investigations
cannot be directly compared with those herein. Previously the phase separation process was only
studied by visual observation, so the samples likely contained undetected air bubbles. From the
results presented in this paper, an optimum gel, in which phase separation is slowest, was found to
have high ¢ and low gel strength. Such a sample is expected to be macroscopically stable for long

periods of time.
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