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Deep eutectic solvents (DES) are tailorable non-aqueous solvents with promising properties for a range
of applications, from industrial dissolution of plant products to biomedicine. They are mixtures of
hydrogen bond donors and acceptors with low melting points that can be tailored to specific
applications, and many support the self-assembly of amphiphilic molecules into lyotropic liquid crystal
phases. Self-assembled lipid structures have potential for numerous applications, including drug delivery.
These ordered structures can act as carriers, slow-release vehicles, or microreactors. Lipid self-assembly
in non-aqueous solvents, such as deep eutectic solvents, is important for applications at extreme
temperatures, or involving water-insoluble or water sensitive components. However, lipid self-assembly
in these solvents remains largely unexplored. In this paper, we have examined the self-assembly of
phytantriol, a non-ionic lipid, at 10 and 30 wt% in the deep eutectic solvent choline chloride:urea, with
and without water. Self-assembly was assessed using small angle X-ray scattering and cross polarised
optical microscopy at temperatures from 25-66 °C. We found that pure choline chloride:urea supports
a Pn3m cubic phase similar to that formed in water. However, mixtures of the DES with water resulted

Received 16th March 2023, in phytantriol forming an inverse hexagonal phase and influenced the phase transition temperatures.

Accepted 21st June 2023 These results demonstrate that choline chloride:urea can support diverse phase behaviour, and also pro-
DOI: 10.1039/d3tb00554b vides a mechanism for tailoring the phase for particular applications simply by controlling the amount of

water in the solvent. In the future this could lead to methods of triggered release of drugs and bio-
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molecules by the simple addition of water which could be critical for drug delivery applications.

Introduction

Lipid lyotropic liquid crystals (LLCs) have applications in drug
delivery, optical and bio-sensing, as microreactors, and in food
science.'™ Liquid crystals lie somewhere between strictly solid
‘crystals’ and melts.” They possess some ordering, such as
preferred orientational or spatial arrangements, but this ordering
occurs at mesoscopic rather than atomic length scales.” LLCs are
formed by hydrophobic/hydrophilic interactions between lipid
molecules and the surrounding solvent. However, a complex
interplay of interactions results in the formation of many different
structures depending on factors such as lipid type, concentration,
solvent, and temperature.”® The suitability of LLCs for different
applications depends largely on their structure, as this affects
physical properties such as viscosity, and influences stability and
release profiles."”™** For example, previous research has shown
that release of loaded materials such as glucose is faster from
a bicontinuous cubic phase than from a hexagonal phase due to
the interconnected network of lipid and water channels in the
former,”"® although release does to some degree depend on
whether the material is hydrophilic or hydrophobic.

Phytantriol is a lipid commonly used in cosmetic products
as it is inexpensive and has a phase behaviour which makes it

This journal is © The Royal Society of Chemistry 2023
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interesting for pharmaceutical applications.'®™'® Phytantriol is
superior to the other main lipid of interest for these applications,
monoolein, as it does not possess an ester bond which is a major
site of degradation.'® The phase behaviour of phytantriol in
water was first described in 2003'” and since then has been
somewhat modified to account for the effects of impurities,
additives, and proteins (Fig. S1, ESIt).'®'®?° There have been
some reports of the phase behaviour of phytantriol in ionic
liquids which demonstrate that the choice of solvent can signifi-
cantly influence self-assembly.”'>*

Historically, it was thought that only a small number of
solvents could support LLC phase formation,>>*® but in recent
decades it has been demonstrated that many molecular solvents
and ionic liquids can support these phases.>’' More recently,
formation of lyotropic liquid crystal phases by some surfactants
and phospholipids has been demonstrated in deep eutectic
solvents (DESs).>”"*® However, this has been largely limited to
lamellar and micellar structures. The phase behaviour of lipids
such as phytantriol which form hexagonal and cubic phases has
yet to be explored in DESs.

DESs are mixtures of hydrogen bond donors and acceptors
that have a melting point much lower than either of the
constituents.>®* DESs have a key advantage for solvent design in
that their method of synthesis allows for easy ‘mix-and-match’
tailoring of properties such as viscosity, melting point, polarity
and most other physico-chemical properties. Many DESs can be
made from food-grade products such as lactic acid and sugars,
as well as biocompatible components like amino acids.**** In
fact, the ‘hallmark’ DES component (choline chloride) is used as
a food additive to promote chicken growth.*® Traditionally, DESs
are synthesised by simple mixing of the precursor components,
with heating to ~50 °C if required. This is energetically inex-
pensive and results in 100% atom efficiency.>**® All of these
factors make DESs preferable to many traditional solvents and
they are seeing increasing uptake for a number of applications
including chemical extraction, catalysis, bioprocessing, and
many other chemical applications.?*334>47733

Choline chloride:urea (ChCl:U) was first described in 2003
and is the most studied DES to date (Fig. 1).*® The self-assembly
of numerous amphiphiles has been reported in ChCL:U, including
the spontaneous formation of vesicles by phospholipids,* and
micelle formation by ionic (and zwitterionic) surfactants such as
alkali dodecylsulphates.***°° The ability of DESs to support
the formation of complex lipid phases opens the door for even
more applications, in particular in the biomedical space.*®*’

As described above, lyotropic liquid crystals can be used for
numerous applications, but some of these are limited by a
reliance on water. DESs have advantages over water through
solvent tailorability, and because they are generally non-
volatile. In particular, ChCl:U does not evaporate with heating
and so can be used for high-temperature (e.g. over 100 °C)
applications without solvent loss, unlike aqueous systems.>®>°
Furthermore, DESs can be tailored to maximise the solubility of
different molecules, even those that are not soluble in water.
For example, the solubility of itraconazole can be increased
6700-fold compared to water by using DESs.®° This is relevant

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Chemical structure of (a) choline chloride : urea (1: 2 mol ratio) and
(b) phytantriol.

to pharmaceutical applications which often rely on solubilisa-
tion of hydrophobic drug molecules. Finally, DESs allow the
formation and fine-tuning of lipid phases that are not easily
accessible in aqueous systems. DESs can be further tailored by
controlling the water content, for example, addition of water
generally leads to lower viscosities.®!

In this paper we utilised synchrotron-based small angle
X-ray scattering and cross polarised optical microscopy to char-
acterise the lyotropic liquid crystal phase behaviour of the lipid
phytantriol in ChCI:U with 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and
100 wt% water at temperatures ranging from 25-66 °C. ChCl:U
promoted the assembly of complex lipid phases and the addition
of water significantly influenced the phases that were formed
across the temperature range studied. This provides fundamen-
tal insight into the influence of solvent on lipid self-assembly as
well as a potential avenue for fine-tuning phase behaviour.

Materials and methods
Chemicals

ChCl:U was synthesised by combining choline chloride (>98%,
Sigma) with urea (99%, chem-supply) at a 1: 2 molar ratio (Fig. 1).
This mixture was heated to 50 °C with stirring until a homo-
genous clear liquid was formed. Water content was measured
using Karl Fischer Titration and was below 0.5 wt%.

Phytantriol was provided by DSM Nutritional Products,
Germany, and used as received.

Small angle X-ray scattering

Phytantriol was dissolved in ethanol and then pipetted into 96
well plates (Greiner, half-area) so that wells contained either 10
or 30 mg of phytantriol. The ethanol was evaporated in an oven
at 70 °C for several hours until only a dry film of phytantriol
remained in each well.®* Mixtures of ChCl:U and water were
prepared with 10, 20, 30, 40, 50, 60, 70, 80, and 90 wt% water.
ChCl:U, water, or a mixture was added to each well to achieve a
final concentration of either 10 or 30 wt% phytantriol in
solvent. The plates were then sealed with Kapton tape. Each
sample was made in triplicate. Lipid-free controls for each
solvent mixture were included for background measurements.

J. Mater. Chem. B, 2023, 11, 6868-6830 | 6869
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The plates were cycled between 25-80 °C and vortexed prior to
SAXS measurements to promote proper mixing and equili-
bration. Throughout the paper, samples will be referred to by
their phytantriol content (either 10 or 30 wt%) and the compo-
sition of the solvent (e.g. 10 wt% ChCl:U and 90 wt% water).

SAXS measurements were taken on the SAXS/WAXS beam-
line of the Australian Synchrotron. Scattering patterns (3 per
well per temperature) were recorded over 1 s by a 1M Pilatus
detector, using a ¢ range of 0.01-0.6 A", and a wavelength 1 =
1.52 A (12 keV). SAXS patterns were acquired of each plate at
25 °C, and then at temperatures of 35, 45, 50, 58, and 66 °C,
with equilibration times of approximately 15 minutes at each
temperature. The plates were heated in a custom-made sample
holder at the SAXS beamline. Each plate was then cooled down
to 25 °C and SAXS patterns acquired.

SAXS patterns were reduced using Scatterbrain software®
and the resulting 1D plots were analysed using custom software
for peak identification and phase assignment.®* Each analysis
was assessed visually to ensure correct peak and phase assign-
ment. Classification of phases was based on established Bragg
peak ratios. In this work, two specific arrangements were
identified, a Pn3m cubic phase, identified by peak ratios of
2, 4/3, /4, /6, and an inverse hexagonal phase, identified by
peak ratios of 1, \/3, \/4. Graphical illustrations of these phases
are shown in Fig. 2. Lattice parameters for each phase were
calculated based the position of the first peak in the 1D
scattering curves. Equations for phase assignment and lattice
parameters are given in the ESL{

Cross polarised optical microscopy

After SAXS measurements, a sample of each composition was
taken from the well-plates and placed onto a microscope slide.

View Article Online
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A coverslip was then placed on top, and the system sealed using
superglue to minimise water absorption or evaporation.

These samples were observed using a Nikon Eclipse Ni
microscope fitted with polarisers, to identify signature textures
of lipid phases. The samples were heated to ~70 °C with 5 °C
increments (Hot Stage HS82 with Hot Stage controller HS1,
Mettler Toledo) to observe changes to the samples with tempera-
ture, and to mimic the heating regime used for the acquisition of
SAXS patterns.

Results and discussion

To inform the results shown below, the phase diagram of
phytantriol in water, consisting of regions of lamellar, inverse
micelles, inverse hexagonal, and cubic phases is provided in
Fig. S1 (ESIf)."”

Fig. 2 shows example SAXS scattering patterns of an inverse
hexagonal and a Pn3m cubic phase with peak position ratios and
Miller Indices labelled.®® Schematics of these two phases along
with their textures under crossed polarising microscopy are also
shown in Fig. 2. For pure DES, only a Pn3m cubic phase was
observed, while in water mixtures an inverse hexagonal phase
was also seen. Other phases (as identified in Fig. S1, ESIt) were
not observed.

Fig. 3 shows the SAXS patterns of 10 wt% phytantriol in each
solvent heated from 25 °C to 66 °C, as well as a ‘cooled’ pattern
after returning to 25 °C. These are representative patterns taken
from >5 replicate measurements. After SAXS, samples were
taken from the SAXS plate and examined using crossed polar-
ising microscopy. Fig. 4 shows images of samples of 10 wt%
phytantriol in either 90 wt% ChCl:U (10 wt% water) or 60 wt%
ChCl:U (40 wt% water) at 25 °C, each with birefringent patterns

10° = ;
] A {100}
10° 4
V3 4
S i {110} {200}
8,
> 4
g 10 E
E ] 1\/120 \3 Inverse Hexagonal
] L {111y o
s V4 g
1200 {2161} V8 9
] {220} {221}
2 Pn3m Cubic
10" 7y T T T T
0.10 0.15 0.20 0.25 0.30 0.35
Q@i

Fig. 2

(A) SAXS scattering patterns of an inverse hexagonal (10 wt% phytantriol in a solvent mixture of 50/50 ChCl:U/water at 25 °C) and a Pn3m cubic

phase (10 wt% phytantriol in water at 25 °C) with peak position ratios and Miller indices. (B and D) Schematic illustrations of an inverse hexagonal and a
Pn3m cubic phase respectively. (C and E) Textures from cross polarised optical microscopy for a hexagonal phase and cubic phase respectively. Cubic

phases are isotropic and so appear black under crossed polarisers.
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Fig. 3 SAXS patterns of 10 wt% phytantriol in mixtures of water and ChCl:U from 25-66 °C. Blue patterns labelled 25 °C b were taken after cooling from
66 °C. Data are offset vertically for clarity.

consistent with a hexagonal phase. Images collected by cross
polarised microscopy were used to support the findings of the
SAXS data.

In water 10 wt% phytantriol formed a Pn3m cubic phase, as
shown by the definitive scattering patterns in Fig. 3, in

This journal is © The Royal Society of Chemistry 2023

agreement with the literature."®'” This phase was retained on
heating to 66 °C, which is higher than previously reported, and
will be discussed in more detail below.

The Pn3m cubic phase that persisted with heating to 66 °C
was also observed for 10 wt% phytantriol in 100% ChCl:U,

J. Mater. Chem. B, 2023, 11, 6868-6880
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Fig. 4 Illustrative images from cross polarised microscopy showing a hexagonal phase formed by 10 wt% phytantriol in solvent containing 90 wt%
ChCl:U and 10 wt% water (A) or 60 wt% ChCLU and 40 wt% water (B) at 25 °C. Scale bars are 100 um.

although the intensity of the peaks decreased with increasing
temperature compared to the intensity at 25 °C, suggesting that
this phase may be melting in the DES.

The impact of changing water content on the lipid phase
formation is demonstrated in Fig. 5. Mixtures with low DES
content (up to 30 wt% ChCl:U) had scattering patterns consis-
tent with a Pn3m cubic phase at room temperature which was
confirmed by the absence of birefringent textures under cross
polarised microscopy. With heating, samples containing 20 and
30 wt% ChCl:U underwent a transition to an inverse hexagonal
phase, as demonstrated by the change in Bragg peaks shown in
Fig. 3. The phase change observed in SAXS for the mixture
containing 30 wt% ChCL:U was not observed in microscopy.
However, this may be due to challenges such as evaporation of

ChClU
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Fig. 5 SAXS patterns of 10 wt% phytantriol in mixtures of water and
ChCLl:U at 25 °C. Data for the solvent mixture of 70/30 ChCl:U/water has
been omitted for clarity. Data are offset vertically for clarity.
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the water, kinetic pressures from the coverslip, or different
heating rates on a microscope slide compared to in a SAXS
plate. Given the clarity of the related SAXS patterns, we are
confident that the transition from cubic to hexagonal observed
for this sample is genuine.

The trend continued with the sample containing 40 wt%
ChCl:U showing a coexisting Pn3m/hexagonal phase at room
temperature that transitioned to pure hexagonal with heating.
This phase transition was also observed by microscopy where the
sample showed no birefringence at room temperature but transi-
tioned to a hexagonal phase on heating to ~ 30 °C (Fig. S2, ESI}).
Samples with intermediate water/DES solvent contents (50, 60 and
90 wt% ChCl:U) had scattering patterns consistent with a hex-
agonal phase that persisted with heating. However, the SAXS
patterns of the samples containing 70 and 80 wt% ChCl:U had
low scattering intensity or were inconclusive with poorly defined
peaks (Fig. 3). This is attributed to either air bubbles, or the beam
hitting the side of the well. An example of the two-dimensional
image collected for one of these systems is shown in Fig. S3 (ESIT).
For these systems, the presence of a hexagonal phase was
confirmed by cross polarised optical microscopy which demon-
strated birefringent textures consistent with a hexagonal phase
(Fig. S4, ESIT).

The phase diagram determined for 10 wt% phytantriol in
ChCl:U/water mixtures is shown in Fig. 6. Based on the SAXS
measurements, crystal phases were still present at 66 °C. However,
in cross polarised microscopy there was evidence of flow and
melting for all compositions near 65 °C. This is most likely due
to the different heat distribution and sample volume differences
on a slide compared to the plate setup in SAXS. There were also
challenges with high-temperature observations using cross
polarised microscopy as the sample would flow out of field of
view, and there were concerns about water evaporation even with
the coverslip being sealed.

As discussed above, phytantriol in either water or ChCl:U
forms a Pn3m cubic phase across the temperature range studied.

This journal is © The Royal Society of Chemistry 2023
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concentration of phytantriol is always 10 wt% with 90 wt% solvent.

However, the addition of even small amounts of water to ChCl:U
leads to in an inverse hexagonal phase. Both the Pn3m and
inverse hexagonal phases have been observed for phytantriol in
water in previous studies.” Based on the SAXS scattering pat-
terns, the ‘mixed’ phases identified in Fig. 6 are co-existing
hexagonal and Pn3m.

According to the literature, 10 wt% phytantriol in water
forms a Pn3m cubic phase that will transition to an inverse
hexagonal phase with heating to ~60 °C (Fig. S1, ESIt). This
transition was not observed in our experiments (neither SAXS
nor cross polarised microscopy) and reasons for this will be
discussed below. Samples with low DES contents appear to
have a preference towards the inverse hexagonal phase, with
gradually decreasing transition temperatures from near 66 °C
at 20 wt% ChCL:U to room temperature at 40 wt%.

A higher concentration of phytantriol in the same solvents
was then investigated to see if a similar trend persisted. SAXS
scattering patterns for 30 wt% phytantriol are shown in Fig. 7.
These are representative patterns taken from >5 replicates
performed for each sample.

In water, 30 wt% phytantriol formed a clear Pn3m phase
across the temperature range studied, as demonstrated by the
SAXS spectra shown in Fig. 7. This is consistent with existing
literature, although as with the 10 wt% sample, there was no
evidence of a transition to an inverse hexagonal phase with
heating, which has been reported previously (Fig. S1, ESIT).

In pure ChClL:U, 30 wt% phytantriol formed a Prn3m cubic
phase. However, as shown in Fig. 7, there were multiple peaks
which could not be assigned, possibly coexisting cubic or other
phases which changed with heating. Cross polarised micro-
scopy of this sample at 25 °C showed regions of hexagonal
phase, embedded in stiff, non-birefringent regions, consistent
with a cubic phase. ChCl:U has a very high viscosity (reported

This journal is © The Royal Society of Chemistry 2023

values range from 449-1571 mPa s~ '*°) and cubic phases are

even more viscous. Therefore, it is possible that this system has
not yet equilibrated, leading to mixed phases in both the SAXS
spectra and cross polarised microscopy.

While the behaviour was similar for 30 wt% and 10 wt%
phytantriol systems, there were some notable differences, in
particular the existence of a broad ‘amorphous’ peak near a ¢
value of 0.2 A™" in the SAXS spectra of samples with high
concentrations of ChCl:U (see for example the 90% ChCl:U data
in Fig. 7). This broad peak is most likely due to an amorphous
phase such as a micellar or sponge phase and its scattering
pattern is similar to that assigned “L2” in the original phase
diagram of phytantriol proposed by Barauskas et al'’ No
birefringent textures were observed by cross polarised optical
microscopy of these samples, further supporting the idea that
this broad peak is due to a relatively disordered structure.

Samples with low water contents (10-40 wt% water) were
assigned to a mixed amorphous/hexagonal phase, due to the
existence of the broad peak discussed above, as well as the
presence of smaller peaks, consistent with a hexagonal phase
(see for example 60 wt% ChCIL:U at 25 °C, Fig. 7). Furthermore,
these samples exhibited obvious textures consistent with hex-
agonal phases under cross polarised microscopy (Fig. 9).

A phase transition from cubic to hexagonal was observed for
30 wt% phytantriol in 30 wt% ChCl:U by both SAXS and cross
polarised microscopy. In contrast, samples with higher water
contents (0-20 wt% ChCl:U) did not exhibit any birefringence
on heating under cross polarised microscopy, confirming that a
hexagonal phase did not emerge.

The phase behaviour based on SAXS and supported by cross
polarised microscopy is shown in Fig. 8. Unlike 10 wt% phytan-
triol, there was some evidence of phase melting at 66 °C for
samples containing 10 and 20 wt% water (90 and 80 wt% ChCl:U

J. Mater. Chem. B, 2023, 11, 6868-6880 | 6873
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Fig. 7 SAXS patterns of 30 wt% phytantriol in mixtures of water and ChCl:U from 25-66 °C. Blue patterns labelled 25 °C b are SAXS data taken after

cooling from 66 °C. Data are offset vertically for clarity.

respectively) (Fig. 7). Cross polarised microscopy showed some
evidence of flow and melting for most samples near 65 °C. As
with the 10 wt% phase diagram, the ‘Mixed’ phase shown in
Fig. 8 was attributed to coexisting inverse hexagonal and Pn3m

6874 | J Mater. Chem. B, 2023, 11, 6868-6880

phases based on mixed SAXS patterns and the presence of both
birefringent and isotropic textures observed using crossed polar-
ising microscopy. The SAXS spectra for 30% and 40 wt% ChClL:U
at 25 °C initially appears to be mixed non-equilibrated systems.

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Phase diagram of 30 wt% phytantriol as a function of ChCl:U/water% and temperature. The X-axis refers to the ChCl:U content in the solvent; the

concentration of phytantriol is always 30 wt% with 70 wt% solvent.

Fig. 9 Cross polarised optical microscopy image of 30 wt% phytantriol
in a solvent mixture containing 70 wt% ChCLU and 30 wt% water at
25 °C. Birefringent texture is consistent with a hexagonal phase.
Scale bar is 100 pm.

Heating to 66 °C resulted in the emergence of a hexagonal phase,
but subsequent cooling resulted in a return of the highly complex
spectra, suggesting that this mixed phase is the equilibrated state.

To date there have been no reports of the phase behaviour of
phytantriol in a DES. Previous studies in water showed that
phytantriol (up to ~60 wt%) will form a Pn3m cubic phase at
room temperature that transitions to a hexagonal phase on
heating.’®*”*® However, the temperature of this phase transi-
tion varies significantly with manufacturer and purity of the
phytantriol, and in some cases the hexagonal phase exists only
across a very narrow temperature range.'® Here we did not
observe a transition to a hexagonal phase for phytantriol in
water, at either phytantriol concentration, across the temperature

This journal is © The Royal Society of Chemistry 2023

range studied (up to 66 °C). It is possible that for this particular
batch of phytantriol the transition exists at a higher temperature or
exists over such a narrow temperature range that it was not
observed. It should be noted that for both 10 and 30 wt%
phytantriol, the intensity of the SAXS peaks at 66 °C had decreased
significantly compared to the intensity at 25 °C (Fig. 3 and 7),
suggesting that the cubic phase is becoming less ordered, with-
out any obvious transition to a hexagonal phase.

Previous studies have examined the phase behaviour of
phytantriol in ionic liquids, which share some properties with
DESs. These studies generally found that phytantriol formed fewer,
and less complex phases in ionic liquids than in water.>*** For
example, 30 wt% phytantriol in 1-methylimidazolium pentadeca-
fluorooctanoate formed micellar and lamellar phases at low
and intermediate water contents, and only with addition of
75 wt% water was a cubic phase (Ia3d) observed.> This ionic liquid
possesses polar, hydrophobic and fluorocarbon regions, making it
a more complex solvent than ChCl:U. Similarly, the other ionic
liquids that have been studied as self-assembly media for phytan-
triol are generally composed of an amphiphilic cation and a small
polar anion.*>*? It is likely that the presence of the hydrophobic tail
on the cation increases the solvation of phytantriol, reducing the
drive toward self-assembly. Furthermore, previous research has
demonstrated that these cations can act as co-surfactants, increas-
ing headgroup area,” which could explain the preference for less
curved lamellar and micellar structures rather than cubic and
inverse hexagonal structures. Previous research found that higher
solvent cohesion with hydroxyl groups and small chains led to
greater phase diversity”® which aligns well with the results pre-
sented here as ChCLU is composed of small, polar molecules
that are non-amphiphilic and so cannot act as cosurfactants.
Furthermore, previous studies of the nanostructure and physical
properties of ChCl:U have demonstrated that it has high cohesion
and strong solvent nanostructure.® The influence of water on self-
assembly in ionic liquids has been demonstrated previously.**
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Fig. 10 Lattice parameters for 10 wt% (left) and 30 wt% (right) phytantriol as functions of ChCl:U content (wt%) at 25 and 66 °C. Lattice parameters above
60 A are associated with the Pn3m cubic phase while lattice parameters below 60 A are associated with the inverse hexagonal phase. Error bars are based
on the standard deviation of multiple measurements and in some cases are smaller than the symbols.

Table 1 The lattice parameters calculated from SAXS spectra of 10 wt% phytantriol. All values are reported in A

ChCI:U content (wt%) 25 °C 35 °C 45 °C 50 °C 58 °C 66 °C
100 74 + 3¢ 74 £ 3¢ 73 £ 3¢ 74 4+ 2¢ 73 £ 2¢ 73 £1°
90 47 + 2P 47 + 37 47 + 30 46 + 4P 45 + 4P 45 + 4
80 45 +1° 44 + 3° 44 + 3b 45 + 2P 44 + 2.5° 44 + 2
70 46 +1° 45 + 2° 45 + 2P 44 + 2P 44 + 2P 44 + 2°
60 46 + 17 46 + 2° 46 + 2° 45 +1° 45 +1° 44 +1°
50 48 +1° 48 +1° 48 + 1% 47 + 1 47 +1° 47 +£1°
40 63 + 1° 63 +1° 48 +1° 48 +1° 47 +£1° 47 +£1°
49 + 17 49 +1°
30 64 + 1°¢ 64 + 1° 63 + 1¢ 62 + 1¢ 48 + 17 48 + 1
48 +1°
20 65 + 1°¢ 65 + 1° 64 + 1¢ 63 £ 1¢ 62 £ 1¢ 62 + 1¢
48 +1°
10 66 + 1° 66 + 1¢ 65 + 1¢ 64 + 1¢ 63 £ 1¢ 62 + 1¢
0 66 + 1¢ 66 +1°¢ 65 £ 1¢ 64 +1° 63 +1° 63 £1°

“ pn3m. ? Inverse Hexagonal.

In addition to phase transitions, the lattice parameters
of lipid phases offer significant information about solvent
interactions. Fig. 10 shows the lattice parameters of 10 and
30 wt% phytantriol in ChCl:U/water mixtures at 25 and 66 °C.
Lattice parameters for all of the temperatures studied are
shown in Fig. S5 (ESIt) and in Tables 1 and 2 for samples
containing 10 wt% or 30 wt% phytantriol, respectively. The
equations used to calculate the lattice parameter are shown in
the ESL¥

6876 | J Mater. Chem. B, 2023, 11, 6868-6880

In water the Pn3m phase had a lattice parameter of 65-67 A
at 25 °C which decreased to 62 = 1 A with heating to 66 °C. This
is consistent with literature values which report a lattice para-
meter for phytantriol in water of 64-68 A at 25 °C which
decreases with heating due to increased disorder of the hydro-
carbon chains."*™"’

Addition of ChClL:U causes a gradual decrease in packing
parameter to 63 & 1 A, until at intermediate DES concentra-
tions, there is a change from a cubic to an inverse hexagonal

This journal is © The Royal Society of Chemistry 2023
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Table 2 The lattice parameters calculated from SAXS spectra of 30 wt%
phytantriol. All values are reported in A

ChCl:U
content (%) 25°C 35°C 45°C 50°C 58°C  66°C

100 a 73 +£3% 734+3% 73+£3% 73+1% 72110
90 49 +£1° 48+2° 48 +1° 48+ 1° 48 +1° 48+ 1°
80 45 +1° 454+2° 44 +£2° 454+2° 46 +1° 43 +1°
70 46 £1° 454+2° 44 +2° 44 4+2° 45+1° 44+ 1°
60 44 +£1° 454+2° 45+02° 454+2° 45+2° 44+ 1°
50 46 £2° 46 +2° 46 +£2° 45+2° 45+1° 45+ 1°
40 a a 47 £2° 47 4+1° 46 +1° 46+ 1°
30 63+1° 63+2° 62+1 62+1" 62+1° 47 +1°
48 +£1° 48 +1°

20 65+1° 65+1° 64+1” 63+1° 62+1° 62+ 1%

48 £1°
10 66 +1° 66+1° 65+1° 63+1° 63+1° 62+ 1°
0 66+1° 66+1° 65+1° 64+1° 63+1° 62+1°

% Where a phase could not be identified, no lattice parameter is given.
b Pn3m. ¢ Inverse hexagonal.

phase. Large uncertainties make it difficult to discern patterns
in the lattice parameter of the hexagonal phase, which varied
between 45-48 + 1 A, although it does appear that there is a
minimum near 40 wt% water. The Pn3m phase formed in pure
ChCIL:U has a significantly larger lattice parameter (74 + 3 A)
than that of the cubic phase in water. In previous work, an
increase in the lattice parameter of the Ia3d cubic phase of
phytantriol was also observed with addition of the ionic liquid
ethanolammonium formate, although an explanation for this
change was not provided.>® The lattice parameter of cubic
phases can increase due to increased thickness of the lipid
layer, repulsion across the water channel (e.g. by incorporation
of charged lipids), or by increased stiffness of the lipid layer, as
with the addition of cholesterol.®® In the case of ChCl:U, the
increase in the lattice parameter of nearly 10 A compared to
water may be due to the nanostructure of the solvent which may
cause strong self-association of the molecules, causing a repul-
sive force between the lipid layers and increasing the size of the
channel.®” The radius of the channel (r,) can be calculated

using eqn (1):
.
o
Iy = (—2—1_[){) ol —1 (1)

where ¢ and y are topological constants characteristic of a given
cubic phase, and for Pn3m are 1.919 and —2 respectively based
on the literature,'® o is the lattice parameter, and ! is the lipid
length (ca. 14 A).'®*°% Based on this, the channel size of the
Pn3m phase in water is ~24 A, consistent with literature
values,*®®® while for ChCL:U it is ~28 A.
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Table 3 Domain sizes based on FWHM of the SAXS spectra for 10 wt%

phytantriol in either water, ChCl:U or a 50/50 mixture of the two, at either
25 or 66 °C

Domain size Domain size (um)

Solvent (um) at 25 °C at 66 °C
Water 3.1 3.6
50/50 Water/ChCl:U 5.2 4.4
ChCl:U 3.1 2.5

An additional physical property that can be gained from
SAXS data is the domain size of the liquid crystals. This
parameter was calculated for a subset of the data based on
the full width at half maximum (FWHM) of the first reflection
peak, which is related to the standard deviation ¢ by:

FWHM
0=—+-+— 2
2x+2In2
The FWHM was determined by fitting the first reflection peak
to a Gaussian curve in Igor Pro, and the standard deviation
calculated. This was then used to calculate the average linear
dimensions L(t) of the crystallite domains using:

nK
L(r) = Jm (3)
where K is a Scherrer constant which is of order 1, in this case
we used a value of 1.0747 for a spherical shaped crystal.®

The domain sizes obtained using the above equations are
shown in Table 3. At 25 °C the domain sizes of the Pn3m cubic
phase of 10 wt% phytantriol in water and in ChCl:U were
the same. However, with heating to 66 °C the domain size of
the phase in water increased, while in ChCl:U it decreased. The
domain size of 10 wt% phytantriol in the solvent containing
both water and ChCl:U was significantly larger than in either of
the pure solvents. This is most likely due to the fact that it is in
the inverse hexagonal phase which is a 2-D structure, so it is
perhaps not surprising that the linear dimension is larger than
the 3-D cubic Pn3m phase. On heating, the domain size of the
hexagonal phase decreased by 20%. Clearly, the DES is influen-
cing the domain size, but given the complexity of this ternary
system it is difficult to identify with certainty the underlying
interactions.

Importantly, while pure ChCl:U and water both result in a
cubic phase, their mixture resulted in a hexagonal phase.
Furthermore, it would appear that the addition of ChCl:U
caused the cubic-to-hexagonal phase transition to occur at
lower temperatures (above 66 °C for 10 wt% ChCl:U, but only
~50 °C for 30 wt% ChCl:U) until at 50 wt% ChCl:U no cubic
phase was observed. This suggests that ChCl:U when combined
with water promotes greater negative curvature (i.e. an inverse
hexagonal over a cubic phase). There are several possible
explanations for this effect, including the possibility that the
choline molecules are able to insert into the hydrophobic
regions, but only when the DES components are sufficiently
hydrated to free them from the neat solvent nanostructure.

J. Mater. Chem. B, 2023, 11, 6868-6880 | 6877
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Fig. 11 Number of solvent molecules (i.e. choline chloride, plus urea, plus
water) per molecule of phytantriol at different ChCl:U contents for both 10
and 30 wt% phytantriol.

Alternatively, it may be that the DES is able to dehydrate the lipid
headgroups, thus decreasing the headgroup area and increasing
negative curvature, but this does not explain the return to a Pn3m
phase at 100% ChCL:U. Further investigations using molecular
dynamics simulations and utilising other DESs may shed further
light on the interactions between lipids and DES molecules, and
the underlying forces driving self-assembly.

As discussed above, solvent cohesion has been cited as an
important indicator for promoting lipid self-assembly. Previous
work examining surfactant self-assembly in ionic liquids and
DESs has made use of the Gordon parameter as a means of
explaining phase diversity.”°”> However, as raised in our recent
review,*® it is difficult to define ‘1 mol’ of a DES, which is a
critical variable in calculating the Gordon Parameter.*® This
calculation becomes even more difficult in the presence of
water. Therefore, we do not feel that a valid Gordon Parameter
can be calculated for these solvent systems. We attempted to
correlate solvent surface tension with phase behaviour. However,
the surface tension of ChCl:U decreases continually with addi-
tion of water (data not shown) which does not match with the
phase diversity identified here. Given the complexity of solvent
nanostructure, degree of disassociation, and incorporation of
water into that nanostructure, it seems unlikely that a single
parameter could accurately predict the self-assembly behaviour
of lipids in DES/water mixtures, especially in a quaternary system
such as this. Further complication comes from the relative molar
proportions of solvent to lipid as the ratio of DES to water
changes. Fig. 11 shows the number of solvent molecules per
molecule of phytantriol for each solvent composition for both
10 and 30 wt% phytantriol. In pure DES, the number of solvent
molecules to each phytantriol molecule is just 34.5 (11.5 choline
chloride + 23 urea) and 9 (3 choline chloride and 6 urea) for
10 and 30 wt% phytantriol respectively. The ratio of solvent
molecules to phytantriol increases significantly with addition of
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water to 100 (5.75 choline chloride + 11.5 urea + 83 water) for
10 wt% phytantriol and 26 (1.5 choline chloride + 3 urea + 21.5
water) for 30 wt% phytantriol in 50% ChCL:U. In pure water, the
solvent ratio is almost five times higher than in pure ChCL:U at
166 and 43 molecules of solvent per lipid molecule for 10 and
30 wt% phytantriol respectively. This demonstrates the signifi-
cantly different solvent environment that exists at different water
contents, even beyond the chemical and nanostructure environ-
ment. Furthermore, this significant difference in the ratio of
solvent to lipid molecules could account for the broad amor-
phous peak observed in samples containing 30 wt% phytantriol
and high ChCLU concentrations; there may be insufficient
solvent molecules to solvate all of the lipid in the hexagonal
phase and so the rest remains in an amorphous L2 phase.

Conclusions

To date, examination of phytantriol phase behaviour in non-
aqueous solvents has been extremely limited. Here we show that
phytantriol behaves very differently in ChCl:U/water mixtures than
it does in either of the pure solvents. Specifically, in both neat
ChCl:U and neat water, phytantriol formed a Pn3m cubic phase
and yet in mixtures of the two solvents, an inverse hexagonal
phase emerged. In solvents with high water contents it appears
that addition of ChCl:U causes a preference toward the inverse
hexagonal phase, resulting in a decreasing transition temperature
with increasing DES in the solvent. The same trends were
observed for both 10 and 30 wt% phytantriol. This is exciting
for several reasons. First, it presents an easy method for fine-
tuning phase formation as well as for release of loaded materials.
For example, in drug delivery applications, this system could be
used to cause a transition from a slow-release hexagonal phase, to
a faster release cubic phase simply by the addition of water.
Second, it further supports previous research suggesting that
intermediate mixtures of DESs and water can have behaviour that
is quite distinct from either of the pure solvents.*®

Future research will examine other DESs in an effort to elucidate
how the solvent, its components, and its nanostructure, are
influencing lipid assembly. Other phytantriol concentrations will
also be explored to build a more complete phase diagram which
will contribute to future applications of these advanced materials.
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