Complexity in a Simple Self-Assembling System: Lecithin-Water-Ethanol Mixtures Exhibit a Re-Entrant
Phase Transition and a Vesicle-Micelle Transition (VMT) on Heating
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Abstract: We report surprising results for the self-assembly of lecithin (a common phospholipid) in water-ethanol mixtures. Lecithin forms vesicles
(~ 100 nm diameter) in water. These vesicles are transformed into small micelles (~ 5 nm diameter) by a variety of destabilizing agents such as
single-tailed surfactants and alcohols. In a surfactant-induced vesicle-micelle transition (VMT), vesicles steadily convert to micelles upon adding
the surfactant — thereby, the turbidity of the solution drops monotonically. Instead, when an alcohol like ethanol is added to lecithin vesicles, we
find a new, distinctive pattern in phase behavior as the ethanol fraction fem in water is increased. The turbidity first decreases (from fetm = 0 to 37%),
then rises sharply (fetn = 37 to 50%), and then eventually decreases again (fem > 55%). Concomitant with the turbidity rise, the vesicles separate into
two phases around fet = 50% before a single phase reappears at higher fetn — in other words, there is a ‘re-entrant’ phase transition from 1-phase
to 2-phase and back to 1-phase with increasing fem. Vesicles near the phase boundary (~ fetn = 45%) also show a VMT upon heating. Similar patterns
are seen with other alcohols such as methanol and propanol. We ascribe these complex trends to the dual role played by alcohols: (a) firstly, alcohols
reduce the propensity for flat lipid bilayers to bend and form closed spherical vesicles; and (b) secondly, alcohols diminish the tendency of lipids
to self-assemble in the solvent mixture. At low alcohol fractions, (a) dominates, causing the initially unilamellar vesicles to grow into multilamellar
vesicles (MLVs), which eventually phase-separate. Thereafter, (b) dominates, and the vesicles convert into micelles. Support for our hypothesis
comes from scattering (SANS) and microscopy (cryo-TEM). Thus, we have uncovered a general paradigm for lipid self-assembly in solvent
mixtures, and this may even have physiological relevance.
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Introduction

L o . Over the past decades, the science of self-assembly has been
The spontaneous organization of amphiphilic molecules in water

by self-assembly is a hallmark of biology.'" The typical amphiphiles
in mammalian cells are phospholipids, which are generically termed
‘lecithins’.® These lipids have a phosphatidylcholine head that is
hydrophilic and two alkyl tails that are hydrophobic. When lecithin is
added to water, it assembles into bilayer membranes (so-called because
the lipids are arranged in a head-tail-tail-head fashion).*> These
membranes, in turn, can fold to form closed spherical structures, i.e.,
vesicles (Figure 1): note that the vesicle diameter is typically ~ 100 nm
while the bilayer thickness is ~ 5 nm. Lecithin vesicles are a major
component of bile, the fluid secreted by the liver that is important for
digestion.”8

elaborated in textbooks.>> VMTs can now be broadly understood in
geometric terms: specifically, in terms of the critical packing
parameter CPP = auir / anead. The CPP is the ratio of cross-sectional
areas of the tail (awi) and head (aieaq) regions of the amphiphile.*?
Lipids have a CPP ~ 1, i.e., their head and tail areas are nearly equal
(due to their two tails), which explains why they form vesicles.’
Surfactants with a single tail have a CPP much less than 1, which is
conducive to forming micelles instead.> Thus, adding a surfactant to
lipid vesicles reduces the net CPP and thereby drives a VMT.!? Such a
VMT can be easily detected by measuring the turbidity of the
sample.'>'> For example, we show a schematic plot of the turbidity in
Figure 1A for lipid (e.g., lecithin) vesicles upon adding a surfactant

. . . (e.g., Tween 80) (see Figure S1 for actual data). As the surfactant
One focus of this paper is on the spontaneous transformation of

vesicles to micelles. In a micelle, the tails of the amphiphiles are
directed towards the core while the heads are on the periphery; thus,
micelles have a hydrophobic (oily) core whereas vesicles have an
aqueous core.** Spherical micelles, with diameters ~ 5 nm, are also
much smaller than vesicles. Accordingly, a sample containing micelles
will appear clear whereas a vesicle suspension will appear turbid due
to light-scattering from the larger vesicles.’ Vesicle-micelle transitions
(VMTs) can be induced by several routes. For example, if lecithin
vesicles are combined with a single-tailed nonionic surfactant like
Tween 80 or Triton X-100'%"3 or a bile salt like sodium cholate or
sodium dexoycholate,'*!7 a VMT will occur, i.e., the vesicles will get
‘solubilized’ to form spherical micelles. In a physiological context, a
VMT is expected to continuously arise in bile (a fluid that contains
both lecithin and bile salts) as it is transported from the bile duct from
the liver to the gall bladder.”'8

concentration is increased, the sample steadily transforms from a
turbid state, indicative of vesicles, to a clear state (turbidity ~ 0),
indicative of micelles.!>'5 Thus, a surfactant-induced VMT occurs in
a predictable manner.

Vesicles can also be transformed to micelles by adding alcohols, a
simple example being ethanol.!” Consider the system of lipid vesicles
(e.g., lecithin) in water + ethanol, which is the focus of this paper. On
first glance, one might expect this simple system to behave in a similar
manner to the lipid-surfactant mixtures in Figure 1A. Indeed, ethanol
does induce a VMT when its content is high. However, the striking
findings from our study are that this system is much more complicated.
The differences are shown by a schematic plot of the turbidity vs.
ethanol fraction fem (Figure 1B) (see Figure 2 below for actual data).
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Figure 1. How lipid vesicles are affected by surfactants vs. alcohols. The effects are shown by schematic plots of the turbidity vs. additive
concentration. (A) When a surfactant is added, the turbid sample steadily becomes clear, as the vesicles (~ 100 nm) transform into micelles (~ 5
nm). (B) When an alcohol is added, the turbidity first decreases, then increases sharply, followed by a 2-phase (2 ¢) region, and then a clear state
(data in Figure 2). The vesicles do finally become micelles, as in (A), but the intermediate states are unusual. These findings are discussed and

explained in this paper.

As femn is increased, the turbidity first decreases, then rises sharply, and
then eventually decreases again to near-zero. In conjunction with the
turbidity rise, the vesicles separate into two phases around fem = 50%
before a single phase emerges again at higher fem. Also, vesicles near
the phase boundary (~ fen = 40%) show a VMT upon heating. To our
knowledge, these results have not been reported in the literature. In
fact, although lecithin-water-ethanol mixtures have been studied for
more than 50 years,?’ no detailed studies on their phase behavior have
yet been published. Here, we report a comprehensive study using a
variety of techniques, including UV-Vis spectroscopy, dynamic light
scattering (DLS), nanoparticle tracking analysis (NTA), small-angle
scattering (SANS), and cryo-transmission electron
microscopy (cryo-TEM).

neutron

What causes the complex phase behavior of lecithin-water-ethanol
mixtures? We will provide a physical explanation for these results
based on the fundamentals of lipid self-assembly.? Briefly, ethanol
plays a dual role: (a) on the one hand, it reduces the propensity for flat
lipid bilayers to bend and form closed spherical vesicles; and (b) on
the other hand, it diminishes the tendency of lipids to self-assemble in
the solvent mixture. Around feh = 50%, (a) dominates, and therefore,
the initially unilamellar vesicles grow into multilamellar vesicles
(MLVs), which eventually phase-separate. At higher fem, (b)
dominates, inducing the vesicles to transform into micelles. If ethanol
is substituted by other alcohols such as methanol or propanol, the same
trends in phase behavior arise. Thus, we have uncovered a general
paradigm for lipid self-assembly in solvent mixtures.

The significance of our study may extend beyond mere scientific
curiosity. As noted earlier, VMTs occur in the bile duct and hence have
physiological relevance. It is well-known that over-consumption of
alcohol affects the liver — these deleterious effects may well be linked
to how alcohol affects lipids and alters the above VMT.?!"23 Vesicles
of lecithin in water-ethanol mixtures may also be useful in delivery
applications.?*? In particular, vesicles that penetrate skin are greatly
desired for the transdermal delivery of drugs, vaccines, and
cosmetics.”* While conventional lipid vesicles do not penetrate skin,

it has been shown that vesicles of lipids (like lecithin) combined with
ethanol can indeed penetrate through the stratum corneum into the
viable epidermis (such vesicles have been termed transfersomes or
ethosomes).?*>> We postulated in an earlier study that the coexistence
of vesicles and micelles in such samples may be the key to their skin-
penetrating ability.?® Thus, our findings from the present study may
also guide the design of vesicle formulations for delivery applications.
In that regard, note also that a VMT will involve release of the payload
encapsulated in the aqueous core of the vesicles. Hence, a VMT upon
heating could also be useful in the context of drug delivery.?”-3°

Results and Discussion

Lecithin in Water-Ethanol Mixtures. Figure 2 presents the effect of
ethanol on lecithin vesicles in water. The lecithin we have used is soy
phosphatidylcholine, which has been studied extensively.'> We fix the
lecithin concentration and vary the ethanol fraction fer from 0 to 60%.
Photos of sample vials are shown in Figure 2A for 1 wt% lecithin. The
turbidity of the samples is quantified using UV-vis spectroscopy and
plotted as the optical density (OD) at a wavelength of 500 nm in Figure
2B. These data are for 0.5% lecithin to make sure the OD values fall
within the measurement scale. Both the photos and the turbidity data
reveal the same trends. First, note that vesicle samples are expected to
be turbid due to light scattering from vesicles ~ 100 nm diameter.
When water is replaced with low amounts of ethanol, i.e., for fem from
0 to about 37%, the turbidity drops. The samples thereby turn from a
milky white color to a pleasing bluish tinge. Next, when fem is
increased from 37% to 45%, the turbidity rises sharply. Figure S2
shows a close-up of the data with additional data points near the
minimum at 37%.

As fen is increased beyond 45%, the samples separate into two
phases. Samples in the 46% to 54% range initially appear white and
opaque soon after preparation, as can be noted from the vial for 50%
fen in Figure 2A. But after a day, a sample that was homogeneous and
white develops a clear phase boundary: a white precipitate appears at
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Figure 2. Self-assembly of lecithin in water-ethanol mixtures. (A) Vial photos for 1% lecithin with varying ethanol. (B) Plot of the optical density
at 500 nm (ODsgo) (a measure of turbidity) for 0.5% lecithin vs. the ethanol fraction few in the solvent. The photos track the turbidity changes in
the plot: a decrease, then a sharp rise up to a 2-phase region, and then a clear region. The 2-phase sample at 50% ethanol is highly turbid in the
photo, but over time, it separates into two distinct phases: a clear supernatant and a precipitate (see Figure S3).

the bottom of the vial along with a clear supernatant (see photos in
Figure S3). Finally, when fe is increased to 55% or more, the samples
become clear (turbidity ~ 0) and one phase. Similar trends are observed
at other lecithin concentrations as well. Data for 0.1% and 0.3%
lecithin (Figure S4) closely resemble the curve for 0.5% lecithin in
Figure 2B. Thus, we conclude that the lecithin-water-ethanol system
shows a re-entrant phase transition,*'?> where upon changing a
compositional variable (ethanol content in this case), the system
transforms from 1-phase to 2-phase and then eventually reverts back
to 1-phase.

To probe this system further, we first turned to dynamic light
scattering (DLS). The hydrodynamic diameter (Dn) measured by DLS
is shown in Figure 3 for samples with 0.5% lecithin at various fem. Note
that, for the Dh calculation, we used the correct viscosity of the solvent
(i.e., the water/ethanol mixture) in each sample. This viscosity is
needed in the Stokes-Einstein equation to convert the diffusivity
measured by DLS to a value of Dn.*> The D for lecithin vesicles starts
at about 60 nm for fen = 0 to 10%. As fern is increased from 10% to
37%, Dn steadily increases to about 120 nm. The increase in vesicle
size over this range of fen occurs despite the samples showing a drop
in turbidity (Figure 2B).
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Figure 3. Sizes of lecithin vesicles in water-ethanol mixtures.
Samples containing 0.5% lecithin are studied by DLS and the
hydrodynamic diameter (Dy) is plotted vs. feth. The values shown are
means and the error bars represent standard deviations.

Note also the large error bars for Dn in the 30-37% range. For these
samples, when the DLS data are analyzed as particle size distributions
(PSDs), two distinct peaks are seen in the PSDs. This is revealed by
Figure S5: the fen = 35% has two peaks in its PSD (Figure S5B),
whereas only one narrow peak is seen in the PSD for fetn = 10% (Figure
S5A). The bimodal PSD is the reason for the large standard deviations
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Figure 4. Cryo-TEM images of lecithin vesicles in water-ethanol mixtures. A transition from unilamellar vesicles (ULVs) to multilamellar vesicles
(MLVs) is seen as the ethanol fraction is increased. (A) has only ULVs; (B) has mostly ULVs and a few vesicles with two lamellae (arrows); (C) has
large MLVs coexisting with small ULVs; and (D) has very large MLVs. Scale bars: 200 nm.

in the average diameter for fen = 35%. We further infer that this sample
must contain two populations of vesicles, one larger and one smaller.

Above feth = 37%, a sharp increase in Di is seen in Figure 3. Dn is
about 350 nm for femn = 40% and increases to about 800 nm for fen =
45%. Such large diameters are indicative of multilamellar vesicles
(MLVs), i.e., vesicles with many concentric bilayers.*? In contrast, the
smaller vesicles at low fem are expected to be unilamellar vesicles
(ULVs). Thus, from DLS, we infer that ethanol induces a transition of
lecithin vesicles from ULVs to MLVs. The MLVs grow until the phase
boundary is reached at femn = 46%. After the 2-phase region (46% to
54%), the clear samples at feth = 55% and higher can also be analyzed
and are found to have small nanostructures (Dn < 20 nm) in them.
These sizes are consistent with spherical or ellipsoidal micelles. Thus,
when sufficient ethanol is added to lecithin vesicles, we do observe a
vesicle-micelle transition (VMT).

How can we understand the drop in turbidity from fem = 10 to 37%
that accompanies the increase in vesicle size over this range of ethanol
concentrations? Generally, a drop in turbidity can signify a decrease in
either the size or concentration of the vesicles.® Here, we have ruled
out the former — hence, there must be a change in the vesicle
concentration, i.e., a transition to fewer, but larger vesicles. To confirm
this point, we turned to a relatively new technique called nanoparticle
tracking analysis (NTA).3® This technique, which utilizes Mie-
scattering theory, allows us to measure the number density of
nanoparticles in a given sample. Data from NTA for samples with
0.5% lecithin at various fetn (10 to 35%) are shown in Figure S6. At
higher ferh the data were noisy and are hence not shown. But we do see
the expected trend for the number density (Nves) over the range shown:
it decreases from 4 x 10'2 vesicles/mL for fen = 10% to 1.5 x 10!
vesicles/mL for fen = 35%. Over the same range of fen the vesicle
diameter (Dn) increases from 60 to 120 nm. Thus, the number of
vesicles decreases 20-fold while the size increases 2-fold. All in all,
the data from turbidity, DLS, and NTA together confirm an ethanol-
induced transition from numerous small vesicles to fewer large
vesicles.

Support for the above nanostructural transition comes from cryo-
TEM. In this technique, aqueous samples are rapidly cooled so as to
vitrify the water in them and thereby preserve the nanostructures
present.'3 Representative cryo-TEM images are shown in Figure 4 for
0.5% lecithin in various fem. At fen = 10% (Figure 4A), the sample

contains numerous small vesicles (ULVs) with diameters < 100 nm,
consistent with the DLS data. When fem is increased to 20% (Figure
4B), we see mostly ULVs in the sample and these are about the same
size as those in Figure 4A. There are also several vesicles with two
concentric bilayers, which are marked with arrows. Next, at feh = 35%
(Figure 4C), the nanostructure is quite different. We find both small
ULVs and much larger MLVs, consistent with the bimodal size
distribution from DLS. The MLVs have 3-5 concentric bilayers and
their sizes are > 300 nm. Some vesicles look elongated, but this may
be an artifact caused by the shear exerted on a sample in the blotting
step during cryo-TEM grid preparation (see Experimental Section).
Finally, at feth = 45% only a few large MLVs are seen in the sample.
These vesicles appear dark, likely because each of them has numerous
closely-spaced bilayers (the dark color in TEM images arises when the
electron beam gets scattered through large, dense structures).
Together, the images in Figure 4 again show the transition from small
ULVs to large MLVs as fern is increased.

Additional support comes from SANS. We performed SANS
experiments on 0.5% lecithin vesicles in deuterated water-ethanol
mixtures. Figure 5 shows plots of the scattering intensity / vs. wave
vector ¢ plots for various feth. Because lecithin is a zwitterionic lipid
and there are no other charged molecules in the samples, the data in
Figure 5 mainly reflects the shapes of the scatterers in each sample.
That is, I(q) is dictated simply by the form factor P(g).>* Typically,
vesicle samples exhibit a slope of —2 in SANS spectra at low to
intermediate ¢ — this slope is indicative of the P(g) corresponding to
flat sheets, which corresponds to the lamellar bilayers surrounding the
vesicle cores (i.e., I ~ ¢2).2%* Indeed, a slope close to -2 is seen for
samples with fem = 15% and 30% (Figures 5A and 5B).

Next, regarding the sample with 50% ethanol (Figure 5C), it is
highly turbid initially (see inset photo) and thereafter separates into
two phases over a day. It was studied by SANS right after preparation.
The SANS data show a slope of —4, reflecting Porod’s law (I ~ g~*) for
scattering from interfaces.>* Such interfaces can arise as the sample
phase-separates — thus, SANS is able to pick up the initial stages of
this phase separation. The sample also shows a Bragg peak at g* =0.12
A-'. The length scale d corresponding to this peak, calculated using
Bragg’s law (i.e., d = 27/¢*),>* is 5.2 nm. This distance may represent
the average spacing between adjacent bilayers in the MLVs.
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Figure 5. SANS spectra for lecithin samples in deuterated water-ethanol mixtures. Each plot shows the scattered intensity / vs. wave vector g at
25°C. Samples contain 0.5% lecithin. (A) and (B) correspond to vesicles and a slope of -2, reflecting vesicles, is indicated on the plots. (C) The
sample is phase-separating, and the presence of interfaces is indicated by Porod scattering (slope of —4). A Bragg peak at high g is also seen. (D)
This sample has lower / and a plateau at low g, reflecting spherical micelles. Vial photos are shown as insets in each plot.

Lastly, SANS data for the sample with 60% ethanol is shown in
Figure 5D and it is indicative of small micelles with diameters of a few
nm. Spherical or ellipsoidal micelles generally show a I(q) with a
plateau at low ¢ and a subsequent decay at higher ¢, much like the data
in Figure 5D.%>** Note also that I at low ¢ is much smaller for this
sample compared to the three others — the decreased / implies that
much smaller structures are present in this sample. This is again
reflective of micelles, which is why the sample is also clear (see inset).
Thus, SANS again confirms the previous findings from DLS and cryo-
TEM for the nanostructure of lecithin vesicles with increasing feth:
initially there are small vesicles (ULVs), then a transition to larger
vesicles (MLVs), then a region of phase-separation, and finally a
transition to small micelles.

Lecithin in Water-Methanol and Water-Propanol Mixtures. Given
the unusual data for lecithin in water-ethanol mixtures, we wondered
if similar results would be observed with other alcohols. Hence, we
conducted studies with two other common alcohols: methanol and
propanol. OD plots are shown in Figure 6 for 0.5% lecithin in mixtures
of water with methanol (Figure 6A), ethanol (Figure 6B, this is a replot
from Figure 2), and propanol (Figure 6C). It is interesting to note the
similar patterns in all three cases. With increasing alcohol fraction, the

(A) Lecithin in Water/Methanol

(B) Lecithin in Water/Ethanol

turbidity first decreases, then increases, and finally drops to zero at
high alcohol content. Phase-separation and hence a 2-phase region
(marked 2¢ on the plots) is seen with methanol and ethanol: note that
this region is larger for ethanol. Note also the different onsets of this
2-phase region: with methanol, it occurs at fmeth = 73% whereas with
ethanol, the onset is at fetn = 45%. With propanol, there is no 2-phase
region; instead, the turbidity increases to a maximum at frop = 18% and
then rapidly decays to zero by 22% propanol.

We have found several more interesting features in comparing the
various alcohols. First of all, the 2-phase region with methanol is
qualitatively different from that with ethanol. In the case of methanol,
the sample at 73% methanol separates into two liquid phases, i.e., this
is a liquid-liquid phase separation (see photos in Figure S7A). In
contrast, in the case of ethanol, it is a solid-liquid phase separation,
i.e., a white precipitate and a clear supernatant (Figure S3). The bottom
liquid phase in the 73% methanol sample is slightly viscous and turbid
whereas the top liquid phase is clear and non-viscous (Figure S7A).
Moreover, the bottom phase is birefringent at rest (Figure S7A). In the
case of propanol, the sample at the turbidity maximum (fprop = 18%) is
single-phase and shows birefringence under flow (Figure S7B). The
birefringence at rest is suggestive of a liquid crystalline phase, possibly

(C) Lecithin in Water/Propanol
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Figure 6. Self-assembly of lecithin in water-alcohol mixtures. Turbidity (ODsqo) is plotted for 0.5% lecithin vs. the alcohol fraction in the solvent.
Data for water-ethanol are reprdouced from Figure 2B. Both for methanol (A) and ethanol (B), a 2-phase (2 ¢) region is seen, and the turbidity
rises close to this region. In the case of propanol (C), there is no 2-phase region, but the overall plot has a similar shape.
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Figure 7. Microstructural changes in lecithin samples as the ethanol fraction is increased. Boxes 1-5 depict the microstructure at different points
along a schematic turbidity plot. Boxes 1-3 show a transition from ULVs to MLVs as the 2-phase region is reached. Box A explains why this transition
occurs. Box 5 shows a final transition to spherical micelles and Box B explains this.

a lamellar liquid crystal.*> We should also point out that the region
corresponding to spherical micelles (OD ~ 0) has different onsets for
the different alcohols: at 80% of methanol, at 60% of ethanol and at
22% of propanol. This follows the order of alcohol polarity,*” i.e., the
least polar alcohol, propanol, is the most effective at solubilizing the
lecithin and thereby converting the vesicles into micelles.

Mechanism for Microstructural Changes. To summarize, there are
several distinct and unusual features in the turbidity data for lecithin in
water-alcohol mixtures. Taking water-ethanol as the prototypical case,
we have been able to connect these features to nanostructural changes
in the system using DLS, NTA, cryo-TEM and SANS. The key points
are:

e Initially, we have ULVs of the lipid.

e  For 0-35% ethanol, the vesicles decrease in number.

e At~ 35% ethanol, the ULVs grow into large MLVs.

e At~ 50% ethanol, the samples become 2-phase.

e At~ 60% ethanol, the sample reverts to 1-phase and micelles.

Figure 7 schematically connects all the above microstructural
changes with their corresponding changes in turbidity. As the ethanol
fraction increases from left to right, Boxes 1-5 show snapshots of the
microstructure in the system. When the solvent is mostly water, i.e.,
feth ~ 10%, the sample contains vesicles of lecithin that are unilamellar
(size ~ 100 nm) and at a high number density Nves (Box 1). When
ethanol is increased to ~ 25%, Nves decreases and a few of the vesicles
become bilamellar (Box 2), consistent with the cryo-TEM image in
Figure 4B. When ethanol is further increased to ~ 35%, we find many
large MLVs (> 300 nm) coexisting with smaller ULVs (Box 3), again
consistent with the cryo-TEM image in Figure 4C. Additional ethanol
(fen ~ 50%) causes the system to phase separate (Box 4). The solid
precipitate coexisting with a clear liquid is likely composed of fused

bilayers. Further addition of ethanol to ~ 60% results in a phase of
small, spherical micelles (~ 5 nm) (Box 5).

Why does the microstructure change as shown in Figure 7? We can
break this down into three questions. First, why is there an initial
growth from ULVs to MLVs? Thereafter, why a 2-phase region?
Finally, why a VMT at higher ethanol? We believe the answers to these
questions lie in the dual role played by alcohols on lipid self-assembly,
which are highlighted by the two top boxes (A and B) in Figure 7. First
it is important to point out that the equilibrium phase formed by self-
assembly of lipids is a lamellar phase, i.e., composed of lipid bilayers
(sheets).?> When these bilayers bend and fold, they form vesicles.>3%3¢
The energetic driving force for a bilayer to fold is shown by Box A. At
the edge of a bilayer, the lipid tails (shown in red) come into contact
with the solvent (light blue). This contact is unfavorable because the
tails are hydrophobic. Thus the edges are associated with an energy
penalty Feage.> When a bilayer folds into a spherical vesicle, the tails
are no longer in contact with water, which is why vesicles are favored.
However, bending of a bilayer costs energy (Ebend).>® As long as Ebend
< Eedge, the bilayer will fold into vesicles, and this point is well-
described in textbooks.?

Now, consider the role of the solvent. Eedee Will be at its highest
when the solvent is pure water. When ethanol is added to water, we
expect Eedge to drop (Box A). The reason is that lipid tails are soluble
in ethanol whereas they are insoluble in water.*> Thus, as fein goes from
0 to 40%, the bilayer edges become more compatible with the solvent.
This favors larger vesicles over smaller ones. In other words, bilayer
sheets will not need to bend as much in the presence of ethanol and
hence will form larger MLVs. This answers the first question as to why
ULVs grow into MLVs (Box 1 to 3). The same idea can also address
the second question. As MLVs grow too large, they will tend to settle
due to gravity instead of remaining in a stable suspension. This is why




we see phase separation at feth ~ 50%. In the dense bottom phase, the
MLVs may also fuse and revert to bilayers, which may account for the
solid precipitate in these samples.

Lastly, we discuss the microstructure at fetn > 60% by referring to
Box B. Why do lipids or surfactants self-assemble into vesicles or
micelles? Self-assembly is thermodynamically driven, i.e., by the
minimization of the Gibbs free energy.** The driving force in water is
the hydrophobic effect, i.e., it is favorable for hydrophobic tails to be
kept away from water in the assembled structure.*> In a solvent other
than water, the equivalent is the solvophobic effect, where the tails have
a mutual dislike for the solvent.3”3° But the solvophobic effect is much
weaker than the hydrophobic effect — this is because water is more
polar (and forms stronger hydrogen-bonds) compared to organic
solvents.’” For example, taking the dielectric constant ¢ as a measure
of polarity, self-assembly into micelles readily occurs in water (highly
polar, £= 80), and to a weaker extent in glycerol (moderately polar, &
= 47).38 However, self-assembly has not been reported in pure ethanol
(weakly polar, &= 25).37-3° Thus, when we increase feth above 60%, the
solvophobic effect will be very weak. In this regime, the only
structures that can be formed by self-assembly will be ones with very
low aggregation numbers, i.e., small micelles. This explains why a
VMT occurs at high ethanol.

Taken together, we emphasize that alcohols exert a dual role on
lipid self-assembly, which is observed with, not only ethanol, but also
methanol and propanol (Figure 6). At low amounts, alcohols alter the
vesicle structure. By reducing the energy penalty at bilayer edges,
alcohols induce a transition from ULVs to MLVs. At high amounts,
e.g., above 60% in the case of ethanol, the alcohol fraction becomes so
high as to reduce the solvophobic effect that drives self-assembly in
the first place. In this case, the structures that will be formed in the
sample can only be small micelles. Thus, if sufficient alcohol is added
to lipid vesicles, it will cause a VMT.

Lecithin in Water-Ethanol: Thermally Induced VMT. In the last section
of this paper, we report the interesting response of some lecithin
vesicles with varying temperature 7. In water-ethanol mixtures (Figure
2), the 2-phase region begins at feth = 45%. Samples close to the phase
boundary as well as some in the 2-phase region (femn = 39 to 55%) all
show a characteristic thermal response. Figure 8 shows data for 0.5%
lecithin vesicles at three feth. These samples are all turbid at low 7, but
when heated above a temperature Tvm, they become clear. The
turbidity decrease corresponds to a VMT. The transition temperature
Tvm decreases as fer is increased: it is 75°C for 40% ethanol, 60°C for
43% ethanol, and 35°C for 45% ethanol. For femn > 45%, the samples
are 2-phase at room temperature, but these also show a thermal
response. As an example, when a sample with 50% ethanol is heated
above 28°C, it becomes clear and 1-phase (data not shown). In all
cases, the turbidity change at the transition temperature is abrupt,
indicating a sharp transition between vesicles and micelles (akin to a
phase transition). Also, the VMT is reversible: when a clear sample is
cooled below Tvw, it reverts to a turbid state. Note also that vesicle
samples containing less than 39% ethanol (i.e., sufficiently far away
from the phase boundary) do not exhibit any changes in their turbidity
with T.
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Figure 8 Vesicle-micelle transition upon heating for some lecithin
vesicles in water-ethanol mixtures. Samples of 0.5% lecithin at three
fetn are studied vs. temperature T and their turbidity (ODsqo) is plotted.
In each case, the turbidity sharply drops at a characteristic T,
indicating a VMT. Vial photos for the 45% ethanol sample before and
after the transition are shown.

SANS confirms that the turbidity changes are associated with a
VMT. Spectra for 0.5% lecithin in deuterated water-ethanol at fen =
47% are shown in Figure 9. This sample is in the 2-phase region, but
it was studied right after preparation when it is homogeneous and
turbid. Much like for the sample in Figure 5C, the /(g) plots at low T
(30 to 50°C) in Figure 9A show a slope of —4, reflecting Porod’s law
(I ~ ¢*) for scattering from interfaces.’* From previous data (Figures
3 and 4), we know that this turbid sample contains large MLVs. When
heated further, however, the sample becomes clear, indicating a
transition to micelles. Consistent with the visual change, the /(g) plots

(A) Vesicles at low T (B) Micelles at high T
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Figure 9. SANS spectra showing a thermally induced VMT. A sample
of 0.5% lecithin in deuterated solvents (feth = 47%) is studied at various
T and the scattered intensity /(q) is plotted. (A) At low T, the turbid
sample has vesicles and is phase-separating: hence it shows Porod
scattering (slope of —4). (B) At high T (above Tym), the clear sample has
micelles: hence it has lower / and a plateau at low g. Vial photos are
shown as insets.




in Figure 9B at 60 to 80°C show a plateau at low g, characteristic of
small micelles (similar to Figure 5D).3* Thus, SANS indeed confirms
a thermal VMT in the above sample. Also, previous papers on thermal
VMTs in other vesicle systems have reported turbidity and SANS data
similar to those in Figures 8 and 9.27-30

Why do some lecithin vesicles show a VMT upon heating? One of
the previous reports of a thermal VMT 1in the literature was from our
lab in 2006 and the system there was a mixture of a cationic surfactant
and an organic acid.?’ Equimolar mixtures of the surfactant and the
acid formed vesicles, but higher concentrations of the acid caused
phase separation. Vesicle samples that were located close to this phase
boundary showed a VMT upon heating. Drawing the connection
between our previous study and this one, the common pattern is that a
thermal VMT occurs for samples close to a phase boundary.?’ Indeed,
this pattern also extends to other alcohols. For lecithin vesicles in
water-methanol (Figure 6A), the phase boundary is at fmeh = 73%.
Samples with fmeth ~ 65 to 70% show a thermal VMT, as can be noted
from the plot in Figure S8A. For lecithin vesicles in water-propanol
(Figure 6C), there is no phase boundary, but the turbidity increases to
a maxium at fyrop = 18%. In this case, samples with fyrop ~ 12-20% show
a thermal VMT, and this is evident from the plot in Figure S&B.

Conclusions

We have explored the self-assembly of lecithin in mixtures of
water with ethanol and other alcohols. At high volume fractions,
alcohols induce lecithin vesicles to undergo a VMT, i.e., convert into
micelles, as expected. At lower alcohol fractions, however, we have
found an unexpected pattern of microstructural changes and phase
behavior. The vesicles (ULVs) initially decrease in number and then
grow into larger vesicles with multiple lamellae (MLVs). These MLVs
become so large that the system phase-separates. With further alcohol,
a single phase is again established, containing micelles. The
microstructural changes are reflected in the visual appearance of the
samples. Lecithin vesicles in water are turbid and when alcohol is
added, the turbidity first decreases, then rises sharply until the system
phase separates. After a ‘re-entrant’ phase transition (i.e., from 1- to 2-
and back to 1-phase with increasing alcohol), the samples become
clear. Vesicles near the phase boundary moreover show a VMT upon
heating. We attribute these findings to the dual role played by alcohols:
(a) at low amounts, alcohols reduce the propensity for lipid bilayers to
close into spherical vesicles, thereby inducing ULVs to grow into
MLVs; (b) at high amounts, alcohols diminish the solvophobic effect,
thereby forcing lipid vesicles to convert into micelles. Our findings
could be relevant for understanding lecithin self-assembly in biology
such as in bile. VMTs induced by alcohol could also be relevant for
the delivery of drugs or other solutes in pharmaceuticals, cosmetics,
and food science.

Experimental Section

Materials. Lecithin (soy-phosphatidylcholine; 95% purity) was
purchased from Avanti Polar Lipids. The solvents methanol, ethanol,
and 1-propanol were obtained from Sigma Aldrich. Ultrapure
deionized (DI) water from a Millipore filtration system was used to
prepare aqueous samples.

Sample Preparation. Vesicles in alcohol-water mixtures were
prepared by a simple method, similar to that in our previous studies.*
First, a stock solution of lecithin in a given alcohol was prepared. Then,
this solution was mixed with a weighed amount of water corresponding
to the desired alcohol:water ratio. The resulting sample was vortex
mixed for 120 s. Each sample was equilibrated for at least a day before
further analysis. All samples remained stable and unchanged for
several days when stored at room temperature.

UV-Vis Spectroscopy. A Varian Cary 50 UV-Vis spectrophotometer
was used to measure the optical density (OD), i.e., the absorbance over
a 1-cm path length, at a wavelength of 500 nm. The OD is a measure
of sample turbidity. For the OD measurements as a function of
temperature, a Peltier-controlled cell, connected to a water bath, was
used to maintain the temperature.

Dynamic Light Scattering (DLS). Vesicle sizes were measured at 25°C
using a Photocor-FC instrument equipped with a 5 mW laser source at
633 nm, with the scattering angle being 90°. The autocorrelation
function was measured using a logarithmic correlator and analyzed by
the DynalS software package to obtain the distribution of
hydrodynamic diameters and thereby the average diameter.

Small Angle Neutron Scattering (SANS). SANS experiments were
performed at the NIST Center for Neutron Research (NCNR),
Gaithersburg, MD on the NG-B (30 m) beamline. Neutrons with a
wavelength A of 6 A were selected and the range of wave-vectors g
accessed was from 0.004 to 0.4 A~'. The sample holders were 1 mm
titanium cells with quartz windows. The scattering data was reduced
using IGOR-Pro software and were corrected to obtain an absolute
scale of scattering intensity using NIST calibration standards.

Cryogenic Transmission Electron Microscopy (Cryo-TEM). A small
drop (3.5 pL) of a given sample was pipetted onto a C-flat holey carbon
grid (Protochips) and excess liquid was blotted off using filter paper.
The grid was then plunged into liquid ethane at a temperature of —
173°C using a Cryoplunger 3 system (Gatan). The vitrified thin
specimen was then transferred to a cryo-TEM holder (Gatan 652) using
a cryo-workstation and then transferred to the microscope, where a
temperature of —176°C was maintained using liquid nitrogen. A JEOL
2100 LaB6 TEM at an accelerating voltage of 100 kV was used to
image the sample.

Nanoparticle Tracking Analysis (NTA). Vesicle concentrations were
measured using a ZetaView® BASIC NTA Microscope (Particle
Metrix). Samples were diluted such that the measured concentrations
were around 107 particles/mL (~200 particles per frame).
Concentrations were measured by scanning 11 cell positions at 30
frames per position over 2 cycles. The sensitivity for video acquisition
was set to 80, and the shutter speed to 100.
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