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ABSTRACT: We report synthetic six-tailed mimics of the
bacterial glycolipid Lipid A that trigger changes in the internal
ordering of water-dispersed liquid crystal (LC) microdroplets at
ultralow (picogram-per-milliliter) concentrations. These mole-
cules represent the first class of synthetic amphiphiles to mimic
the ability of Lipid A and bacterial endotoxins to trigger optical
responses in LC droplets at these ultralow concentrations. This
behavior stands in contrast to all previously reported synthetic
surfactants and lipids, which require near-complete monolayer
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coverage at the LC droplet surface to trigger ordering transitions. Surface-pressure measurements and SAXS experiments reveal
these six-tailed synthetic amphiphiles to mimic key aspects of the self-assembly of Lipid A at aqueous interfaces and in solution.
These and other results suggest that these amphiphiles trigger orientational transitions at ultralow concentrations through a
unique mechanism that is similar to that of Lipid A and involves formation of inverted self-associated nanostructures at

topological defects in the LC droplets.

B INTRODUCTION

Materials that exhibit macroscopic and easily transduced
changes in properties in response to specific molecular stimuli
offer unique opportunities to design new classes of sensors and
actuators. In this context, supramolecular materials—which
derive their structures and properties from weak, noncovalent
interactions—are particularly promising because the ordering
of these assemblies is easily perturbed by molecular
interactions, and the dynamics of reorganization induced by
stimuli can be fast.'™ In particular, recent studies have
demonstrated that a variety of molecular species and
assemblies—ranging from simple synthetic surfactants to
polyelectrolyte assemblies and protein-receptor complexes—
can trigger ordering transitions in thin films and water-
dispersed microdroplets of thermotropic liquid crystals (LCs)
in ways that can be readily observed and quantified using
light.°""” These ordering transitions are sensitive to even very
small changes in the structures or concentrations of environ-
mental analytes, and thus provide a basis for the design of
exceedingly sensitive LC-based sensors.

Of particular relevance to the work reported here, we
recently reported that bacterial endotoxins and their six-tailed
glycolipid component Lipid A (Figure 1A) can trigger ordering
transitions in micrometer-size droplets of LC at remarkably low
concentrations (e.g, 1 pg/mL in water; from the so-called
“bipolar” to the “radial” state, see Figure 1D—I and additional
discussion below).”'® In contrast, all one- and two-tailed

-4 ACS Publications  © 2015 American Chemical Society

synthetic surfactants and other biological lipids investigated to
date trigger ordering transitions in the 10—100 yg/mL range—
concentrations that lead to near-complete monolayer coverage
of the LC droplets and are 5—6 orders of magnitude higher than
those at which Lipid A elicits a response.””'® The results of
past studies suggest that Lipid A promotes optical transitions in
LC droplets at such ultralow concentrations through a
fundamentally new mechanism that involves the formation of
inverted self-associated nanostructures at topological defects in
the LC.”"® The study reported here was motivated by the goal
of providing insight into the origins of this ultrasensitive and
specific response of LC microdroplets to Lipid A by exploring
designs of synthetic amphiphiles (e.g., Figure 1B) inspired by
salient structural features of Lipid A."**°

The design of the synthetic amphiphiles reported here was
guided by the hypothesis that the sensitivity of LC droplets to
Lipid A arises principally from the multiplicity of tails present in
this natural lipid. The six tails of Lipid A, for example, render it
more hydrophobic than one- and two-tailed amphiphiles and
endow it with other properties (e.g, negative spontaneous
curvature resulting from a large ratio of tail volume to
headgroup area) that promote the formation of inverted self-
associated structures.”””> We note that past studies have
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Figure 1. (AB) Structures of Lipid A and amphiphile 1,,. (C)
Synthesis of six-tailed Lipid A mimics. (D—F) Director profiles for LC
droplets in (D) bipolar, (E) escaped radial, and (F) radial
configurations. (G—I) Polarized light micrographs of microdroplets
of SCB (diameters of ~5 um) prior to (G) and after (H and I)
exposure to amphiphile 1,, (see text). Red arrows in (D) and (G)
point to topological defects in the bipolar droplets; white arrows (G—
I) indicate orientation of crossed polarizers.

reported structurally complex mimics of Lipid A designed to
preserve elements of the function of this amphiphile in
biological contexts.”” In contrast, the work reported here
sought to explore the design of simple synthetic amphiphiles
that mimic aspects of the structure of Lipid A that govern its
behavior at liquid/liquid interfaces and trigger ordering
transitions in LC droplets, with the goals of (i) providing
insights into molecular mechanisms through which LC
microdroplets respond to Lipid A, and (ii) expanding the
potential significance of the ultrasensitive response of LC
microdroplets to Lipid A by incorporating functionality into
synthetic mimics that could enable additional stimuli-
responsive properties.

B EXPERIMENTAL SECTION

Materials. Tris(2-aminoethyl)amine (TREN) was purchased from
Acros Organics. Aliphatic epoxides were purchased from TCI America
or Alfa Aesar. Lipid A from E. coli F583 was purchased from Sigma-
Aldrich. The LC 4'-pentyl-4-cyanobiphenyl (SCB) was obtained from
EM Sciences. A description of additional materials used is provided in
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the Supporting Information. Unless otherwise noted, materials were
used as received.

Synthesis of Amphiphiles. Amphiphiles 14—1,4 were synthesized
using the following general procedure. TREN (1.0 equiv) and an
epoxide having the desired aliphatic chain length (6.6 equiv) were
purged with nitrogen and heated at 90 °C for 4 days. Reaction
products were purified by flash chromatography on silica gel. '"H NMR
and '*C NMR spectra for each amphiphile and additional experimental
details are included in the Supporting Information.

Preparation and Characterization of LC Emulsions. LC-in-
water emulsions were formed by adding 6 uL of SCB to a glass tube,
adding 3 mL of a 10 uM solution of SDS in EndoTrap Red
Equilibration Buffer, and vortexing for 30 s at 3000 rpm. Aliquots (70
uL) of these emulsions were diluted into 700 uL of aqueous
dispersions of either Lipid A or a synthetic amphiphile, and the
emulsion was allowed to sit for at least 3 h before characterization by
light scattering (using flow cytometry) or by polarized light
microscopy. Frequency histograms of the intensity of forward light
scattering (FSC) were obtained for LC emulsions using a BD Accuri
C6 flow cytometer. FSC was measured at a detection angle of 0° +
15°, and histograms were constructed from data collected from the
measurement of 5,000 droplets. The percentage of radial droplets was
quantified using a previously reported procedure described in greater
detail in the Supporting Information.

Small-Angle X-ray Scattering (SAXS). SAXS measurements
were performed using a Bruker D8 Discover diffractometer.
Amphiphiles were weighed into a glass vial to which 20 mL of 1 M
H,SO, was added to give a final amphiphile concentration of 0.133 wt
%. Samples were vortexed, sonicated, and transferred to quartz
capillaries and sealed. SAXS analysis was performed with Cu Ka X-rays
produced from a micro X-ray source with a Montel mirror passed
through a 0.5 mm pinhole to collimate the beam. Two-dimensional (2-
D) scattering patterns were collected on a VANTEC-500 detector
(140 mm in diameter; sample-to-detector distance of 22.26 cm)
calibrated with a silver behenate standard (d = 58.38 A). Additional
details related to the integration and fitting of scattering data are
included in the Supporting Information.

B RESULTS AND DISCUSSION

To design synthetic mimics of Lipid A, we adopted an approach
based on the ring-opening of 1,2-epoxyalkanes by primary
amines (Figure 1C) for the following reasons: (i) these
reactions are robust and proceed in a single step, (i) this
scheme provides ready access to amphiphiles possessing many
aliphatic tails, (iii) both headgroup structure and the number,
length, and structure of hydrophobic tails can be varied
systematically, and (iv) each ring-opening reaction affords a
hydroxyl group that can be further transformed, if desired, to
modify the structures, properties, and phase behaviors of the
resulting amphiphiles. This synthetic approach has been used in
recent studies to design cationic lipid-like molecules for nucleic
acid delivery,~*° but reports on the behaviors of this class of
amphiphile in aqueous solution and at aqueous/organic
interfaces are limited.

We synthesized five six-tailed amphiphiles with aliphatic tail
lengths ranging from 6 to 16 carbons by the reaction of tris(2-
aminoethyl)amine with a series of 1,2-epoxyalkanes (amphi-
philes 1,—1,¢; Figure 1C).”’ In the notation used here, the
subscript indicates the number of carbons in each aliphatic tail,
such that amphiphile 1,, consists of a headgroup containing
four tertiary amines to which six aliphatic tails, each 10 carbons
in length, are bound. All compounds were purified by flash
chromatography; structure and purity were confirmed by NMR
and mass spectrometry (see the Supporting Information).

In a first set of studies, we characterized the ability of
amphiphile 1,y to trigger ordering transitions in micrometer-
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sized droplets of a nematic LC [4’-pentyl-4-cyanobiphenyl
(SCB)] using a protocol reported previously to characterize
interactions between Lipid A and bacterial endotoxin in LC-in-
water emulsions.”'® For these experiments, an aqueous
dispersion of LC droplets (~5000 droplets/uL) in a “bipolar”
configuration was added to a solution of 1,4 to achieve a final
concentration of 1000 pg/mL (in the “bipolar” configuration,
the LC is aligned tangentially to the droplet surface, resulting in
two topological defects at opposite poles; see Figure 1D,G)."”
Changes in droplet configurations were then determined using
polarized light microscopy (see the Supporting Information for
details). An amphiphile concentration of 1000 pg/mL was
selected as an upper limit for these studies because it
corresponds to a concentration 3 orders of magnitude below
that required to trigger ordering transitions in LC droplets
using conventional surfactants and lipids.””

Following the addition of amphiphile 1,,, we observed all LC
droplets to transition from the initial bipolar state (Figure
1D,G) to either a “radial” configuration (in which the director
of the LC is aligned normal to the droplet surface, resulting in a
single defect at the center of the droplet; Fi%ure 1FI) or an
“escaped radial” configuration (Figure 1E,H)."” In the escaped
radial configuration, a single defect similar to that observed in
radial droplets is located near, but not in, the geometric center
of a droplet (Figure 1E). This configuration has an optical
appearance (Figure 1H) that can also be readily distinguished
from that of a bipolar droplet when viewed between crossed
polarizers.

We further quantified the response to amphiphile 1,, in
larger populations of LC droplets using flow cytometry. This
analytical approach can be used to quantify the percentage of
radial droplets in mixtures containing bipolar and radial
droplets based on differences in the scattering of light and is
significantly faster than methods based on optical microscopy.”’
We characterized the dependence of changes in LC droplet
configurations at 5 different concentrations of amphiphile 1,,
(ranging from 10 to 10000 pg/mL). We note here that our
analysis of scatter plots obtained using flow cytometry (in light
scattering mode) enabled us to differentiate between either (i)
bipolar or (ii) radial and escaped radial droplets combined (see
the Supporting Information and Figure S1 for details).
Accordingly, we report in Figure 2A the percentage of droplets
transformed from the bipolar configuration relative to all
droplets characterized. This analysis reveals 1;, to trigger
ordering transitions in droplets of SCB at concentrations as low
as 100 pg/mL, but not at 10 pg/mL (Figure 2A).

Although the threshold concentration required to trigger
complete conversion of the bipolar LC droplets using
amphiphile 1,y is an order of magnitude higher than that of
Lipid A, we note that it is 4 orders of magnitude lower than the
concentrations at which conventional surfactants trigger these
transitions.” As noted above, past studies using conventional
one- and two-tailed amphiphiles have established that ordering
transitions in LC droplets require near-complete monolayer
coverage of amphiphiles over the droplet surface.” At a
concentration of 100 pg/mL, however, we calculate the
maximum areal density of 1,, at the interface of the LC
droplets in the experiments above (assuming complete
adsorption onto the ~3.9 X 10° droplets in the dispersion)
to be 5000 nm’/molecule, or only ~107* of monolayer
coverage. Similar to Lipid A, this interfacial concentration of
amphiphile 1,4 is orders of magnitude below that required to
trigger changes in the configurations of the LC droplets via
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Figure 2. (A) Percentage of droplets transformed from the bipolar
state vs concentration of amphiphile 1,y as determined using flow
cytometry. (B) Langmuir isotherms measured during compression of

monolayers of amphiphile 1;, (black) or Lipid A (gray) at air/water
interfaces at 25 °C.

formation of a monolayer at the aqueous/LC interface. These
results support our conclusion that the structure of this six-
tailed amphiphile allows it to drive ordering transitions in LC
droplets through a novel mechanism that is similar to that of
Lipid A (see additional discussion below).

Past studies of ordering transitions in LC droplets using
endotoxin and Lipid A have led to the hypothesis that these
natural six-tailed amphiphiles promote changes in the
configurations of LC droplets (from bipolar to radial) through
a mechanism involving the formation of inverted self-associated
lipid nanostructures at topological defects in the LC droplets
(Figure 1D, red arrows; these defects correspond to regions of
high strain where LC order is reduced).”’® This mechanism
differs substantially from that involving one- and two-tailed
surfactants (described above). The tendency of an amphiphile
to adopt inverted self-assembled nanostructures is dependent,
in part, on the ratio of headgroup area to molecular volume
(the so-called “packing parameter”).””** Because amphiphile
1,y has the same number and approximate tail length as Lipid
A, the molecular volumes of the two should be similar. To
determine if amphiphile 1,, possesses a molecular area
comparable to Lipid A, and thus a comparable packing
parameter, we characterized their interfacial molecular areas
by measuring Langmuir isotherms at air/water interfaces. A
comparison of the isotherms of these two species (Figure 2B)
reveals the mean molecular area of 1,4 and Lipid A to be ~175
and ~150 A% respectively, suggesting that like Lipid A,
amphiphile 1, can assume a packing geometry consistent with
formation of inverted self-associated nanostructures. We note
here, however, that there are also some significant differences
between the two isotherms in Figure 2B, including evidence of
phase transitions at intermediate surface pressures for Lipid A
that are not apparent for amphiphile 1,
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To explore other potential similarities in the fundamental
self-assembly behaviors of amphiphile 1,, and Lipid A that
could provide insight into the results described above, we used
small-angle X-ray scattering (SAXS) to characterize the
nanostructures formed by these amphiphiles in bulk solution
(i.e, in water or aqueous buffer, and not in the presence of LC
droplets). Pure amphiphile 1,, did not form lyotropic liquid
crystalline phases in water or in phosphate-buffered saline that
we could observe by SAXS. We note, however, that Lipid A
possesses negatively charged phosphate functionality in its
headgroup (Figure 1A) that is expected to influence self-
assembly. Acidification of solutions of amphiphile 1, (0.133 wt
% in 1.0 M aqueous H,SO,) to protonate the amines in the
headgroup and promote formation of a multitailed, cationic
analogue of Lipid A led to the immediate precipitation of
lyotropic liquid crystalline particles. SAXS profiles for
amphiphile 1,, exhibited an unusual peak pattern under these
conditions, including four high intensity peaks located at q*\/ 3
7*V/4, ¢%1/5, and g*1/6 (where g* = 0.1258 A™") (Figure 3).
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Figure 3. SAXS patterns for amphiphile 1,, (upper) and amphiphile 14
(lower) in 1 M aqueous H,SO, at 22 °C. Peak markers correspond to
positions of expected reflections for a cubic morphology with P4,32
symmetry with unit cell dimension d = 50 A (g* = 0.126 A™").

These scattering maxima are tentatively ascribed to the (111),
(200), (210), and (211) reflections of a micellar cubic phase
with P4,32 symmetry (space group #208) with a unit cell
dimension d = 50 A. The persistence of this lyotropic phase in
the presence of excess acid solution strongly suggests that
amphiphile 1, forms an inverse phase. This result is similar in
some important ways to the previously reported lyotropic
liquid crystalline phase behavior of Lipid A, which also forms
inverse cubic phases at high water content.”"*****° We note in
this context that past SAXS studies have investigated the bulk
solution phase behaviors of Lipid A using conditions different
from the strongly acidic conditions used here,”"*” and that
more explicit comparisons between the self-assembly behaviors
of Lipid A and amphiphile 1,, should thus be made with
caution. Nevertheless, the results shown in Figure 3
demonstrate that amphiphile 1,, can form inverse phases in
aqueous solution, and provide support for the proposition that
amphiphile 1,,, like Lipid A, can trigger transitions of LC
droplets at ultralow concentrations via the formation of
inverted nanostructures at defects in the LC droplets.
Experiments performed using amphiphiles 1¢, 1g, 1,5, and 14
revealed the impact of tail length on the interfacial behavior of
this class of six-tailed amphiphiles at aqueous/LC interfaces. As
shown in Figure 4A, amphiphiles 13 and 1, possessing
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Figure 4. (A) Percentage of LC droplets transformed as a function of
amphiphile tail length using amphiphiles 1,—1,5 ([1] = 500 pg/mL).
(B) Percentage of LC droplets transformed in solutions of amphiphile
150 (black) or Lipid A (gray) in the presence or absence of FeSO,,
CuSO,, or MnCl, ([M**] = 1 mM, [1,] = 500 pg/mL).

aliphatic tails 8 and 12 carbons in length, were also able to
trigger LC droplets (at concentrations of S00 pg/mL). In
contrast, species with tails 6 or 16 carbons in length (14 and
1,5) did not. The apparent insensitivity of LC droplets to the
presence of amphiphile 14 is likely a result of the sparing water
solubility of this amphiphile under the conditions used here.
We speculate that the inability of amphiphile 14 to trigger
ordering transitions in LC droplets arises from the influence of
its shorter tail length on self-assembly. Langmuir isotherms
revealed molecular areas at air/water interfaces to decrease
significantly with decreasing tail length (from ~175 A* for
amphiphile 1,5 to ~105 A* for amphiphile 1¢; see Figure S2).
In addition, SAXS characterization of amphiphile 14 in 1.0 M
H,SO, indicates that it does not self-assemble into the inverse
cubic lyotropic phase observed with amphiphile 1,, (Figure 3)
under the conditions investigated here. Our results suggest that
a critical amphiphile tail length is required to drive self-
assembly into nanostructures that trigger ordering transitions in
LC droplets.

Amphiphiles 1g, 1,,, and 1,, mimic the ability of Lipid A to
trigger ordering transitions in LC droplets at exceedingly low
concentrations. We note, however, that these amphiphiles have
a headgroup functionality that differs substantially from the
disaccharide-based headgroup of Lipid A, and that could endow
these synthetic structures with the potential to respond to
environmental stimuli in ways that Lipid A does not (e.g., to
changes in pH or the chelation of multivalent metal ions, etc.).
To explore the potential utility of this new structural feature, we
performed a final series of proof-of-concept experiments to
determine whether the ability of amphiphile 1,y to trigger
configurational transitions in LC droplets could be modulated
by the presence of divalent metal ions in the aqueous phase
(using flow cytometry to quantify changes in droplet
configurations, as described above). As shown in Figure 4B
(gray bars), the responses of LC droplets to Lipid A remained
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insensitive to the addition of three divalent metal ions (Fe?*,
Cu®*, Mn*"; [M*'] = 1 mM, [1,0] = 500 pg/mL; pH = 7.2)
under these conditions. However, as shown in Figure 4B (black
bars), the responses of LC droplets to amphiphile 1,, were
strongly suppressed (to extents that varied with the identity of
the metal ion used). This stimuli-responsive behavior is
consistent with chelation of the metal ions by the polyamine
headgroup of 1,, and subsequent associated changes in self-
assembly. Additional studies will be necessary to characterize
the sensitivity of these six-tailed amphiphiles to the presence of
ions and understand their impacts on self-assembly and the
apparent selectivity (e.g., Fe?* relative to Cu** or Mn**) shown
in Figure 4B. The results of these initial experiments, however,
suggest potential opportunities to use amphiphile 1,, in
combination with LC droplets to report the presence of
specific ions in aqueous environments. More broadly, the
nature of the polyamine headgroup in these synthetic
amphiphiles could also enable the design of amphiphile/LC
droplet systems that respond to changes in a broader range of
environmental stimuli (pH, ionic strength, etc.).

B SUMMARY AND CONCLUSIONS

In summary, the synthetic amphiphiles reported here mimic
key features of the structure, interfacial behaviors, and self-
assembly of Lipid A and provide insight into the origins of the
ultrasensitive response of LC droplets to Lipid A. We anticipate
that the materials and guiding principles reported here will
enable the design of colloidal LC droplet systems that respond
with exquisite sensitivity to chemical and biological stimuli and
open the door to new applications of this emerging class of
responsive soft matter.
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