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Abstract

The ordering of liquid crystals (LCs) is known to be influenced by surfaces and contaminants.
Here, we report that picogram per milliliter concentrations of endotoxin in water trigger ordering
transitions in micrometer-size LC droplets. The ordering transitions, which occur at surface
concentrations of endotoxin that are less than 10−5 Langmuir, are not due to adsorbate-induced
changes in the interfacial energy of the LC. The sensitivity of the LC to endotoxin was measured
to change by six orders of magnitude with the geometry of the LC (droplet versus slab),
supporting the hypothesis that interactions of endotoxin with topological defects in the LC mediate
the response of the droplets. The LC ordering transitions depend strongly on glycophospholipid
structure and provide new designs for responsive soft matter.

The functional properties of inorganic and organic materials have been manipulated through
the deliberate introduction of defects and grain boundaries, as well as through the
partitioning of low concentrations of dopant species to these localized regions of the
materials (1–4). For soft materials, such as liquid crystals (LCs), geometrical confinement
within micrometer-sized systems has been shown to lead to the formation of a range of
thermodynamically stable defects with nanoscopic dimensions and varied topologies (points,
lines, rings) (5–11). In this paper, we report that confinement of LCs within micrometer-
sized droplets dispersed in water can lead to ordering transitions in the LC droplets that are
highly specific and sensitive to a particular bacterial glycophospholipid. These ordering
transitions occur at concentrations of lipid that are six orders of magnitude lower than
previously reported adsorbate-driven ordering transitions in LC systems (10–13).

Endotoxin is a bacterial lipopolysaccharide comprised of a glycophospholipid (called lipid
A) (Fig. 1A) in addition to two polysaccharide domains. Lipid A has six tails, and thus it is
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structurally distinct from all other lipids (14). We investigated the interactions of endotoxin
from Escherichia coli, the lipid A portion of endotoxin, and the other phospholipids and
surfactants shown in Fig. 1, B to D, with micrometer-sized droplets of nematic LC [4′-
pentyl-4-cyanobiphenyl (5CB)] (Fig. 1E) that were dispersed initially in endotoxin-free
water (15). In the absence of endotoxin, bright-field (Fig. 1F) and polarized light
micrographs (Fig. 1G) revealed the presence of two point defects (surface defects, called
boojums) located at the “poles” of the LC droplets, corresponding to a so-called bipolar
configuration of the droplet where the LC assumes a tangential orientation at the droplet
surface (Fig. 1H) (5). After the addition of endotoxin to the water at a concentration of 1 μg/
ml, both bright-field (Fig. 1I) and polarized light imaging (Fig. 1J) revealed a reordering of
the LC within the droplet to a so-called radial configuration, corresponding to a single defect
located at the droplet center and LC oriented perpendicular to the droplet surface (Fig. 1K)
(5). Upon measuring the fraction of LC droplets within a solution of endotoxin that
exhibited the radial configuration (Fig. 1L), we found that remarkably low concentrations of
endotoxin (<1 pg/ml) trigger the ordering transition. Consistent with our conclusion that the
interaction of the LC droplets and endotoxin was responsible for the ordering transition, the
fraction of LC droplets in the radial configuration increased with the concentration of
endotoxin (Fig. 1L). The response of the LC droplets to endotoxin was dependent on the
total number of LC droplets in solution, allowing the ordering transition to be tuned over a
range of endotoxin concentrations (e.g., 1 to 10 pg/ml or 1 to 100 pg/ml) (Fig. 1L). The lipid
A portion of endotoxin caused similar ordering transitions in the LC droplets.

The simplest continuum description of the ordering of LCs within droplets considers the free
energy, F, of each droplet to be influenced by an orientation-dependent surface free energy

and an elastic strain free energy, namely , where W is the so-called
surface anchoring energy per unit area, A is the surface area of the droplet, K is the elastic
modulus for strain of the LC (16), n is the director of the LC (16), and V is the volume of the
LC droplet (5, 8, 10, 11). Past studies have demonstrated that lipids and synthetic surfactants
can induce ordering transitions at aqueous-LC interfaces through a mechanism that involves
an adsorbate-induced change in W (12, 13, 17). However, to change W to induce an
ordering transition requires near saturation coverage of the interface by the adsorbate (0.1 to
1 Langmuir), typically corresponding to solution concentrations of lipids of at least ~10 μg/
ml (10–13, 18). Consistent with a mechanism involving changes in W, we observed that
double-tailed lipids such as 1,2-dilauroyl-sn-glycero-3-phosphatidylcholine (DLPC) and 1,2-
dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) (Fig. 1, B and C) and single-tailed
synthetic surfactants such as sodium dodecylsulfate (SDS) (Fig. 1D) induced ordering
transitions in the LC droplets only at concentrations greater than 10 μg/ml (Fig. 2A). These
results contrast to lipid A where ordering transitions are induced in the LC droplets at
concentrations of lipid A that are at least six orders of magnitude lower (picograms per
milliliter). We calculated that if all of the endotoxin in 40 μL of a 1 pg/ml solution adsorbed
uniformly over the aqueous-LC interface of ~104 LC droplets (radius 3 μm) in one of our
experiments (Fig. 1L), the interfacial density of endotoxin would be ~1 molecule/106 nm2 or
~10−5 of saturation monolayer coverage (~10−5 Langmuir) (19). In contrast, the double-
tailed lipids mentioned above (Fig. 1, B and C) trigger ordering transitions at interfacial
concentrations that correspond to ~1 molecule/0.6 nm2 (saturation coverage is ~1 molecule/
0.4 nm2). This pronounced difference in surface density of lipid (5 to 6 orders of magnitude)
required to trigger ordering transitions within LC droplets led us to propose that, at pg/ml
concentrations, endotoxin and lipid A do not trigger ordering transitions in the LC droplets
through changes in W (as is the case for DLPC and DOPC) but instead trigger the ordering
transitions through interaction with localized regions of the LC droplets. We hypothesized
that the local regions of interaction were defined by the defects in the LC (Fig. 1, H and K).
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Past studies have established that nematic LCs, when confined in certain geometries, cannot
satisfy the boundary conditions of the system through continuous strain (splay, bend, and
twist) of the LC (5, 7, 8, 10, 11). Instead, the LC satisfies the boundary conditions through
the generation of nanoscopic regions within which the molecules comprising the LC possess
low levels of orientational order, namely, defects such as the point defects shown in Fig. 1,
H and K. We tested the role of defects in the LC ordering transitions induced by endotoxin
and lipid A by changing the geometry of the LC system. First, we measured ordering
transitions induced by spontaneous adsorption of endotoxin or lipid A at planar interfaces of
LC that lack the defects generated by the spherical geometry of the droplets. At these planar
interfaces, neither lipid A nor endotoxin triggered an ordering transition in the LC until the
concentration exceeded ~1 μg/mL (fig. S1) (12, 15, 20, 21). Second, we formed Langmuir
monolayers of lipid A of known density at the surface of water and transferred the lipid A
monolayers onto planar aqueous-LC interfaces using the Langmuir-Schaefer transfer method
(as illustrated in Fig. 2B) (13, 15). These measurements revealed that a surface
concentration of lipid A of ~1 molecule/1.15 nm2 was required to cause an ordering
transition at the planar LC interface (Fig. 2C), a surface concentration that is six orders of
magnitude greater than the surface concentration driving the ordering transition of the LC
droplets. These observations, when combined with the results reported above, support our
hypothesis that endotoxin and lipid A trigger ordering transitions in micrometer-sized LC
droplets through interaction with defects in the LC that are induced by the spherical
geometry of the LC droplets.

To provide further insight into the interaction of endotoxin with the defects of the LC
droplets, we performed confocal fluorescence microscopy using boron dipyrromethene
(BODIPY)–labeled endotoxin (Fig. 3A) (15). These measurements confirmed that endotoxin
was localized at the point defect formed at the center of each LC droplet with a radial
configuration. Interestingly, after deliberate photobleaching of the BODIPY-labeled
endotoxin at the point defect, we measured a time-dependent recovery of the fluorescence
(Fig. 3B), indicating an exchange of lipid between the center and surface of the droplet that
occurred over tens of seconds. We also heated an emulsion of 5CB free of endotoxin above
the clearing temperature of the nematic phase (Tiso = 35°C; experiments were performed at
50°C), added 10 pg/mL of endotoxin, and then cooled the sample through the isotropic-to-
nematic phase transition. We measured the characteristic time interval between the
formation of the nematic phase during cooling and the establishment of radial ordering (Fig.
3C) (22, 23). The time interval was found to scale with the square of the droplet radius,
consistent with a physical process underlying the ordering transition that involved diffusion
of the lipid. We calculated the time for diffusion of lipid across the surface of the LC droplet
(calculated as t1 = LA

2/4Ds, where LA corresponds to πR/2, the distance along the surface
from the equator to the pole) to be in good agreement with the data in Fig. 3C [using Ds ~ 10
× 10−12 m2/s (12)]. The surface diffusion time for a droplet with a radius of 3 μm was
calculated to be ~0.6 s; the experimentally measured characteristic time was ~1 s (Fig. 3C)
(22, 23). This result suggests a physical process in which the dynamics of the ordering
transition induced by endotoxin are governed by the lateral transport of endotoxin across the
surface of the LC droplet, a process that would be necessary to localize endotoxin at surface
defects (boojums) to initiate the ordering transition. We note that past studies have reported
observations of the localization of inorganic colloids at defects generated in LC systems (24,
25), including stabilization of blue phases (26). We also observed 10 pg/ml of endotoxin to
trigger the ordering transition from the bipolar to the radial configuration through a kinetic
pathway that was distinct from that observed during the surface-driven ordering transitions
caused by DLPC, SDS, lecithins and concentrations of endotoxin (50 μg/ml) that were
sufficient to saturate the LC interface (10, 11, 27). The distinct kinetic pathway triggered by
10 pg/ml of endotoxin provides further support for our conclusion that the ordering
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transitions at low concentrations of endotoxin are not caused by changes in surface
anchoring energy (W ).

In summary, our experiments establish that the effect of endotoxin at concentrations of ~1
pg/ml on the surface anchoring energy of LCs is negligible; ordering transitions in LC
droplets driven by changes in surface anchoring energy require six orders of magnitude
higher surface concentrations of lipid than are present in our experiments with endotoxin.
Furthermore, we do not expect the endotoxin to change the elastic moduli of the LC and thus
drive the ordering transition through a lowering of the elastic energy. Instead, the
experimental results reported in this paper are consistent with the proposition that the
ordering transitions in micrometer-sized LC droplets are driven by the interactions of
endotoxin with topological defects induced by the geometry of the LC droplets. Our
observation that the ordering transitions of the LC droplets are specific to the lipid structure
of endotoxin suggests that endotoxin may be forming organized assemblies within the cores
of the defects to change the defect energies to favor stabilization of the radial configuration
over the bipolar structure. In comparison with previously reported ordering transitions
involving planar LC films, we find that endotoxin-driven ordering transitions in LC droplets
are ~106 times more sensitive. This sensitivity and structure-based selectivity of ordering
transitions in LC droplets suggests new principles for the design of responsive LC systems,
particularly for the design of sensors that respond to targeted biological analytes (28, 29).
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Fig. 1.
(A) Lipid A portion of endotoxin. (B) DLPC. (C) DOPC. (D) SDS. (E) 5CB. (F and G)
Bright-field (F) and polarized light (G, crossed-polars) micrographs of an LC droplet in
endotoxin-free water (15). The red arrows indicate boojums at the aqueous-LC interface of
the droplet. (H) Schematic illustration of the bipolar configuration of the LC droplet
corresponding to (F) and (G). (I and J) Bright-field (I) and polarized light (J, crossed-polars)
micrographs of an LC droplet after exposure to endotoxin from E. coli (O127:B8; 1 μg/mL)
in water. (K) Schematic illustration of the radial configuration of the LC droplet
corresponding to (I) and (J). (L) Percentage of 8300 LC droplets in 40 μL of water that
exhibited a radial configuration, plotted as a function of endotoxin concentration. The inset
shows the response of the LC droplets when 94,000 droplets were used. The LC-in-water
emulsion droplets (diameters of ~4 to 8 μm) were prepared by sonication of nematic 5CB in
water that was free of endotoxin (15). The droplet numbers were determined using flow
cytometry (15). Endotoxin concentrations were validated using an independently
experiments, and n indicates the total number of LC emulsion droplets that were analyzed.
Scale bars, 5 μm.
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Fig. 2.
(A) Bulk concentrations of lipids or surfactants in solution (40 μL) required to cause at least
50% of 8300 LC droplets added to each solution to adopt a radial configuration. (B)
Schematic illustration of the experimental apparatus used to transfer Langmuir monolayers
of lipid A at prescribed surface densities from an air-water interface onto a planar aqueous-
LC interface (13). In brief, micrometer-thick films of nematic 5CB (with planar interfaces)
were prepared within the pores of Au grids supported on glass slides treated with
octadecyltrichlorosilane (to cause perpendicular ordering of the LC). The supported LC was
then immersed downward through the lipid A monolayer at the surface of the water (15) to
transfer the monolayer onto the planar aqueous-LC interface. (C) Surface pressure-area
isotherm measured for a Langmuir monolayer of lipid A and the optical appearance
(between crossed polars) of films of 5CB with planar interfaces (hosted within the metallic
grids) after transfer of Langmuir films of lipid A at the indicated interfacial density onto the
5CB-aqueous interface [see (B) for details]. The control corresponds to LC passed into
endotoxin-free water. The bright optical appearance of the control indicates an orientation of
the LC that is parallel to the aqueous-LC interface. The optical appearance of the sample
prepared at an area per molecule of lipid A of 148 Å2/molecule indicates a tilted state of the
LC. The dark optical appearance of the sample prepared at 115 Å2/molecule indicates a
perpendicular orientation of the LC at the aqueous interface. Scale bars, 300 μm.
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Fig. 3.
(A) Confocal fluorescent micrograph of an LC droplet in contact with a solution of
BODIPY-labeled endotoxin. The point defect at the center of the droplet with a radial
configuration exhibits a strong fluorescence signal. The concentration of endotoxin in
solution was 20 μg/ml in order to achieve a sufficient signal intensity to image the droplets.
Imaging was performed using an argon laser at an excitation wavelength of 488, and the
detector collected the emission with wavelengths from 499 nm to 634 nm (15). Scale bar, 5
μm. (B) Photobleaching of the BODIPY-labeled endotoxin at the center of the LC droplet.
The upper panel shows the intensity of the excitation laser, and the lower panel shows the
corresponding fluorescence intensity. Loss of fluorescence signal is apparent during the
periods of sample illumination (e.g., 0 to 230 s), and recovery of fluorescence is apparent in
the periods of time when the laser incident on the sample was blocked (e.g., 230 to 350 s);
A.U. indicates arbitrary units. The incident light intensity is indicated as a fraction of the
maximum laser power. (C) Time taken for LC droplets to exhibit radial ordering after a
thermal quench from the isotropic to nematic phase, plotted as a function of the droplet
radius. The experiment was performed with 21,500 LC droplets dispersed in 100 μL of
solution containing 10 pg/mL endotoxin. The line shown in the figure has a slope of 2.
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