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Abstract

Topological defects in liquid crystals (LCs) have been widely used to organize colloidal
dispersions and template polymerization, leading to a range of assemblies, elastomers and gels.
However, little is understood about molecular-level assembly processes within defects. Here, we
report that nanoscopic environments defined by LC topological defects can selectively trigger
processes of molecular self-assembly. By using fluorescence microscopy, cryogenic transmission
electron microscopy and super-resolution optical microscopy, we observed signatures of
molecular self-assembly of amphiphilic molecules in topological defects, including cooperativity,
reversibility and controlled growth. We also show that nanoscopic o-rings synthesized from
Saturn-ring disclinations and other molecular assemblies templated by defects can be preserved
by using photocrosslinkable amphiphiles. Our results reveal that, in analogy to other classes

of macromolecular templates such as polymer-surfactant complexes, topological defects in LCs
are a versatile class of three-dimensional, dynamic and reconfigurable templates that can direct
processes of molecular self-assembly.
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The presence of structural and dynamical heterogeneity within both hard and soft materials
has profound effects on mechanical®-2, thermal2= and optical properties*>. Within soft
matter systems comprising liquid crystals (LCs), for example, topological defects have been
shown to direct the assembly of metallic nanoparticles into chains with unusual plasmonic
properties®’, to lead to the gelation of colloidal dispersions®® or, in defect-rich phases
such as so-called blue phases, to permit the synthesis of responsive optical elastomers

via polymerization19-12_ Although the promise of defect-directed LC materials on the
meso-scale is illustrated by these prior studies, the possibility of using the nanoscopic
environments created by defects within LCs to direct the reversible formation of well-
defined assemblies of molecules has not been explored. We hypothesized that selective
formation of molecular assemblies within the nanoscopic cores of defects may be possible
because the ordering of the mesogens within singular defects is diminished relative to the
bulk LC and thus the physical properties of defects are distinct from the bulk material.

The spontaneous self-assembly of molecules into nanoscopic structures has been employed
to realize a diverse range of bulk and interfacial properties of soft materials13-15. A
signature of molecular self-assembly is “cooperative” self-association, which arises because
thermodynamic stabilization of the assembled structure requires participation of a threshold
number of building blocks3. In addition, self-assembly is characterized by reversibility
(leading to high levels of perfection) and formation of nanostructures of well-defined size
(in contrast to uncontrolled aggregation or phase separation processes). More recently,
hierarchical self-assembly3:14, involving self-association on multiple length-scales, as well
as directed self-assembly3:15 employing external constraints (e.g., fields or chemical
templates) to guide assembly pathways, have been explored to achieve multilevel control

of the organization (e.g., spatial control) of self-assembled systems. In this paper, we report
the discovery that processes of molecular self-assembly can be triggered and directed by the
local environments of topological defects formed in thermotropic LCs, thus unmasking the
basis of a broad and versatile new class of three-dimensional templates for the design of
self-assembled molecular materials.

The molecules (mesogens) within the bulk of a nematic LC exhibit long-range orientational
order, which is typically characterized by the so-called director (the average orientation of
the molecules within a small volume of the LC). Topological defects form in LCs when
internal constraints (e.g., the presence of chiral dopants leading to blue phases) or external
boundary conditions (e.g., the anchoring of LC on the internal surface of a cavity) cannot
be satisfied by continuous strain of the LC director via bend, twist or splayl. The sizes and
shapes of topological defects formed within LCs can range from points to walls to lines,

all of which can be precisely generated in three-dimensions in a predictable manner and
also manipulated using external fields6. For example, and of particular relevance to the
study reported in this paper, singular line defects (disclinations) can form near the equator
of solid particles that anchor a nematic LC in a perpendicular (homeotropic) orientation
(the line defect resembles a “Saturn-ring”17), or knotted and kinked line defects can be
formed around particles in chiral nematic phases819. The orientational order of mesogens
within a LC gradually decreases when moving from the bulk of a LC to the core of a
singular topological defect, leading to local changes in the physical properties of the LC.
The diameter of the core region of a singular defect in a nematic LC, within which the free

Nat Mater. Author manuscript; available in PMC 2022 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 3

energy density is higher than the bulk LC20, can be estimated as @, ~(K/¢)Y/2, where K is

the elastic constant of the LC and e is the free energy of disordering the nematic phase. A
typical value for dis ~ 10 nm. More detailed and complete descriptions of defects, based on
the tensorial order parameter, @j; describe the continuous change in the orientational order
of mesogens between the core of the defect and the bulk of the LC?L. Experiments described
below reveal that the characteristic disorder of mesogens within the nanoscopic cores

of topological defects in LCs can guide processes of molecular self-assembly involving
amphiphiles, and that the defects do so in a manner that is strongly analogous to cooperative
association of amphiphiles in other broad classes of complex fluids (e.g., aqueous solution of
amphiphiles and associative polymers22-28), Because LC defects can be formed reversibly,
can be manipulated with external fields, and can exhibit a wide-range of complex topologies,
the results in this paper reveal a new and versatile class of templates for the synthesis of
self-assembled molecular structures.

Formation of defects in liquid crystals

Singular disclinations of strength —1/2 (line defects) were generated by dispersing silica
microparticles (diameters of 68 + 4 um, treated with octyltrichlorosilane (OTS) to cause
perpendicular anchoring of nematic LCs) in an isotropic phase of 4-cyano-4’-pentylbiphenyl
(5CB) that contained a predetermined concentration of an amphiphile. This mixture was
confined between two polyimide-coated glass slides that were rubbed and oriented so as to
induce a 90° twist within the 5CB when cooled into the nematic phase. The twist within
the LC, when combined with the perpendicular orientation of the LC on the surfaces of
the microparticles, generated —1/2 line defects around and between the silica particles’8,
as shown in Fig. 1a and b. Our initial observations were based on regions of the defect
lines that were located between the colloids (see box in Fig. 1b). We used amphiphiles
labeled with dipyrrometheneboron difluoride (BODIPY) in our initial experiments because
the fluorescence emission of BODIPY-labeled amphiphiles changes upon self-association
of the amphiphiles?®. As detailed in the Supplementary Information, excitation at 457—
502 nm and quantification of emission at 510-562 nm permitted imaging of monomeric
(singly dispersed) BODIPY amphiphiles in the 5CB, whereas excitation at 533-584 nm
and emission at 606—-684 nm yields a strong signal from self-assembled amphiphiles (so-
called dimer signal; see below for additional discussion). We note that light emitted by
monomers is absorbed negligibly by dimers in our system due to the low concentrations
of dimers (see Supplementary Information). For the measurements reported in this paper,
we confirmed that the fluorescence intensity was linearly proportional to both exposure
time and concentration of BODIPY in the absence of self-association (Supplementary
Information and Fig. S3).

Cooperative self-association of amphiphiles in LC defects

First, we characterized the interaction of BODIPY alone (not conjugated to an amphiphile)
with a —1/2 line defect in nematic 5CB. The line defect was readily located using bright
field optical imaging, as shown in Fig. 2a. Inspection of Fig. 2b and c reveals, however, no
measurable difference between the fluorescence intensity of the defect and the bulk of the
nematic phase (under both imaging conditions mentioned above), a result that we confirmed
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over a wide range of BODIPY concentrations (10 — 950 uM; Fig. S3). This result indicates
that BODIPY alone does not measurably partition to the defect relative to the bulk LC,
which is in striking contrast to the behavior of the amphiphiles reported below.

Next, we imaged amphiphiles comprised of fatty acids (with various chain lengths; C5 to
C16) conjugated to BODIPY that were dissolved into nematic LC containing —1/2 line
defects. We focus here on the results obtained using BODIPY-C5 (Fig. 1c), as an example
that is representative of all BODIPY conjugates of fatty acids used in this study. For
concentrations of BODIPY-C5 up to 57 uM (see Supplementary Information), independent
of the excitation/emission wavelengths used for imaging (see above), we measured no
difference between the fluorescence intensity of the —1/2 defects and bulk LC (similar to
BODIPY only, see Fig. 2a—c). When the concentration of BODIPY-C5 was 59 UM or higher,
however, the fluorescence from dimeric (Fig. 2f) but not monomeric BODIPY-C5 (Fig. 2e)
was more intense in the defect relative to the bulk of the LC. Furthermore, quantification of
the fluorescence intensity revealed a clear break in a plot of BODIPY dimer fluorescence
versus concentration (Fig. 2h) at 59 uM. We note that the apparent non-zero dimer
fluorescence intensity measured in the bulk LC above and below 59 uM is a background
signal generated by monomers (due to overlap of the absorption/emission bands; see
Supplementary Information). Overall, the results above hint that BODIPY-C5, above a
threshold concentration (critical assembly concentration (CAC)) of 59 UM, associates within
the local environment of the defect while remaining singly dispersed in the bulk of the

LC. As shown in Fig. 2h, similar behaviors were observed for BODIPY-C12 and BODIPY-
C16, with the difference that the CAC of each amphiphile (corresponding to the onset

of self-association in the defect) was observed to decrease with increase in tail length.
Because the spatial resolution of the images in Fig. 2a—f is limited by the diffraction of light,
we also used super-resolution optical microscopy (STORM) to image ATTO 488-labeled
amphiphiles in the —1/2 defects. These studies revealed molecular assemblies with apparent
widths less than 80 nm (see Methods for details), although motion of the defect during
imaging contributed to this apparent size (see below for cryogenic transmission electron
micrographs (cryo-TEM) that reveal the mean diameters of the assemblies to be 28 nm). We
comment here also that the formation of amphiphilic assemblies in —1/2 defect lines did not
lead to measurable changes in the orientations of the LC in the surrounding sample.

Controlled growth of molecular assemblies in LC defects

The above-described observation of a chain-length-dependent CAC is consistent with the
self-assembly of amphiphiles within the LC defects under conditions during which the
amphiphiles remain singly dispersed in the bulk LC. We emphasize that this physical
phenomenon contrasts to past reports of the partitioning of preformed particles/polymers
from bulk LCs into defects30-37, where the particles/polymers were present within both
the bulk LC and defect. To provide additional support for our proposal that amphiphilic
assemblies are forming selectively within the nanoscopic environment of the LC defects
(and not in the bulk), we examined the state of dispersion of the BODIPY-labeled
amphiphiles in the bulk LC over a wide range of concentrations. The results in Fig. 3a
confirm that the fluorescence intensity of each BODIPY-fatty acid in bulk LC increased
linearly (without any sign of a “break” in the dimer signal) up to 950 uM (a concentration
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that is at least an order of magnitude higher than the CAC of each amphiphile within
the —1/2 LC defect). This result provides further support for our conclusion that the self-
assembly of the amphiphiles is triggered by the environment of the LC defects.

As noted above, processes of molecular self-assembly are distinguished from aggregation
and bulk phase separation by the controlled growth of the assemblies after the onset of
self-association (in contrast, a bulk phase separation continues until macroscopic segregation
has taken place). To this end, we characterized the self-association of BODIPY-labeled
amphiphiles in LC defects at concentrations that exceeded the CACs reported above.
Inspection of Fig. 3b reveals that the fluorescence generated by amphiphiles assembled
within a —1/2 line defect increased steeply up to a threshold concentration above which the
rate of change of the fluorescence intensity greatly diminished, a signature that is consistent
with a controlled mode of growth. We also note that the threshold concentration at which
the initial growth rate ceased was observed to decrease with increase in the amphiphile

tail length (see inset in Fig. 3b). Further evidence of formation of controlled assemblies
was obtained by using cryo-TEM. In these experiments, we used blue phase LCs to obtain
a sufficiently high density of —1/2 disclination lines to allow imaging by cryo-TEM (see
Methods). Fig. 3¢ shows an electron micrograph of an amphiphilic assembly formed by

the phospholipid PC-C12 (see Fig. 1 for the structure of PC-C12). The mean diameter of
the assembly was measured to be 28 + 4 nm (see Fig. 3d for a histogram of diameters),
corresponding to the thickness of approximately 9 lipid bilayers38 (see below for additional
discussion of the internal organization of these assemblies). In contrast, the past reports

of the partitioning of preformed particles/polymer to defects have described uncontrolled
growth of aggregates into the micrometer to millimeter size range2%-36,

Thermodynamics of molecular self-assembly in LC defects

Overall, three key results reported above — namely (i) the observation of chain-length-
dependent CACs of amphiphiles in defects, (ii) the absence of self-association of
amphiphiles in bulk LC, and (iii) formation of assemblies of controlled size in defects —
support our conclusion that defects in LCs can trigger amphiphiles to form self-assembled
nanostructures. These key signatures of self-assembly were also observed for a range of
other phospholipids with varying head groups and aliphatic tail lengths (see Fig. 1d for
molecular structures of the phospholipids; see Methods for details), revealing the generality
of the phenomenon. For all of these amphiphiles, we calculated the change in standard free
energy accompanying the transfer of one amphiphile from a monomeric (singly-dispersed)
state in the bulk LC phase to the assembled state within the environment of the LC defect
using AG1? = kg T/ICAC3? (see Supplementary Information). As shown in Fig. 4, AG/°
calculated as a function of the amphiphile tail length from measured values of the CAC
yielded a linear relationship. Specifically, the slope of the plot reveals that the driving
forces for self-association of the amphiphiles within the defects increased by 0.13 kgT per
methylene unit of the tail. The intercepts of the best-fit lines for the distinct families of
amphiphiles (Fig. 4) reveal that the head groups (e.g., zwitterionic versus non-ionic) also
contribute to the standard free energy of self-association in the defects (see also inset in Fig.
4).
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The results shown in Fig. 4 are strikingly similar to past studies of the self-assembly of
amphiphiles in aqueous solutions, where the driving force for self-assembly also increases
in proportion to the tail length of the amphiphile?C. Quantitatively, however, the contribution
of the tails to the driving force leading to self-assembly in LC defects (0.13 kgT/methylene)
is weaker than that for aqueous solutions (around 0.69 kg T/methylene 49). In aqueous
solutions, the driving force is largely entropic in origin, arising from the release of structured
water around the hydrocarbon chains of amphiphiles upon their self-association. Because

a nematic LC is also a structured solvent, we hypothesized that the self-assembly of
amphiphiles in LC defects may also be largely entropically driven. Specifically, for low
molecular weight mesogens with flexible alkyl tails, it is known that the conformational
degrees of freedom of the alkyl chains increase during a phase transition from a nematic

to an isotropic state. The gain in conformational entropy is estimated to be ~ 0.18 kgT/
methylene*!, which is comparable in magnitude to the tail length-dependent contribution
that we estimate from our experiments (0.13 kgT/methylene, Fig. 4). We note, however, that
the tails of the amphiphiles within lipid assemblies must also satisfy packing constraints*2.
In addition, the formation of the lipid assembly within the core of the defect results in

the transfer of mesogens from the disordered core to the bulk LC. We estimate this “core
displacement” contribution to be 0.04 kg T/methylene of the amphiphile tail, or 10° kgT per
10 nm length of the assembly formed in the LC defect (see Supplementary Information).

Our observations of cooperative self-assembly of amphiphiles within the nanoscopic
environments of LC defects reveal striking similarities to the self-association of amphiphiles
with polymers in aqueous solvents (such as hydrophobically-modified polymers)24-28,
When surfactant molecules are introduced into an aqueous solution of an associating
polymer (e.g., with hydrophobic side-chains), the surfactants bind cooperatively to the
polymer to form mixed micelles, resulting in a CAC that is lower than the CAC of surfactant
alone?2-28_ In our LC system, the defects assume a role that is analogous to an associative
polymer, and cooperative association of amphiphiles within LC defects is driven by the

free energy gain associated with simultaneous formation of an amphiphilic assembly and
elimination of the high free energy cores of the LC defects (see above). We hypothesized
that a classical model of cooperative self-assembly of amphiphiles with polymers would also
describe the essential change in the concentration-dependent monomer and dimer signals
shown in Figure 4a and b (see Supplementary Information)*3-45, According to this model,
the concentrations of amphiphiles in singly dispersed and assembled states are related by:

m o galXa)  ka X115
UM Lk X1

[Xrorarl = [X1] + [Xaefecr) = [X11+ ),

where g [.X/] is the concentration of amphiphiles self-assembled in the defects, &y,

are the intrinsic equilibrium constants characterizing self-assembly of the amphiphiles

in the defects, and [ Xy, [X7] and [ Xgerecd are the concentrations of all amphiphiles,
singly dispersed amphiphiles, and assembled amphiphiles, respectively (see Supplementary
Information for detailed derivations, and discussion of [.X], gyand k). As shown by

the red curve in Fig. 3e, this simple model predicts a linear increase in [.X7] with [ Xoza/,
consistent with our experimental observations. Furthermore, as shown by the blue curve in
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Fig. 3e, the model predicts the increase of [ Xgerac above the CAC until the defects become
saturated. We also note that in aqueous solutions of associating polymers, amphiphiles
typically exhibit a second CAC corresponding to the onset of association of polymer-free
amphiphiles?2-28, Consistent with this observation, by using lipids with sufficiently long
tails (e.g., BODIPY-DHPE, Fig. 1c), we also observed amphiphiles to exhibit a first CAC in
the defects and a second CAC in the bulk LC (see Fig. 2i and Supplementary Information).

Polymerization of molecular assemblies in LC defects

Topological defects are a particularly promising class of templates for directing the self-
assembly of amphiphiles because they can be formed with remarkable precision and
complexity, and because they can be formed reversibly. For example, Fig. 5a—e show the
formation and erasure of a —1/2 line defect near the equator of a microparticle dispersed

in a nematic LC (a “Saturn-ring” defect). The reversible assembly and disassembly of
amphiphilic molecules within the defect is shown to follow the formation and erasure

of the disclination line (by heating from 25 °C to 38 °C; see Methods). By using a
photoreactive lipid (1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphoethanolamine (diyne
PC); see Methods), we also demonstrated that the lipid assembly formed within the “Saturn-
ring” defect can be transformed into a free standing polymeric ring. Specifically, following
photocrosslinking of diyne PC and heating of the LC above the clearing temperature, we
observed the polymeric “o-ring” with a cross-section of 20 nm (see Fig. 5g) to slip from

the equatorial plane of the microparticle, as shown in Fig. 5f. TEM of the polymeric
structure in Fig. 5g revealed well-defined lamellae (the dark regions are the head groups),
with a periodicity consistent with the presence of 5 lipid bilayers. We note here that the
polymerizable lipids (diyne PC) used in this study have been reported previously to form
layered assemblies in aqueous phases?6.

Overall, the results presented in this paper support our hypothesis that the local
nanoenvironments created by singular topological defects formed in LCs can be used

to trigger and template cooperative processes involving the self-assembly of molecular
amphiphiles, as shown in Figure 6. This finding expands the potential utility of defects

for materials synthesis into the realm of molecules and nanoscopic molecular assemblies.
We note that past studies of polymer-stabilized blue phases have used monomers with
flexible alkyl chains®1147 which our results suggest may also drive their partitioning

into the defect regions for photopolymerization. We note also that the results reported in
this paper provide further insight into our recent observations that bacterial endotoxins

can trigger configurational transitions in micrometer-sized LC droplets at extraordinarily
low concentrations by accumulating at LC defects*8:49. Future efforts will seek to use
polarized STORM and fluorescence confocal microscopy to provide insight into molecular
orientations within self-assembled nanostructures formed in LC defects. In addition, the
influence of molecular assemblies on the annihilation of oppositely charged defects is being
investigated.
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Methods

Materials

The following fluorescent compounds were purchased from Molecular

Probes: 4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene (BODIPY), 4,4-
difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoic acid (BODIPY-C5), 4,4-
difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3- dodecanoic acid, (BODIPY-C12),
4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s- indacene-3-hexadecanoic acid (BODIPY-
C16), and N-(4,4-difluoro-5,7-dimethyl-4- bora-3a,4a-diaza-s-indacene-3-propionyl)-1,2-
dihexadecanoyl-sr-glycero-3-phosphoe thanol-amine triethylammonium salt (BODIPY-
DHPE). The following phospholipids were purchased from Avanti Polar

Lipids, Inc.: 1,2-dipropionyl-sn-glycero-3-phosphocholine (PC-C3), 1,2-dihexanoyl-sn-
glycero-3- phosphocholine (PC-C6), 1,2-dilauroyl-sn-glycero-3-phosphocholine (PC-
C12), 1,2-distearoyl-sn-glycero-3-phosphocholine (PC-C18), and 1,2-dilignoceroyl-sr+-
glycero-3-phosphocholine (PC-C24), 1,2-dilauroyl-sn-glycero-3-phosphate sodium salt
(PA-C12), 1,2-dilauroyl-sn-glycero-3-phosphoethanolamine (PE-C12), 1,2-dilauroyl-sn-
glycero-3-phospho-(1’-rac-glycerol) sodium salt (PG-C12), 1,2-dilauroyl-smglycero-3-
phospho-L-serine sodium salt (PS-C12), 1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-
phosphocholine (diyne PC; polymerizable lipid). ATTO 488-labeled 1,2-ditetradecanoyl-
srglycero-3-phosphoethanolamine (ATTO 488-PE-C14) for super-resolution optical
microscope (STORM) characterization was purchased from ATTO-TEC GmbH. Copper
grids coated with ~ 5 nm-thick carbon film for transmission electron microscopy (TEM)
were purchased from Electron Microscopy Sciences. Ethanol (anhydrous) was purchased
from Pharmco-AAPER. Chloroform and octyltrichlorosilane (OTS) were obtained from
Sigma-Aldrich. Heptane was purchased from Fisher Scientific. Dichloromethane was
purchased from ACROS Organics. Nematic liquid crystal (LC) 4’-pentyl-cyanobipheny!
(5CB), MLC-2142 and the chiral dopant S-811 (used to prepare blue phase LCs)

were purchased from EMD chemicals. Polyimide (Pl 2556) was purchased from HD
Microsystems. Fisher’s Finest Premium Grade glass microscope slides and #1.5 coverslips
were obtained from Fisher Scientific. Monodisperse silica microparticles with diameter 68 +
4 um were purchased from Particle Technology Ltd.

Preparation of polyimide-coated glass slides

A spin coater (WS-400A-6NPP/Lite, Laurell Technologies) was used to coat glass slides
with a polyimide solution. The coated slides were then heated on hot plate at 70°C for 2
min to evaporate the solvent, and subsequently placed in an oven at 200°C for 2 hrs. Finally,
the slides were cooled to room temperature (~ 25°C), and rubbed in a single direction at 10
inches/min for 1 min by satin cloth to induce an alignment of LC parallel to the direction of
rubbing.

Preparation of OTS-coated silica microparticles

10 mg silica microparticles were rinsed with deionized water three times, and then added

to an OTS-heptane solution (1.2x1072 % v/v) with stirring. Stirring was continued for 45
min. Finally, the microparticles were rinsed with dichloromethane three times and dried with
nitrogen.
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Preparation of mixtures of BODIPY-amphiphiles and 5CB

Here we describe the procedure used to prepare a mixture of BODIPY-C5 (19 pM) in
5CB. Similar procedures were used to prepare mixtures of other BODIPY-amphiphiles and
5CB. First, 0.3 pL of 1 mg/mL BODIPY-C5 in ethanol was added to 30 pL of chloroform.
Then, 50 uL of 5CB was added to the BODIPY-C5 chloroform solution. The mixture was
sonicated for 3 min and then dried under vacuum at 45°C for 30 min to remove the ethanol
and chloroform. Following drying, the mixture of BODIPY-C5 and 5CB was kept in the
isotropic phase (at 45°C) prior to injection into an optical cell.

Fabrication of optical cells

Optical cells were prepared by pairing two polyimide-coated glass slides and spacing them
apart using OTS-coated microparticles. The alignment/rubbing directions of the polyimide
in the top and bottom glass slides were set at 90° to induce a twist deformation into the
bulk LC, which favors formation of knotted and kinked line defects around particles!8.
The mixture of BODIPY-amphiphile and 5CB (in the isotropic phase) was injected into the
optical cell and then cooled into the nematic phase at room temperature.

UV-vis spectrophotometer measurement

The absorbance and emission spectra of BODIPY-amphiphiles were measured by using a
Tecan Infinite M1000 plate reader. The measurements were taken in black, flat, clear bottom
96-well plates (Corning Inc.).

Fluorescence microscopy of BODIPY-labeled amphiphiles in 5CB

The distribution of BODIPY-ampbhiphiles in 5CB was characterized by inverted fluorescence
microscopy using an Olympus IX71 microscope with a 100 W mercury lamp. The
fluorescence filter sets used in the experiments were purchased from Chroma Inc. Images
were collected with a Hamamatsu 1394 ORCA-ER CCD camera connected to a computer
and controlled through Simple PCI imaging software (Compix Inc.). Filter set 1 was
comprised of an excitation filter that transmitted light with wavelengths between 457 nm and
502 nm (A®*: 457-502 nm) and an emission filter that transmitted light with wavelengths

of 510 nm to 562 nm (A®™M: 510-562 nm). Filter set 2 used excitation and emission filters
that transmitted light with wavelengths of 533 nm to 584 nm (A®X: 533-584 nm) and 606
nm to 684 nm (A8M: 606—684 nm), respectively. Within the range of wavelengths of light
transmitted by the excitation filters, the white light from the mercury lamp exhibits peaks in
emission at 490 nm, 546 nm and 579 nm.

Quantification of fluorescence intensity

The fluorescence intensity of the BODIPY-amphiphiles was quantified from images using
ImageJ software. Here we briefly describe our methods with reference to Fig. S1 in

the Supplementary Information. Fig. S1a and b show bright field and corresponding
fluorescence micrographs of a —1/2 disclination line in a LC film that contained 1.9

UM BODIPY-DHPE. For quantification of the fluorescence from the defect, we used the
“threshold” function to select the region encompassing the line defect in the bright field
micrograph. In all the measurements reported in this paper, we consistently set the lower
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limit of the “threshold” to 0, and the upper limit to 185-195. The result of the “threshold”
selection is shown in Fig. S1c. The region identified in the bright field image to contain
the defect (Fig. S1c) was used to define the region in the fluorescence micrograph in which
the fluorescence intensity was quantified (Fig. S1d). This procedure permitted consistent
quantification of the fluorescence intensity within —1/2 disclination lines. In a final step,
we selected a region of the bulk LC adjacent to the defect line for quantification of the
fluorescence intensity of the bulk LC (Fig. S1e). The rescaled fluorescent intensity was
calculated as:

ls
actual exposure time

rescaled fluointensity = X measured grayscale )

Fluorescence microscopy of phospholipids in LCs

Mixtures of phospholipids and 5CB were prepared by using procedures similar to those
used to prepare mixtures of BODIPY-amphiphiles and 5CB (see above). To permit
fluorescence imaging of the phospholipid assemblies, we doped BODIPY-C5 (~ 3 %
mol/mol based on the phospholipids) into the mixture of phospholipids and 5CB. Here

we make three comments that guided this approach. First, no detectable fluorescence signal
was observed when using pure phospholipids in LCs (in the absence of BODIPY-C5) over
the concentration range used in the present study. Second, the concentration of doped
BODIPY-C5 was always at least one order of magnitude below its critical association
concentration (CAC; 59 pM) to avoid formation of assemblies of BODIPY-C5. Third, when
the concentration of phospholipid was above its CAC, we measured the monomeric signal
(AfM 510-562 nm) but not the dimeric signal (A®™ 606-684 nm) to increase in the LC
defects relative to the bulk LC (in the presence of the BODIPY-C5). This result indicates
that the dilution of BODIPY-C5 into the phospholipid assembly prevents substantial dimer
signal (see Supplementary Information for details on BODIPY dimer signal)2°. Thus, we
used the change in the monomeric signal (A\®™ 510-562 nm) from the BODIPY-C5 to
indicate the CAC of the phospholipids in the defects.

Super-resolution optical microscopy (STORM)

Mixtures of PC-C12 (19 uM) and 5CB were used for STORM. ATTO 488-labeled PE-C14
(10 % mol/mol based on PC-C12) was also doped into the mixture as a fluorescent probe for
STORM imaging®C. Optical cells were prepared by using polyimide-coated #1.5 coverslips.
Imaging was carried out on a Nikon N-STORM inverted TIRF microscope with 405 nm

and 488 nm laser excitation. Images were collected with an Andor iXon Ultra 897 EMCCD
camera and controlled through NIS-Elements Ar software with N-STORM analysis. Images
were acquired after an initial 1 min pre-exposure (to allow the transition of the majority of
fluorophores into a meta-stable dark state) followed by a 5-10 min acquisition period at 17
ms/frame. The apparent widths of the assemblies formed in LC defects were determined by
measuring the full width at half maximum (FWHM) of the assemblies.
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Cryo-TEM of amphiphilic assemblies

Our approach to imaging of phospholipid assemblies in blue phase LCs was guided by
past studies that have reported the use of cryo-TEM for characterization of a range of self-
assembled nanostructures in 0ils°155, Blue phase LCs were prepared by mixing MLC-2142
with 35 % wt/wt chiral dopant S-811. Next, 0.01 % wt/wt PC-C12 (based on blue phase
LC mass) was added to the MLC-2142/S-811 mixture using procedures described above in
the context of preparing mixtures of phospholipid and 5CB (see above). The LC mixture
was held at 46°C (blue phase temperature range is between 44-48°C) for 10 min and then
vitrified in liquid nitrogen by using a FEI Vitrobot. Subsequently, cryogenic sectioning
was performed at —120°C by using a Diatome cryo-diamond knife mounted on a Leica
ultramicrotome with cryogenic sectioning capability. The slice thickness was set to 80-100
nm. The microtomed samples were then transferred onto carbon film-coated TEM grids.
Cryo-TEM imaging was carried out on a Tecnai 12 TEM with cryogenic capability. The
TEM imaging was operated at 120 kV. A Gatan cryo-TEM holder was used to keep the
sample below —170°C during cryo-TEM imaging. The TEM images were collected on a
Gatan ultrascan CCD camera.

Crosslinking of lipids in LC defects

A mixture of crosslinkable lipid (diyne PC, 20 uM) with 5CB was prepared using
procedures described above. In brief, 8 uL of 0.1 mg/mL diyne PC in ethanol was mixed
with 30 pL of chloroform and 50 pL of 5CB. BODIPY-C5 (2 % mol/mol based on diyne
PC) was added as a fluorescent probe. The mixture was sonicated for 30 s and then placed
in a vacuum oven at 38°C for 30 min to remove the ethanol and chloroform. Subsequently,
the mixture was introduced into an optical cell along with OTS-treated microspheres (see
above). The directions of rubbing of the polyimide coatings on the glass microscope slides
that were used to form the optical cells were parallel. “Saturn-ring” defects were observed
to form near the equator of the particles’. The optical cells were exposed to UV light (254
nm) for 30 min to crosslink diyne PC*6, Similarly, as detailed above, monomeric signal
AEM 510-562 nm was used to localize the assemblies formed by diyne PC. We comment
here that prior to polymerization, reversible assembly and disassembly of the amphiphilic
assemblies was achieved by reversible formation and erasure of disclinations (by heating
from 25°C to 38°C; the clearing temperature of 5CB is ~ 35°C; see Fig. 5a—e¢ in the main
text). Following the crosslinking and heating of the LC above the clearing temperature, the
polymeric assemblies did not disassemble and they were transferred to carbon film-coated
grids for further TEM characterization, as shown in Fig. 5f and g.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Disclination lines and amphiphiles
a,b, Bright field optical micrograph (a) and schematic illustration (b) of a singular line

defect (disclination) of strength —1/2 formed around OTS-treated silica microparticles
dispersed in a nematic LC with a 90° twist. Scale bar corresponds to 50 pm. Inset

in (b) illustrates local ordering (solid line) of mesogens near the core of the —1/2
disclination (dashed circle). c,d, Molecular structures of BODIPY-amphiphiles (c) and
phospholipids (PC-Cn, in which nrepresents the number of methylene units in each
aliphatic tail) (d) used in this study. PC: phosphatidylcholine; PA: phosphatidic acid; PE:
phosphatidylethanolamine; PG: phosphatidylglycerol; PS: phosphatidylserine.
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Figure 2. Self-assembly of amphiphiles in LC defects
a—f, Bright field micrograph of —1/2 disclination (a,d) and fluorescence micrographs (b,e:

AEM 510-562 nm; c,f: A®M 606-684 nm) showing the distribution of BODIPY (a—c; 57

uM) or BODIPY-C5 (d—f; 59 uM) in and around the —1/2 disclination in nematic 5CB.

Scale bars correspond to 20 um. See Supplementary Information for exposure times. g,
Super-resolution optical micrograph showing the distribution of PC-C12 (19 uM; doped with
10% mol/mol of ATTO 488-labeled PE-C14) within a disclination formed in nematic 5CB.
Scale bar corresponds to 100 nm. h,i, Fluorescence intensity of BODIPY-amphiphiles (h;
BODIPY-C5: O in defect, x in bulk; BODIPY-C12: V in defect, A in bulk; BODIPY-C16:
<> in defect, O in bulk) and BODIPY-DHPE (i; O in defect, x in bulk) in LC defects and the
bulk nematic phase (A®™M: 510-562 nm (monomer): red; A®M: 606-684 nm (dimer): blue).
The solid and dashed lines are fits to the fluorescence intensity in the bulk phase and defect
of the LC, respectively. The vertical solid arrows indicate the CAC of BODIPY-amphiphiles
in defects. The vertical dashed arrow represents the CAC of BODIPY-DHPE in bulk LC.
Error bars represent standard deviations and /=3 for each data point. One arbitrary unit
represents 40,000 (left y-axis in (h)), 500 (right y-axis in (h)) or 400 (both y-axes in (i))
rescaled fluorescence intensity units (see Methods for details). The left y-axes were offset to
avoid overlap of the monomeric and dimeric fluorescence signals.
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Figure 3. Controlled growth of assemblies in defects
a,b, Fluorescence intensity values for BODIPY-amphiphiles in bulk nematic phase (a) and

LC defects (b). BODIPY-C5: © in defect, = in bulk; BODIPY-C12: ¥ in defect, 4 in

bulk; BODIPY-C16: < in defect, - in bulk. The dashed lines fit the fluorescence intensity
in the LC bulk phase and defect region. Inset in (b) shows data in the concentration

range of 80-300 uM. The vertical arrows in the inset indicate the concentration of BODIPY-
amphiphiles (estimated from the intersection of best-fit lines above and below the threshold
concentrations) at which there is a change in the mode of growth of the assemblies in the
defects. Error bars represent standard deviations and /=6 for each data point. One arbitrary
unit in (a and b) represents 1,000 rescaled fluorescence intensity units (see Methods for
details). ¢, Cryo-TEM image of an amphiphilic assembly formed by PC-C12 in a blue phase
LC. d, Histogram of diameters of lipid assemblies formed within LC defects. The histogram
was assembled from 10 lipid assemblies in 3 independently prepared samples with 3
measurements of diameter recorded for each lipid assembly. e, Calculated dependence of
the concentration of singly dispersed BODIPY-C5 ([.X7]) and self-assembled BODIPY-C5
([ Xgefacd) on the total concentration of BODIPY-C5 ([ Xyoz2/), as predicted by equation (1).
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Figure 4. Dependence of standard free energy of self-assembly on amphiphile tail-length and

head-group type

Standard free energy of transfer of a BODIPY-amphiphile or phospholipids (PC-Cn, in

which 77 represents the number of methylene units in each aliphatic tail) from a bulk LC
phase into an assembly within a —1/2 line defect. The lines fit the data with a slope of -0.13
kgT/methylene. Inset shows the standard free energy of transfer for C12 phospholipids with

different head groups.
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Figure 5. Reversible formation and in-situ cross-linking of molecular assemblies of amphiphiles
templated by -1/2 “Saturn-ring” disclination line formed about microparticles

a—e, Bright field (a and d) and fluorescence micrographs (b and e) showing the distribution
of photoreactive lipid diyne PC (20 uM; doped with 2 mol% of BODIPY-C5) in nematic
5CB (a and b) or isotropic 5CB (d and €). ¢, Schematic illustration of a —=1/2 “Saturn-ring”
defect around particles dispersed in nematic LC with 0° twist. f, Fluorescence microscope
of a polymeric “o-ring” with a diameter of 20 nm that slipped from the equatorial plane of
the microparticle. Scale bars correspond to 50 pm. g, TEM image of the polymeric structure
obtained in f. Scale bar corresponds to 100 nm (inset: 20 nm).
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Figure 6.
Self-assembly of amphiphiles in LC defects.
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