Structured Liquid Droplets as Chemical Sensors that Function Inside Living Cells
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ABSTRACT: We report that micrometer-scale droplets of thermotropic liquid crystals (LCs)
can be positioned inside living mammalian cells and deployed as chemical sensors to report the
presence of toxins in extracellular environments. Our approach exploits droplets of LC enclosed
in semi-permeable polymer capsules that enable internalization by cells. The LC droplets are
stable in intracellular environments, but undergo optical changes upon exposure of cells to low,
sub-lethal concentrations of toxic amphiphiles. Remarkably, LC droplets in intracellular
environments respond to extracellular analytes that do not generate an LC response in the
absence of cellular internalization. They also do not respond to other chemical stimuli or
processes associated with cell growth or manipulation in culture. Our results suggest that droplet
activation involves the transport and co-adsorption of amphiphilic toxins and other lipophilic cell
components to the surfaces of internalized droplets. This work provides fundamentally new
designs of biotic-abiotic systems that can report sensitively and selectively on the presence of
select chemical agents outside cells, and provides a foundation for the design of structured liquid

droplets that can sense and report on other biochemical or metabolic processes inside cells.
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Introduction

Many types of soft materials can reorganize and respond dynamically to environmental
stimuli, including weak external fields and the adsorption of molecules.' These events can lead to
changes in structure and materials properties that occur at multiple length scales and can, in
many cases, amplify weak intermolecular interactions in ways that are technologically useful—
for example, to promote remodeling, rupture, or the dissolution of a matrix for applications such
as controlled drug delivery, or to produce readily observable signals that can report on local
conditions and, thereby, serve as platforms for environmental sensing.

The properties of thermotropic liquid crystals (LCs) are of particular interest in this
context.”* Many recent studies have demonstrated that the optical properties of LCs and the
behaviors of these structured liquids at interfaces can be exploited to develop sensitive new
approaches to chemical and biomolecular sensing.”'* Past studies reveal that small perturbations
in interfacial energy that result from the adsorption of analytes at interfaces created between LCs
and aqueous phases, for example, can promote changes in the orientational ordering of LCs in
ways that correlate to the concentration and structure of adsorbed species and that can be readily
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detected using polarized light. Many different types of aqueous/LC interfaces have been
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investigated for this purpose,”'> with colloidal ‘LC-in-water’ droplet-based emulsion
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systems

proving to be particularly versatile. Micrometer-scale droplets of thermotropic
LCs suspended in water can report the presence of toxic amphiphiles, such as bacterial
endotoxins, at concentrations as low as ~1 pg/mL,'"> and changes in droplet size, interfacial
properties, and other parameters can be used to tune the responses, sensitivities, and physical

behaviors of these colloidal LC sensors in useful ways.'**’



We reported previously on so-called ‘caged’ LC droplets, in which small, micrometer-
scale droplets of LC are physically contained (or ‘caged’) inside a larger semi-permeable

polymer multilayer membrane.’'’

The LC droplets in these ‘caged” LC systems undergo
diagnostic changes in shape, optical appearance, and rotational mobility upon exposure to small
amphiphilic analytes (e.g., surfactants and lipids),”' > but are protected from changes in these
properties induced by contact with larger species (e.g., proteins) that are too large to pass through
the pores in the surrounding polymer ‘cage’. This feature makes possible the deployment,
characterization, and application of LC droplets in complex environments, including in
biological media, in ways that are not possible using conventional (or ‘bare’) LC droplets.
Indeed, past studies demonstrate that caged LCs can be used to report the presence of synthetic
amphiphilic analytes in serum-containing cell culture media,”> and that these membrane-
encapsulated droplets can be immobilized onto the phospholipid-rich membranes of mammalian

27,32
cells?”

without (i) promoting orientational transitions in the LC droplets or (ii) inducing
substantial cytotoxicity. Those key findings enabled the deployment of arrays of ‘wearable’ cell-
immobilized LC droplet sensors within populations of cells that could be used to report—in real
time, in vitro, and at the level of individual cells—on the exposure of cells to environmental
toxins or other agents.”

In view of the well-established sensitivity of LC droplets to the presence of adsorbed
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amphiphiles, the behaviors of ‘caged’ LCs reveal a remarkable combination of physical
and chemical robustness—properties that we attribute, at least in part, to the presence of the
semi-permeable polymer membranes that surround the LC droplets and the partially-filled nature

of the capsules (the combination of which creates a ‘bare’ aqueous/LC interface that is, to a

substantial degree, similar to that found in conventional LC-in-water emulsions, but is also



protected from many elements present in the surrounding milieu that might otherwise adsorb
onto it).** These observations led us to hypothesize that the stability and selectivity conferred by
these polymer cages could also provide opportunities to characterize the behaviors of
thermotropic LCs inside living cells and, thereby, design new classes of biotic/abiotic systems
containing structured liquid droplets that respond to chemical stimuli in more complex ways.
Here, we provide first demonstrations that small droplets of thermotropic LCs ‘caged’ in
polymer membranes can be positioned inside living mammalian cells and deployed as chemical
sensors. Our results reveal the orientational ordering and optical properties of caged LC droplets
to be stable in intracellular environments, and that internalized droplets can rapidly, selectively,
and reversibly respond to report the presence of toxins in the extracellular environment
(including, remarkably, analytes that do not otherwise generate an LC response in the absence of
cellular internalization). This work provides fundamentally new approaches to interface
responsive thermotropic LC systems with living mammalian cells. Our results reveal that
internalized LC droplets can report sensitively and selectively on the presence of select chemical
agents outside cells. They also provide a foundation for the design of structured liquid droplets
that have the potential to sense and report, with spatial and temporal control, on other
biochemical, metabolic, or mechanical processes inside cells (e.g., processes associated with the
production of fatty acids or other lipophilic agents, etc.) in ways that would be difficult or

impossible to achieve using conventional methods and tools.



Materials and Methods

Materials. Branched poly(ethyleneimine) (PEI, My ~25,000), 2,2 -azoisobutyronitrile (AIBN),
l-aminodecane (n-decylamine), hexadecyltrimethylammonium bromide (HTAB), sodium
dodecylsulfate (SDS), tetrahydrofuran (THF), acetone, and dimethyl sulfoxide (DMSO) were
purchased from Sigma Aldrich (Milwaukee, WI). TritonX-100 was purchased from Promega
(Fitchburg, WI). SiO,-Research microparticles (diameter of 5.06 + 0.44 pum) were purchased
from Bangs Laboratories, Inc. (Indiana, USA). 2-Vinyl-4,4-dimethylazlactone (VDMA) was a
gift from Dr. Steven M. Heilmann (3M Corporation, Minneapolis, MN). Tetramethylrhodamine
(TMR) cadaverine was purchased from Invitrogen (Oregon, USA). The thermotropic liquid
crystal E7 was obtained from Licristal, Japan. Ethanol was purchased from Decon Labs. 3-
Dimethylaminopropylamine (99%) was purchased from Acros Organics (New Jersey, USA).
1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC) was purchased from Avanti Polar Lipids
(Alabaster, AL). Dulbecco's modified Eagle's medium (DMEM), minimum essential medium
(MEM), Opti-MEM cell culture medium, phosphate-buffered saline (PBS), fetal bovine serum
(FBS), trypsin EDTA 0.25% phenol red, Calcein AM, and live/dead cell viability assay kits were
purchased from Invitrogen (Carlsbad, CA). Bleach (Clorox) was obtained from Amazon.com,
Inc. Poly(2-vinyl-4,4-dimethylazlactone) (PVDMA, My ~10,300; PDI = 3.2) was synthesized by
the free-radical polymerization of VDMA, as described previously.”® PVDMA labeled with
TMR (1 mol%; referred to from here on as PVDMAyr) was synthesized as described
previously.* Fluorescently labeled PEI/PVDMA microcapsules and ‘caged’ LCs were fabricated
as previously reported.’’* Aqueous dispersions of SiO, microparticles were rinsed with acetone

and then suspended in acetone prior to use as templates for layer-by-layer deposition. All other



materials were used as received without further purification unless otherwise noted.

General Considerations. Laser-scanning confocal microscopy (LSCM) images were acquired
using a Nikon A1-R high-speed confocal microscope and processed using Nikon Instruments
Software. Fluorescence microscopy images used for the analysis of live/dead cell assays were
acquired using an Olympus IX70 microscope and analyzed using the MetaMorph Advanced
version 7.7.8.0 software package (Universal Imaging Corporation). Other fluorescence
microscopy images were acquired using an Olympus [X71 inverted microscope (Center Valley,
PA). Bright-field and polarized light micrographs of LC emulsions were acquired using a
Hamamatsu 1394 ORCAER CCD camera (Bridgewater, NJ) connected to a computer and

controlled through SimplePCI imaging software (Compix, Inc., Cranberry Twp., NJ).

Influence of Added Amphiphiles on the Orientational Ordering of Freely-Suspended
‘Caged’ LCs. The influence of SDS, HTAB, TritonX-100, and DSPC on the orientational
ordering and optical appearances of bare LC droplets and ‘caged’ LC droplets was characterized
by adding specified volumes of concentrated solutions of each amphiphile to dispersions of bare
and ‘caged’ LC droplets in deionized water and cell culture media. The optical appearances of

the droplets were then characterized using bright-field and polarized light microscopy.

Characterization of ‘Caged’ LC Droplets Immobilized On and Internalized By Cells. HelLa
cells were seeded in confocal dishes (¢ = 35 mm) at an initial density of 150,000 cells/mL in 2
mL of growth medium (MEM supplemented with 10% (v/v) fetal bovine serum, 100 units/mL

penicillin, and 100 pg/mL streptomycin). Cells were allowed to grow overnight at 37 °C to



approximately 80% confluence before use in subsequent experiments. For experiments involving
the use of COS-7 cells, DMEM supplemented with 10% (v/v) fetal bovine serum, 100 units/mL
penicillin, and 100 pg/mL streptomycin was used as the growth medium. For experiments
involving the use of 3T3 cells, DMEM supplemented with 10% (v/v) newborn calf bovine
serum, 100 units/mL penicillin, and 100 pg/mL streptomycin was used as the growth medium. In
some experiments, cells were stained using Calcein AM prior to use using the following general
protocol: growth medium was aspirated, cells were stained with 2 mL of Calcein AM staining
solution (1 pg/mL in PBS) for 45 minutes at 37 °C, and the staining solution was aspirated and
replaced with 2 mL of fresh DMEM. For experiments designed to characterize the interactions of
‘caged” LCs with cells, a specified volume of a concentrated dispersion of ‘caged’ LCs was
added to cells to achieve a final desired concentration of capsules (typically ~100,000
capsules/mL) and cells were incubated for up to 18 hours. Cells were then rinsed twice using
Dulbecco’s phosphate buffer solution (DPBS) and fresh medium was added. Cells and ‘caged’
LC droplets were then characterized using phase contrast, fluorescence, polarized light, and/or
confocal microscopy. Live/dead cytotoxicity assays were performed using HeLa cells seeded in
24-well plates at initial densities of 100,000 cells/mL in 500 pL of growth medium. After
plating, cells were allowed to grow overnight at 37 °C until they reached ~80% confluence.
Culture medium was aspirated, replaced with 500 pL of fresh culture medium prepared with
desired concentrations of TritonX-100 or LC-filled capsules, and the cells were incubated at 37
°C for desired lengths of time. After the incubation period, media was aspirated from the wells,
cells were rinsed with DPBS, and new media was added. Cytotoxicity assays were then
conducted, in replicates of three, using a commercially available fluorescence live/dead assay kit

according to the manufacturer’s protocol.



Influence of Environmental Challenges on Internalized LC Droplets. Cells containing
internalized ‘caged’ LCs were subjected to a variety of chemical and environmental challenges.
All of these experiments were performed using HeLa cells and fluorescently-labeled ‘caged’
LCs. General descriptions of protocols specific to each type of experiment or environmental
condition evaluated are described below.

Influence of added amphiphiles or other media components. For experiments designed to
characterize the influence of the addition of synthetic amphiphiles or glucose to the extracellular
environment, SDS, HTAB, TritonX-100, or glucose were added to culture wells via pipette to
reach desired in-well concentrations. Cells and ‘caged’ LC droplets were characterized after
defined incubation periods using phase contrast, fluorescence, polarized light, and/or confocal
microscopy.

Influence of incubation time. For experiments designed to characterize the influence of
time on orientational transitions in internalized LC droplets, cells containing internalized ‘caged’
LCs were maintained in a 37 °C incubator and removed briefly every 24 hours to permit
characterization by phase contrast, fluorescence, polarized light, and/or confocal microscopy.
Cell culture media was removed and replaced with fresh media every two days.

Influence of environmental temperature. For experiments designed to characterize the
influence of environmental temperature on orientational transitions in internalized LC droplets,
cells containing internalized ‘caged’ LCs, prepared as described above, were transferred to
incubators pre-adjusted to either 20 °C or 40 °C and incubated for 18 h. Cells and ‘caged’ LC
droplets were then characterized using phase contrast, fluorescence, and polarized light

microscopy.



Influence of environmental pH. Experiments designed to characterize the influence of
environmental pH on the orientational transitions of internalized LC droplets were conducted by
adjusting the pH of the cell culture media to pH 6 or pH 9 using a specified volume of an HCI or
NaOH solution. Cells were then incubated for 18 hours at 37 °C, after which cells and ‘caged’
LC droplets were characterized using phase contrast, fluorescence, and polarized light
microscopy.

Influence of glutaraldehyde fixation. Experiments designed to characterize the impact
of the chemical fixation of cells on orientational transitions in internalized LC droplets were
conducted by incubating cells containing internalized ‘caged’ LCs in a 2.5% (v/v) glutaraldehyde
solution for 30 minutes at 37 °C, followed by rinsing with fresh cell culture media. Cells and
‘caged’ LC droplets were then characterized using phase contrast, fluorescence, polarized light,
and/or confocal microscopy.

Influence of trypsinization and cell detachment. Experiments designed to characterize
the influence of trypsinization and the detachment of cells from their underlying substrates on
orientational transitions in internalized LC droplets were conducted by adding 1 mL of a solution
of trypsin EDTA (0.25%) to cells containing internalized LC-filled capsules and then incubating
them at 37 °C for 2 minutes. Cells and ‘caged’ LC droplets were then characterized using phase
contrast, fluorescence, and polarized light microscopy.

Influence of bleaching. Experiments designed to characterize the influence of bleach
treatment and cell death on orientational transitions in internalized LC droplets were conducted
by adding 100 pL of a concentrated bleach solution (8.25%) to cells containing internalized LC-
filled capsules. Cells and ‘caged” LC droplets were then characterized using phase contrast,

fluorescence, and polarized light microscopy.



Results and Discussion
Caged LCs are Readily Internalized by Mammalian Cells

To characterize the behaviors of LC droplets hosted in intracellular environments, we
used ‘caged’ LC droplets with structures and compositions similar to those we reported on
previously for the immobilization of LC droplets onto the surfaces of mammalian cells.’
Briefly, we wused reactive/covalent layer-by-layer assembly to fabricate -cross-linked
PEI/PVDMA multilayers on the surfaces of silica microspheres (~5 um in diameter), followed
by treatment with dimethylaminopropylamine (DMAPA) to react with residual azlactone
functionality and install additional protonatable tertiary amine groups on the surfaces of the
multilayer coatings. Subsequent removal of the microparticle core resulted in hollow
microcapsules (Figure 1A), which were then filled with LC and extracted into water to yield
partially-filled capsules (as depicted schematically in Figure 1A-B). For all experiments below,
we used capsules partially filled with the nematic LC E7 (Figure 1I), because this LC has a
nematic-to-isotropic transition temperature of ~60 °C, which is well above the temperature of 37
°C typically used in mammalian cell culture experiments.

The orientational ordering of the LC droplets in capsules suspended in cell culture media
containing 7% serum was first characterized using bright field and polarized light microscopy.
As shown in Fig. 1E,G, the LC droplets existed in the so-called ‘bipolar’ configuration, in which
the director of the LC connects two point defects at opposite ends of the droplet (as shown
schematically in Figure 1C; point defects are visible as dark spots in the bright field image in
Figure 1E). Addition of the cationic surfactant HTAB (to a 50 uM final concentration) resulted
in a rapid transition in the orientational ordering of these caged LC droplets from the initial

bipolar configuration to the so-called ‘radial’ configuration (Figure 1D,F,H), which exhibits a
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Figure 1: (A-B) Schematic illustrations depicting the fabrication and structure of ‘caged’ LCs,
consisting of covalently-crosslinked and amine-functionalized polymer microcapsules (A; red;
depicted in protonated state, see text) partially filled with micrometer-scale droplets of a thermotropic
LC (B; yellow). The capsule and ‘caged’ LC are both shown suspended in water (blue). (C-D)
Schematic illustrations showing the director profiles for a ‘caged” LC droplet in the bipolar
configuration (C) and the transition to a radial configuration (D) promoted by the addition of an
analyte. (E-H) Bright-field (E-F) and polarized light (G-H) microscopy images of caged LC droplets
suspended in cell culture media before (E,G) and after (F,H) addition of HTAB (50 pm) Scale bars
are 5 um; crossed double-headed arrows indicate the direction of crossed polarizers. (I) Chemical
structures of the LC E7 and the amphiphiles HTAB, SDS, and Triton X-100 used in this study.

single defect at the core of the droplet (as shown schematically in Figure 1D; point defects are

visible as dark spots near the centers of the droplets in the bright field image in Figure 1F).

We performed a series of experiments to determine whether these caged LCs could be

internalized by mammalian cells and, subsequently, whether the LC droplets in these materials

could respond to conditions (or changes in conditions) experienced in intracellular environments.
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For these studies, we selected two model cell lines (HeLa cells and 3T3 cells) that are known to
be able to internalize micrometer-scale objects® (COS-7 cells used in our prior work do not
efficiently internalize micrometer-scale objects on the order of the sizes of the caged LCs used
here) and capsules fabricated using fluorescently-labeled PVMDA (PVDMAwmr; see Methods).
In a first series of experiments, both bare LC droplets and caged LC droplets were added to cell
culture media surrounding HeLa cells growing on tissue culture polystyrene. Cells were allowed
to incubate in the presence of bare and caged LC droplets for 18 hours and were then washed
once prior to imaging (see Figure S1 of the Supporting Information; see Methods for additional
details). In experiments performed using bare droplets, the droplets were readily removed from
the system by this washing procedure (as revealed by their absence in Figures S1A-C), indicating
that they were not immobilized strongly onto or internalized by the cells. In contrast, caged LC
droplets remained associated with the cells after washing (as revealed by their presence in the
bright field, fluorescence, and cross polarized microscopy images shown in Figures S1D-F).
These results indicate that the polymeric multilayers surrounding the caged LC droplets play an
important role in mediating association with cells, likely through initial electrostatic interactions
between the positively charged multilayers and the cell surface, as described in past studies.”

We performed an additional series of experiments to (i) determine whether the cell-
associated caged LC droplets described above were located on the surfaces or inside the cells,
and (ii) estimate the percentage of cells that internalized the caged LC droplets under these
conditions. In initial studies, we used a standard Trypan blue assay to characterize the locations
and extents of internalization of caged LC droplets. Trypan blue acts as a fluorescence quencher,
and thus quenches the fluorescence signal of other fluorescent molecules with which it comes in

contact.’*’ Trypan blue cannot penetrate intact cell membranes, however, and, thus, the

12



presence of Trypan blue added to cell culture media does not influence the fluorescence emission
of fluorescent molecules located inside cells.*®*” We added Trypan blue to media surrounding
HeLa cells incubated with caged LC droplets labeled with tetramethylrhodamine (TMR; red) for
18 hours, as described above, and characterized the quenching of fluorescence signal associated
with the caged LCs using a fluorescence microscope, as shown in Figure 2C-D, to differentiate
between immobilized (Figure 2A) and internalized (Figure 2B) capsules. In the images in Figure

2C-D, arrowheads mark the locations of internalized caged LCs (revealed by the presence of
observable fluorescence in Figure 2D), and asterisks mark the locations of caged LCs that were
immobilized or cell-associated, but not internalized (as revealed by the absence of observable
fluorescence in Figure 2D). The results of similar experiments performed using 3T3 cells and
COS-7 cells are shown in Figure S2. For 3T3 cells, as shown in Figure S2B,D we also observed
capsules that were not quenched, indicative of internalization by this cell line. In contrast, for
COS-7 cells, a cell line that, as noted above, does not efficiently internalize microscale objects,
all capsules were quenched by Trypan blue (as shown in Figure S2A,C), suggesting that caged
LCs are not readily internalized by this cell line.

We also used confocal microscopy to confirm and further characterize the internalization
of TMR-labeled caged LC droplets after 18 hours of incubation with HeLa cells (as shown in
Figure 2E). For these experiments, HeLa cells were labeled with Calcein AM (a live cell stain;
green signal) and Hoechst (a nuclear stain; blue signal) prior to imaging. The results shown in
Figure 2E (which shows fluorescence confocal images of xy-, yz- and xz- projections overlaid on
a corresponding bright-field image; LC droplets contained within the microcapsules are visible

as white/gray) show two spherical and intact caged LCs located inside a single cell.
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Figure 2: Schematic illustrations showing a ‘caged’ LC droplet (A) immobilized on the membrane of a
mammalian cell and (B) after internalization by a cell. (C-D) Bright-field (C) and fluorescence (D) microscopy
images showing ‘caged” LC droplets after incubation in culture wells containing HeLa cells for 18 hours,
followed by treatment with trypan blue. ‘Caged’” LCs were fabricated using microcapsules labeled with
tetramethylrhodamine (TMR; red). White arrowheads mark the locations of internalized ‘caged’ LCs; asterisks
mark the locations of ‘caged’ LCs that were not internalized (scale bar = 10 um). (E) Laser scanning confocal
microscopy images of two HeLa cells, one of which contains two internalized ‘caged” LCs. Cells were treated
with Calcein AM (green) and Hoechst (blue), to stain the cytosol and nuclei, respectively, prior to imaging.
‘Caged” LCs were fabricated using microcapsules labeled with tetramethylrhodamine (TMR; red). The
fluorescence confocal image is overlayed on a corresponding bright-field image; LC droplets contained within
the microcapsules are visible in white/gray. Scale bar = 10 pm. (F-G) Low-magnification fluorescence
microscopy images (4X; scale bar = 0.5 mm) of HeLa cells incubated in the presence of ‘caged’ LC droplets for
18 hours. Cells were stained with Calcein AM (F; green) and ethidium homodimer (G; red) to identify live and
dead cells, respectively, prior to imaging. (H) Plot showing the percentages of HeLa, 3T3, and COS-7 cells that
internalized at least one ‘caged’ LC over a period of 18 hours. (I) Plot showing the percentage of HeLa cells that
internalized at least one ‘caged’ LC as a function of time for periods ranging from one to 24 hours.
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Additional confocal microscopy results shown in Figure S4D reveal that individual cells
can internalize as many as five caged LCs. Figure S4 also shows images of internalized capsules
that appeared to be crumpled or broken (Figure S4B-C), as well as an image of a capsule that
was immobilized on the outer surface of a cell, but not internalized (Figure S4A; for this
experiment, capsules were incubated with cells for one hour instead of 18 hours). Figure S5
shows confocal microscopy images of 3T3 cells (Figure S5A) and COS-7 cells (Figure S5B)
incubated with caged LC droplets for 18 hours, showing internalized and immobilized capsules,
respectively. These results are consistent with other observations arising from experiments using
Trypan blue, as discussed above, indicating that 3T3 cells can internalize caged LCs, but COS-7
cells generally do not.

Additional studies using Trypan blue permitted us to characterize the time dependence of
capsule internalization in HeLa cells and characterize differences in the extents to which caged
LCs were internalized in larger populations of HeLa, 3T3, and COS-7 cells. For these
experiments, caged LCs were incubated with cells (at a concentration of 10° capsules/mL) for
times ranging from 1 h to 24 h, and the number of cells that internalized at least one capsule was
characterized, as determined by the identification of un-quenched capsules, by fluorescence
microscopy. As shown in Figure 2I, the number of cells internalizing at least one capsule
increased gradually as a function of time, and reached a maximum of ~70% after 18 h of
incubation; the percentage of cells internalizing at least one capsule did not increase significantly
at longer incubation times. Whereas ~70% of HeLa cells internalized caged LC droplets after
incubation for 18 hours, only ~45% of 3T3 cells internalized caged LC droplets under otherwise
identical conditions, as shown in Figure 2H. The number of COS-7 cells internalizing at least

one caged LC droplet was negligible. Finally, we note that the results of fluorescence-based
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live/dead assays revealed that caged LC droplets were not substantially cytotoxic under these
conditions (Figure 2F-G) or when incubated for prolonged periods (e.g., for up to 72 h; Figure

33).

Internalized LC Droplets Respond Selectively to Amphiphilic Toxins in Cellular Environments
We next characterized the orientational ordering of the LC droplets in caged LCs
internalized by HeLa cells using polarized light microscopy. Figure 3A-B shows representative
bright field (Figure 3A) and polarized light (Figure 3B) microscopy images of an internalized
caged LC, and suggest the caged LC droplet to be present in the bipolar state (the typical boojum
defects that are present in bipolar LC droplets, as discussed above, could not be observed clearly
in internalized caged LC droplets (Figure 3A), but the pattern of optical birefringence shown in
Figure 3B is indicative of a droplet in the bipolar configuration; additional images included in
Figure S6 also show examples of internalized droplets in this configuration; in the discussion
below, we use the term ‘bipolar’ to describe the configurations of droplets exhibiting these
optical appearances). This result suggests that the orientation of the LC in these droplets, which
is initially present in the bipolar state (prior to addition to cells, and in the extracellular
environment), is preserved, or at least does not transform to a radial configuration, upon
transport to the intracellular environment. We regard this result as notable in view of (i) the
documented sensitivity of the configurations of LC droplets to the presence of amphiphilic

12,25,38

species and (ii) the likelihood that these caged LCs come into close contact with lipid

membranes and other cell components during internalization.
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Table 1: Effect of Stimulus on Configuration of LC

Stimulus/Condition Config. Before Config. After
Incubation Time (7 days) Bipolar Bipolar
pH (6 to 10) Bipolar Bipolar
Temperature (20 to 40°C) Bipolar Bipolar
Media Composition (Glucose) Bipolar Bipolar
SDS (50 uM; Anionic) Bipolar Radial
HTAB (50 pM; Cationic) Bipolar Radial
Triton X (0.1 mM; Non-lonic) Bipolar Radial
Glutaraldehyde (Fixation) Bipolar Bipolar
Trypsinization/Detachment Bipolar Bipolar
Bleach (Dead Cells) Bipolar Bipolar

Figure 3: Bright-field (A) and polarized light (B) microscopy images showing a ‘caged’ LC internalized
by a HeLa cell (the directions of the polarizers are indicated by the crossed double-headed arrows). The
image shown in (B) reveals that the bipolar configuration of the encapsulated LC droplet is retained after
internalization. Table 1 shows the configurations of internalized ‘caged’ LCs both before and after
exposure to various chemical or environmental conditions. Dotted white lines indicate the approximate
locations of cell borders determined from corresponding bright-field images. Scale bars = 10 pm.

Table 1, shown in Figure 3, summarizes the results of a series of different experiments
designed to characterize the impact of various environmental conditions and induced physical,
mechanical, or chemical cell stresses on the orientational ordering of caged LC droplets

internalized by HeLa cells. These results reveal the LC droplets to remain in the bipolar
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configuration after internalization inside cells for up to seven days. Based on these observations,
we can conclude that the orientational ordering of caged LC droplets remains unchanged by
physical and mechanical forces experienced during cell division and proliferation. We also
characterized the effects of physical and chemical changes including chemical fixation by
glutaraldehyde and the exposure of cells to changes in pH (over the range of 6 to 10), changes in
temperature (from 20° to 40°), and changes in media composition (e.g., the addition of glucose)
that deviate from standard cell culture conditions. In all cases, the LC droplets in the caged LCs
remained in the bipolar state (Table 1). These internalized LC droplets were also found to remain
in the bipolar state after trypsinization and detachment from the surface, a transformation that
promotes substantial physical deformation and changes in cell shape as cells that are spread flat
on a surface bleb and detach to adopt spherical shapes, and upon re-seeding and attachment to
other secondary surfaces (Table 1). Treatment of cells with bleach, which results in cell death,
the disruption of the plasma membrane, and the subsequent exposure of the droplets to many
other cell parts and components that they are not in contact with in a healthy intact cell, also did
not result in deviations from bipolar configurations (Table 1).

In contrast to the results discussed above, we observed the bipolar configurations of LC
droplets internalized in HeLa cells to transform rapidly to radial configurations upon the addition
of SDS (a model anionic surfactant; at 50 uM), HTAB (a model cationic surfactant; at 50 uM),
or TritonX-100 (a model non-ionic surfactant; at 0.1 mM) to the extracellular culture medium
(see entries in Table 1, and additional images in Figure S6; the chemical structures for these
amphiphiles are shows in Figure 1I). Past reports have demonstrated that ionic surfactants such
as SDS and HTAB can trigger changes in the orientational ordering of LC droplets from bipolar

to radial.**> In view of those past results, the results of this current study suggest that these
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surfactants are able to be transported rapidly across the cellular membrane and that they can
adsorb to the LC-aqueous interfaces of internalized caged LC droplets in ways that can lead to
bipolar-to-radial transitions. Interestingly, we found HTAB to trigger bipolar-to-radial transitions
in LC droplets internalized by cells at lower concentrations (e.g., at 50 uM) than those required
to promote equivalent transitions in caged LC droplets immobilized on the membranes of cells
(Figure S8; we return to this observation again below).

We note further, in this context, that TritonX-100 does not trigger bipolar-to-radial
transitions, at concentrations of up to 1.0 mM, in bare LC droplets or caged LCs in either water
or cell culture media (see Figures S8 and S9, Table 2 of Figure 4, and results of past studies’') or
in caged LCs immobilized on cell membranes (Figure 4A-B). It is thus notable, and was
unexpected, in this context, that the addition of TritonX-100 (at a concentration of 0.1 mM that is
below the critical micelle concentration (cme = 0.24mM)™ for this surfactant) can lead to a rapid
bipolar-to-radial transition in internalized LC droplets (Figure S5G-I and Figure 4C-D). The
polarized light microscopy images in Figure 4A-B show that the configuration of the LC droplets
in immobilized caged LCs remained in the bipolar configuration after the addition of TritonX-
100 to the cell culture medium. In contrast, the polarized light microscopy images in Figure 4C-
D show that the configuration of the LC droplets in internalized caged LCs transformed to a
radial configuration after the addition of TritonX-100 to the cell culture medium. These results
establish that bipolar-to-radial transitions are only promoted by the addition of TritonX-100 to
the extracellular environment if the LC droplets have been internalized by cells. Our results
reveal these TritonX-100-triggered bipolar-to-radial transformations of internalized LC droplets
to occur rapidly (e.g., almost all transformations are observed to be complete within

approximately one minute after the addition of TritonX-100 to the extracellular culture medium).
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+ Triton-X

Table 2: Configuration of LC as
Function of Analyte Type and
Droplet Location

Condition or Configuration of LC
Location + HTAB + Triton-X
DI Water Radial Bipolar
DMEM + Serum| Radial Bipolar
Immobilized Radial Bipolar
Internalized Radial Radial

- Triton-X
(Washing)
M%MW

Bipolar *

Internalized Capsules

Figure 4: (A-E) Polarized light microscopy images showing immobilized (A-B) or internalized (C-E)
‘caged’ LCs; the directions of the polarizers are indicated by the crossed double-headed arrows.
Immobilized droplets remained in the bipolar configuration before (A) and after (B) the addition of
TritonX-100 (0.1 mM) to the cell culture medium. In contrast, internalized droplets were initially
present in bipolar configurations (C), but transitioned rapidly to radial configurations (D) after the
addition of TritonX-100 (0.1 mM) to the cell culture medium. These droplets returned to the bipolar
configuration (E) after removal of media containing TritonX-100 and replacing it with fresh culture
media (see text). In each panel, the LC droplets shown in the inset are indicated by the location of the
white arrowhead; dotted white lines indicate the approximate locations of cell borders determined
from corresponding bright-field images. Table 2 shows the configurations of ‘caged’ LC droplets in
different environments upon exposure to HTAB (50 uM) or TritonX-100 (0.1 mM). Scale bars = 10
um (5 pm for insets).

Past studies have demonstrated that the surfactant-induced ordering of LC droplets can
be reversible.”® The results of our present studies (shown in Figure 4D-E) demonstrate that the
bipolar-to-radial transformations of internalized LC droplets triggered by TritonX-100 are also

reversible upon the removal of TritonX-100 from surrounding culture media (e.g., by simply
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rinsing cell culture dishes with fresh media; see resulting radial-to-bipolar transitions in droplets
shown in Figure 4D-E). These radial-to-bipolar transformations of internalized LC droplets also
occurred rapidly (e.g., almost all transformations are observed to be complete within
approximately one minute after the removal of TritonX-100 and replacement with fresh culture
medium). After this rinsing process, transitions from bipolar configurations back to radial
configurations could be affected again by the re-addition of TritonX-100 to the culture medium;
under these conditions, transformations were observed to occur more rapidly (e.g., over a period
of approximately 30 seconds after the re-addition of TritonX-100) than the transformations of
droplets that had not been previously exposed to TritonX-100. This reversible switching of the
orientational ordering of internalized LC droplets could be repeated up to five times (data not
shown). Finally, Figure S7 shows fluorescence microscopy results of a live/dead assay in which
HeLa cells were incubated with TritonX-100 for 10 minutes at different concentrations raging
from 0 to 1 mM. These results demonstrate that TritonX-100 is not substantially cytotoxic to
HeLa cells at a concentration of 0.1 mM under the conditions used in these experiments. The
cytotoxicity of TritonX-100 was observed to increase at higher concentrations under these

conditions.

Additional Characterization of the Response of Internalized LCs to Non-lonic Amphiphiles

The responses of caged LC droplets to the addition of Triton-X to cell culture media
exhibited by immobilized droplets are completely different from those of droplets immobilized
on cell membranes. In view of the results of current experiments, the results of past studies
described above, and the complexity of this cell-based system, we consider it unlikely that these

transformations are mediated by the transmembrane diffusion and adsorption of TritonX-100
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alone at the aqueous/LC interfaces of these caged LCs. In the sections below, we consider three
general pathways through which these transformations could be triggered.

One possibility is that the addition of TritonX-100 to the extracellular environment
stimulates the intracellular production of compounds or metabolites that accumulate at
aqueous/LC interfaces at concentrations and in forms that are capable of promoting bipolar-to-
radial transformations. Although it is possible that these transformations could be triggered in
this manner, we consider this possibility to be less likely, in general, in view of the rapid manner
in which changes in ordering occur and the rapid rate at which these transformations can be
reversed by the simple removal of TritonX-100 from the extracellular medium. We note that the
notion that such ‘biochemical’ routes could be possible is nevertheless attractive, in the broad
view, from the standpoint of intracellular sensing, and raises the possibility that the bipolar
droplet platform reported here could potentially be tailored to respond selectively to specific
intracellular analytes produced by cells.

A second possibility is that the addition of TritonX-100 perturbs the cell and promotes
changes in cell shape or internal morphology that deform the LC droplets and promote
subsequent bipolar-to-radial transitions. This possibility follows broadly on past demonstrations
in the literature that configurational transitions in LC droplets can be triggered by deforming
them under flow.*” We hypothesized that physical changes in cell morphology (e.g., contraction
or expansion of the cell, etc.) could induce transformations that result in changes in LC droplet
configuration. To provide insight into the potential for this possibility to occur, we used confocal
microscopy to characterize changes in the morphologies of HeLa cells containing internalized
capsules upon the addition of TritonX-100. Figure 5A shows the morphology of a cell

containing two internalized caged LC droplets prior to addition of TritonX-100, and Figure 5B
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Radial

1) Triton-X

2) Cell
Fixed

Figure 5: (A) Laser scanning confocal microscopy z-section of a HeLa cell containing two internalized ‘caged’
LCs before treatment with TritonX-100 (cytosol is stained green; microscapsules are labeled red). (B) Image
showing the outline/perimeter of the cell shown in (A) prior to the addition of TritonX-100 (red line) and after
the addition of TritonX-100 (green line) as determined by image analysis of confocal microscopy images. (C-H)
Polarized light microscopy images of cells containing internalized capsules before and after various chemical or
environmental stimuli (the directions of the polarizers are indicated by the crossed double-headed arrows).
Panels C and D show cells containing internalized LC droplets prior to treatment (C) and then after a step
consisting of first fixing with 2.5% (v/v) glutaraldehyde and then treating them with TritonX-100 (0.1 mM) (D).
The image in panel (D) reveals the LC droplets to remain in the bipolar configuration. Panels E-G show LC-
filled capsules inside untreated cells (E) and then the same droplets/cells after a step consisting of first subjecting
the cells to TritonX-100 (0.1 mM) and then glutaraldehyde fixation (F; the reverse of the sequence shown in the
experiment depicted in panels (C-D)). This treatment resulted in the transition of the LC droplets from bipolar to
radial configurations. Removal of the X-100 from the cells in (F) by washing promoted a transition of the LC
droplets from a radial back to a bipolar state (H). Exposure to additional TritonX-100 resulted in transitions in
the LC droplets back to radial configurations (G). Dotted white lines indicate the approximate locations of cell
borders determined from corresponding bright-field images. Scale bars = 10 um (5 pum for insets).
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compares the locations of the perimeters of the cell and caged LC droplets before and after the
addition of TritonX-100. No gross changes in cell shape were observed. Although it is possible
that there are changes in cell shape or the shapes of the internalized droplets that are not revealed
by these imaging methods, these results suggest that changes in bipolar-to-radial transformations
are not likely to be caused by large changes in cell shape or morphology. This view is supported
further by the results of other experiments described above and shown in Table 1, in which the
trypsinization and re-seeding of cells did not promote changes in the orientation of internalized
LC droplets.

A third possibility is that TritonX-100 facilitates the transport of other cellular
components (e.g., lipids, or lipid assemblies and co-assemblies) that are not otherwise mobile or
accessible to the aqueous/LC interfaces of internalized LC droplets. In this scenario, for example,
the transport of TritonX-100 across cell membranes and through cells could be envisioned to
associate with other cellular components (e.g., components of cell membranes or other
amphiphilic species that could either be adsorbed on the polymer cages or be accessible in other
locations in the cellular environment) that are subsequently transported to the interfaces of the
LC droplets in ways that might not otherwise occur. To provide insight into this possibility, we
performed a series of additional experiments (Figure 5C-D) in which HeLa cells containing
internalized caged LC droplets were first chemically fixed by treatment with a 2.5% (v/v)
glutaraldehyde solution. After fixation, TritonX-100 (0.1 mM) was added to the extracellular
environment. Surprisingly, and in contrast to what is observed when TritonX-100 is added to live
cells containing internalized LC droplets, the bipolar internalized caged LC droplets in these
fixed cells remained in the bipolar state after the addition of TritonX-100 (Figure 5C-D;

compare to results shown in Figure 4C-D).
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We note here that the retention of the LC droplets in the bipolar configuration in these
fixed cells after the addition of TritonX-100 is consistent with the possibility of restricted
transport of key cellular components during diffusion of TritonX-100 through the fixed cell
membrane, but also the restricted transport of TritonX-100 itself through the cell membranes of
fixed cells. With respect to the latter issue, we note further that otherwise identical control
experiments performed using HTAB (which, as described above, can trigger bipolar-to-radial
orientational transitions in bare LC droplets) instead of TritonX-100 (which is unable to trigger
these transitions in bare LC droplets) resulted in a rapid bipolar-to-radial transition in
internalized LC droplets in fixed cells (Figure S10), suggesting that small-molecule surfactants
are able to gain access to the aqueous/LC interfaces of immobilized droplets in fixed cells. We
also performed an additional series of experiments, with results shown in Figure SE-G, in which
cells containing internalized caged LC droplets were (i) first treated with 0.1 mM TritonX-100,
which resulted in a bipolar-to-radial transition in the LC droplets, and then (ii) cells containing
these radial droplets were fixed with 2.5% glutaraldehyde. As expected, the orientational
configuration of the LC droplets remained unaffected by fixation, as shown in Figure 5F (that is,
the droplets remained in the radial configuration after fixation). However, upon the rinsing of
these fixed cells with fresh cell culture media to remove TritonX-100 from the extracellular
environment, an orientational transition from radial to bipolar was observed, as shown in Figure
S5H. Moreover, these now-bipolar LC droplets were found to be responsive to the further re-
addition of TritonX-100 to the cell culture media, and changed from bipolar to radial, as shown
in Figure 5G, under these conditions.

The outcomes of these experiments are consistent with the following conclusions: (i) the

fixing of cells containing bipolar LC droplets renders the LC droplets insensitive to the addition
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of TritonX-100 to the surrounding cell culture media, (ii) the transport of added small-molecule
surfactants from cell culture media to the internalized LC droplets is not is substantially
restricted by fixation, and (iii) the fixing of cells containing radial LC droplets allows further
reversible transitions in orientational ordering (from bipolar to radial, and the reverse) upon the
addition or subtraction of TritonX-100. Thus, overall, the results of these studies are broadly
consistent with the possibility that the addition of TritonX-100 facilitates the transport of lipids
or other cellular components (or assemblies or combinations and co-assemblies of TritonX-100
and these components) to aqueous/LC interfaces of the LC droplets in ways that promote
changes in orientational ordering. Additional tentative support for this co-adsorption hypothesis
is provided by the results of a model experiment in which DSPC (a model lipid that is, by itself,
unable to trigger bipolar-to-radial transitions in bare LC droplets) was added to caged LC
droplets suspended in water. The configuration of the LC droplets remained bipolar, as shown in
Figure S11D-F. However, a transition from bipolar to radial configurations was observed upon
the addition of TritonX-100 to caged LCs suspended in the presence of DSPC (Figure S11G-I).
This result suggests that TritonX-100, which alone cannot trigger bipolar-to-radial transitions,
can solubilize and transport DSPC, which, by itself, also cannot trigger bipolar-to-radial
transitions, to the caged LC droplets where they can be absorbed at the aqueous/LC interface to
induce orientational transitions from bipolar to radial configurations. Support for this broader
hypothesis is also provided by the results discussed above and shown in Figure S8, which show
that HTAB can promote bipolar-to-radial transitions in internalized droplets at concentrations
that are lower than those required to promote similar transitions in droplets in extracellular

environments.
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Summary and Conclusions

The work reported here demonstrates that droplet-based LC sensors can be internalized
by living mammalian cells, and that internalized LC droplets can report on the presence or
absence of toxic amphiphiles in surrounding environments. Micrometer-scale droplets of bare
LC droplets are not readily internalized by mammalian cells. In contrast, droplets of LC that are
caged in semi-permeable polymeric capsules can be internalized by HeLa cells and 3T3 cells
when they are added to cellular environments in vitro. Characterization by polarized light
microscopy revealed the orientational ordering and optical properties of these caged LC droplets
to be remarkably stable in intracellular environments, but that the droplets undergo transitions
from a bipolar to a radial configuration when cells are exposed to synthetic amphiphiles. These
optical transitions occur rapidly, selectively, and reversibly, and can be readily observed in real
time using polarized light microscopy. Remarkably, LC droplets in intracellular environments
were observed to respond to the presence of added extracellular analytes that do not otherwise
generate an LC response in the absence of cellular internalization. Internalized droplets also did
not respond to other common chemical and environmental stimuli, including changes in pH,
temperature, or the addition of chemical fixing agents, or when cells experienced physical and
mechanical forces typically associated with cell growth, metabolism, or handling in culture.
When combined, our results are consistent with a physical picture that involves the transport and
co-adsorption of externally added toxins and other lipophilic cell components to the surfaces of
internalized droplets, and not changes in cell shape or metabolism that could occur in response to
exposure to toxic agents.

Additional studies will be required to understand the nature of the transitions in these

caged LC droplets in intracellular environments more completely, and to define the range of
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different analytes and environmental conditions to which they do or do not respond (or to which
they may respond selectively or reversibly/irreversibly). Overall, however, the work reported
here provides new approaches to interface responsive thermotropic LC systems with living cells
and fundamentally new biotic/abiotic systems that can report sensitively and selectively on the
presence of toxins outside cells. This work also provides a platform for the design of structured
liquid droplets that could, with further development, be positioned inside cells to report on
changes in intracellular activity or other chemical, biochemical, or mechanical inputs
experienced by cells that would be difficult to observe or measure using existing methods and

analytical tools.
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