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Materials: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt) (DOPE-
PEG2000), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[poly(ethylene
glycol)2000-N'-carboxyfluorescein] (ammonium salt) (DSPE-PEG2000-CF) were purchased
from Avanti Polar Lipids, Inc. (Alabaster, AL). N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-
diaza-s-indacene-3-propionyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine
triethylammonium salt (BODIPY-DHPE) was obtained from Molecular Probes (Eugene, OR).
Disodium cromoglycate (DSCG) was purchased from Sigma-Aldrich (Milwaukee, WI) and used
as received. Chloroform was obtained from Sigma-Aldrich (St. Louis, MO). Fisher’s Finest
Premium grade glass slides and cover glass and amber glass vials (O.D. = 15 mm) were
purchased from Fisher Scientific (Pittsburgh, PA). Deionization of a distilled water source was
performed with a Milli-Q system (Millipore, Bedford, MA) to give water with a resistivity of

18.2 MQ cm.

GUYV preparation

A 100 pL solution of a phospholipid mixture (1 mM total lipid concentration) in chloroform was
added to the bottom of a small glass vial. The lipid mixtures contained a small amount (0.2 — 2
mol%) of DOPE-PEG2000 (or DSPE-PEG2000-CF) and up to 0.5 mol% of BODIPY-DHPE.
The solvent was subsequently evaporated from the lipid mixture using a stream of nitrogen prior
to the vial being placed under vacuum for at least 2 h, leaving dried lipid films on the vial walls.
The vial was then immersed in a water bath at 48°C. To promote GUV formation, we next

performed a pre-incubation step in which 2 pL of water was added to the vial and incubated for 5



minutes. Then 200 puL of 15 wt% DSCG solution (heated into its isotropic phase) was added to
the glass vial in the hot water bath. GUVss formed over the course of an incubation period of at
least 1.5 h. Care was taken to minimize agitation of the vial during this incubation step to
maximize GUV yield. Consistent with a previous report (16), we found that our GUV yield was
significantly improved when PEG-lipids, which facilitate GUV formation by promoting steric

repulsions between lipid layers deposited on the glass vial, were included in the lipid mixture.

Microscopy: GUVs prepared in 15 wt% DSCG were imaged using an Olympus [X71 inverted
microscope equipped with a 100X oil-immersion objective, a 60X objective, crossed polarizers,
and a 100W mercury lamp. Bright field, polarized light, and fluorescence micrographs of the
GUVs were collected with a Hamamatsu 1394 ORCAER CCD camera (Bridgewater, NJ)
connected to a computer and controlled through SimplePCI imaging software (Compix, Inc.,
Cranberry Twp., NJ). BODIPY and carboxyfluorescein fluorescence were both imaged using a
fluorescence filter cube with an excitation filter of 480 nm and an emission filter of 535 nm. An
Olympus BX60 microscope equipped with crossed polarizers was also used to image DSCG
samples. Images were captured using a digital camera (Olympus C-2040 Zoom) mounted on the
microscope and set to an f-stop of 2.8 and a shutter speed of 1/25s. The GUVs imaged in our
study were located at the mid-plane of the optical cell (with thickness 60 um), and were observed
to be moving (via diffusion or convection). We did not image vesicles that were near the

surfaces of the optical cell.



GUYV shape and lipid/fluorophore composition

We measured an approximately uniform fluorescence signal from the lipid bilayers of most
GUVs, in both nematic and isotropic DSCG, suggesting that the fluorescent probe is
homogenously dispersed in the bilayer. As noted in the main text, we also observed some bright
regions in some GUVs (Fig. S1), although we do not believe that they are caused by a phase

separation of lipids in the GUVs.

Fig. S1. (A, B) Fluorescence and crossed polars micrographs, respectively, of a DOPC/DSPE-
PEG-2000-CF GUV in nematic 15 wt% DSCG at 25°C. We observed the lipid bilayer of each
GUVs prepared with this lipid mixture to exhibit a uniform fluorescence signal, suggesting that
PEG-lipids do not phase separate within the bilayers. Scale bars =5 pm.

We note that the method we used to hydrate the lipid resulted in a polydisperse population of
spherical GUVs in isotropic DSCG. The sizes and shapes of GUVs in 15 wt% DSCG at 48°C
were similar to those of GUVs that we prepared in other isotropic solutions, such as water and
5.5 wt% DSCG (Fig. S2). We also note that we observed a smaller fraction of vesicles to adopt
non-spherical shapes in the isotropic solution or to possess “onion-like” structures (Fig S3-S5),
as compared to our observations in nematic DSCG. In this paper, however, we focus on results

obtained with unilamellar vesicles exhibiting spherical shapes in isotropic DSCG and their

products in nematic DSCG.



Fig. S2. GUVs prepared in isotropic solutions at 25°C. (A) Fluorescence micrograph of a
DOPC/DOPE-PEG2000/BODIPY-DHPE GUYV in water. (B, C) Fluorescence and crossed polars
micrographs, respectively, of a DOPC/DOPE-PEG2000/BODIPY-DHPE GUV in 5.5 wt%
DSCG. Scale bars = 10 um.
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Fig. S3. Examples of non-spherical GUVs in isotropic 15 wt% DSCG at 50°C.
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Fig. S4. Examples of spherical unilamellar GUVs as well as vesicles exhibiting “onion-like”
structures in DI water at 25°C.
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Fig. SS. Examples of non-spherical GUVs prepared in DI water at 25°C.




GUVs in isotropic 15 wt% DSCG at 50°C

Prior to quenching experimental samples containing vesicles formed in 15 wt% DSCG solution
from 50°C to 25°C, in addition to vesicles that were spherical in shape, we observed non-
spherical vesicles as well as vesicles that possessed more than one lamellae (Fig. S3). Such non-
spherical vesicles were also observed in other isotropic solutions, such as pure water (Fig.
S4,S5). Included in the diverse GUV shapes we observed were slightly elongated prolate and
oblate GUVs, fused GUVs comprised of multiple compartments, and tubular membranes (that
we occasionally observed to exhibit pearling instabilities(39)). Moreover, the membranes of
these non-spherical GUVs are “floppy” and exhibit dynamic undulations and shape changes as a
result of thermal fluctuations. Such fluctuating, non-spherical GUVs have been shown to form
in isotropic solutions when GUVs possess excess membrane area as a result of osmotic pressure
differences or fusion events between multiple GUVs and also when a mismatch exists between
the number of lipids comprising the inner and outer leaflets of a lipid bilayer forming a GUV
(40, 36). We suspect this apparent diversity of GUV shapes in isotropic 15 wt% DSCG might
contribute to the resulting varied landscape of shapes GUVs adopt upon quenching the solution
into the nematic phase. For example, we hypothesize that the excess surface area exhibited by
non-spherical GUVs in the isotropic phase might lead to the formation of wrinkles (Fig. SA-D)
upon quenching to the nematic DSCG phase. We note, however, that it is not exclusively this
population of initially non-spherical GUVs that adopts elongated shapes in the nematic LC (see,
for example, Video S1). In addition, we note that such thermal shape fluctuations were entirely
suppressed in GUVs upon quenching into the nematic DSCG phase, consistent with previous
studies showing that shape fluctuations vanish upon application of even small (~0.001 mN/m)

tensions to GUVs (41).



DSCG composition inside slightly strained GUVs

If GUV volume is conserved during the transformation of spherical GUVs to strained GUVs
with R/r < 1.54, then there should be no change in composition of the DSCG phase within the
GUVs. Accordingly, the temperatures at which phase transitions initiate (nematic/isotropic)
should be approximately the same inside and outside each GUV. To test this prediction, we
heated GUV-containing DSCG samples from 26°C to 50°C at a rate of ~0.5°C/min (N=5). In
Fig. S6A-F, we provide an example of the sequence of phase transitions we observed inside and
outside a GUV with an initial aspect ratio of R/r =1.14 in the nematic phase (Video S4). We
found that isotropic phase domains nucleated near the surface of GUVs at temperatures
approximately 1°C lower than those at which isotropic domains first appeared in the bulk of the
continuous nematic DSCG solution outside of GUVs (N = 5) (Fig. S6C,D). (Note that these
isotropic domains do not appear dark between crossed polarizers due to the birefringence of the
nematic DSCG outside of the GUVs.) Furthermore, we did not observe any preferrential
isotropic nucleation site on the GUV membrane (e.g. at the cusps/poles) in the GUV population
studied (N=5). It was difficult for us to determine whether these domains intially formed on the
inside and/or the outside of the GUV membrane. Upon heating the sample through the range of
temperatures in which nematic and isotropic phase domains coexisted within the DSCG solution
inside and outside the GUVs (see later in SI for additional discussion), the GUVs transitioned to

spherical shapes (Fig. S6E,F).

Upon cooling the sample from 50°C (Fig. S6G-L; Video S5), nematic domains appeared outside
of GUVs at temperatures of ~2.5°C higher than that at which nematic domains were evident

inside the GUVs (N = 4) (Fig. S61,J). Additional cooling of the sample led to the growth of



nematic phase domains both inside and outside of GUVs (see later in SI for additional
discussion) followed by the eventual disappearance of remaining isotropic phase domains (Fig.
S6K,L). We note that we also occasionally observed coexistence between isotropic and
columnar phase domains in our samples at temperatures above 41°C when performing these

experiments (42).

The absence of an increase in the phase transition temperature of the DSCG solution internal to
the GUVs in these experiments ( as compared to the external DSCG solution) suggests that the
DSCG concentration inside GUVs is not enriched relative to the outside solution. We
hypothesize that the observed shift of phase transitions to lower temperatures inside the GUVs
might reflect 1) heightened elastic strain associated with confinement of LCs inside GUVs or ii)

local depletion of DSCG near the surface of the GUV membrane.



Fig. S6. Characterization of DSCG phase transitions inside and outside of GUVs. Crossed
polars and corresponding bright field micrographs obtained while (A — F) heating a GUV-
containing sample from 26°C to 50°C and (G — L) subsequently cooling the sample from 50°C to
26°C at a rate of ~0.5°C/min. Micrographs were collected at the temperatures indicated in the
figure. White dotted lines outline the GUV in crossed polars micrographs when the internal
DSCG solution is largely in its isotropic phase while red dotted lines outline the region of the
droplet in bright field micrographs to facilitate the location of the droplet edge. In C and D,
isotropic phase domains are indicated with arrows. Scale bars = 20 pm.



Quantitative analysis of GUVs shapes

The analysis of the GUVs was performed in MATLAB using a custom analysis script. The
image was imported (Fig. S7a) and the region with the GUV to be analyzed is selected using a
graphical user interface (GUI). The selected GUV is thresholded to perform edge detection and
a user drawn line is input on the thresholded image to bisect the GUV from one cusp to the other.
Using a GUI, the user may choose to erase regions around the GUV boundary that the threshold
was unable to remove due to intensity gradients within the microscope image. High intensity
regions that cause overexposure within the image and blur the boundary are masked, if
necessary, so that the pixels are not included in the edge data when performing the fit. The
boundary of the GUV is then detected, the high intensity masked pixels are removed, and each
half of the bisected GUYV is fit to a circle, where the center and radius are determined by the fit
(Fig. S7b). The major and minor axes of the GUV are determined respectively from the point of
intersection of the two circles and the points where a line connecting the circle centers intersect
with each circle. These lengths are used to calculate the aspect ratio of the GUV. Finally, the

cusp angles of the GUV are calculated from the circular fit of the GUV by the angle between the

tangent lines of both circles at each intersection point.

Fig. S7. Quantitative analysis of GUVs. (a) Fluorescence micrograph of a GUV in nematic 15
wt% DSCG and (b) the resulting fit of the GUV perimeter (pixels in green), including both



circular fits (red lines), the user drawn line (orange line), the major and minor axes of the GUV
calculated from the circular fits (yellow and blue lines respectively), and the cusp angles
calculated as the angle between the light green lines and separately the light blue lines. The
aspect ratio is calculated using the major and minor axis lengths of the GUV.

From this analysis, we found that two distinct populations of GUVs formed in our samples:
slightly elongated GUV's with rounded poles (a > 130°) and highly elongated and cusped GUVs
(a < 130°) (see main text for details). The GUVs in the population with a > 130° were
approximately prolate spheroidal in shape. To quantify the surface area and volume of these

GUVs, we used the expressions

R 1
SAy 1300 = 2mr? [1 + Esin_l(ﬁ) 5

S2
Va>130° = §1TRI'2

2
r . . . . . .
where §2 = 1 — = The semi-major axis (R) and semi-minor axis (r) of GUVs were measured

using the MATLAB script.

Alternatively, the shapes of GUVs in the population with o < 130° were best described as bodies
of revolution of parabolic curves. Thus, we quantified the surface area and volume of these

GUVs using the expressions

n 2r S3
SAg<1300 = 1612 [21‘(81‘2 — R?)/4r2% + R2 + (16r?R? + R*) sinh™?! <E>]
16 S4

Va<i1zoe = 15 TRr

where R and r are again the semi-major and semi-minor axis of GUVs, respectively.
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Fig. S8. Plot of A) GUV cusp angle (a) as a function of A) surface area and B) aspect ratio for
GUVs in nematic 15 wt% DSCQG. Data in red denote GUV's with cusp angles o < 130° and data
in black denote GUVs with cusp angles o« > 130°. Filled points denote GUVs containing 2 mol%
PEG-lipid and unfilled points denote GUVs containing 0.2 mol% PEG-lipid.



Observations of GUV-containing samples at temperatures within the two-phase coexistence

range of DSCG

In Fig. S9, additional micrographs collected at temperatures within the two-phase nematic-
isotropic coexistence range during temperature ramp and quench experiments (Fig. S6) are
presented. During the heating of the GUV-containing sample, following the nucleation of
isotropic domains near the surface of a GUV membrane (Fig. S6C,D), isotropic domains
subsequently also appeared within the bulk of the continuous DSCG phase. As these isotropic
domains grew in size, we found GUVs to be pushed along by the advancing nematic-isotropic
interfaces of the domains (Fig. S9A,B). Interestingly, as we continued to increase the
temperature within the two phase coexistence range of DSCG, we frequently observed a circular
disc-shaped nematic domain to form inside of GUVs separating two isotropic domains (Fig.
S9C,D) prior to the DSCG solution throughout the sample transitioning to the isotropic phase
(Fig. S6E,F). The localization of the isotropic phase near the poles is consistent with the effects

of strain within the nematic phase.

Upon cooling the sample, nematic domains nucleated inside GUVs (Fig. S9E,F) at temperatures
approximately 2.5°C lower than outside of the GUVs (Fig. S6I,J). As the temperature of the
sample was further lowered, the nematic phase domains grew inside and outside of the GUVs

(Fig. S9G,H) until no isotropic domains remained (Fig. S6K,L).



T = 35288

Fig. S9. Crossed polars and corresponding bright field micrographs of a GUV-containing sample
obtained at temperatures within the two-phase nematic-isotropic coexistence range of DSCG.
Micrographs were collected at the temperatures indicated in the figure while (A — D) heating the
sample from 26°C to 50°C and (E — H) subsequently cooling the sample from 50°C to 26°C at a
rate of ~0.5°C/min. Dotted lines outline the GUV in crossed polars micrographs when the
internal DSCG solution is largely in its isotropic phase. The phase (nematic (N) or isotropic (I))
of selected DSCG domains is indicated in the figure. Scale bars =20 pm.



Numerical solution of the Ericksen-Leslie equations

Consider an axially symmetric model GUV which is parameterized by an arc-length variable s €
[0, a] and a polar angle n € [0,2r]: X(s,1) = x(s)R + f(s) £(n), with #(n) = cosn § + sinn Z
in a cylindrical polar coordinate system with r = m and n = tan(z/y). A local tangent
angle a(s) is defined implicitly by X = cos a(s) X + sin a(s) £(n). The membrane is
immersed in a nematic LC. To compute the elastic energy stored in the bulk fluid at equilibrium
we study the single-constant approximation of the Frank elastic free energy density (43), which

depends on derivatives of the local nematic director field fi(x),

. K K K 12 S5
W(n):i(v-n) +E(n-V><n) +E|n><(Vxn)|.

The three terms correspond to elastic costs to splay, twist, and bend the nematic, respectively,
and the total energy in the bulk is £ = [ g3 W dx. We assume that the director field is twist-free,

and write i = cos(0) X + sin(@) £(n) with 8(x,r) € [0, m].

To the energy functional we add a surface energy to penalize departures from tangential
molecular anchoring along the long axis of the immersed GUV with anchoring strength W,
givenby & = [ a0Fs dS = W/2) ) 29 sin?(a — ) dS, where the integration is performed over
the membrane surface and « is the previously defined local tangent angle. To compute the total
free elastic energy in the system it is convenient to combine both the bulk and surface terms

together into a single volume integral,



K K K
E= [z T D2 +5 @ VX2 + IR x TxDP +FGc-0fav, >
where the delta function is defined such that
Jof R —=X)av = [,,f(X)ds, S7

In practice we replace § by a smoothed delta function §; with finite but compact
support. The form of §;, used is that derived by Peskin for the classical immersed boundary
method (see (44)). To find the equilibrium configuration of the nematic field for a given
immersed GUV shape we appeal to the principle of virtual work and compute the variational
derivative of € with respect to the angle field 6, resulting in an equation which must be satistied
at equilibrium,

sin(20) w ] S8
2 + ff‘m sin(a(X) — 0) §,(x—X)dS =0,

8x,r=0)=0, 6(Va2+r2-0)=0, S9

V26 —

where V2= 0, + 0,,. The equations have here been made dimensionless by scaling lengths
upon the major axis length of the GUV, R, and defining the relative anchoring strength w =

WR/K.

To solve this nonlinear equation we discretize 8 on a regular grid in (x, ), writing
8;j = 60(—3 + 6i/N,4j/N), with i,j = 0,1, ..., N, and use a second order centered finite
difference approximation to the Laplacian operator V2. The angle field is set to zero at the

boundary of the computational domain implied in the definition of 8;;. Choosing N = 64 is



generally sufficient to render discretization errors negligible. Newton iteration is then used to
solve Eqn S8. The Jacobian required for Newton iteration is computed using a finite difference
approximation at the first iterative step, and then subsequently by a fast Jacobian updating

(“good” Broyden's method) (45).

We consider model GUV membranes with prolate ellipsoidal profiles, r(s) =

rom, with x(s) € [-1,1], a(s) = tan"1(7y/x,), and 1y € [0,1]. Small regions near
x = *1 of dimensionless radius 7, are treated as cores which are relaxed to zero elastic energy;
this is where “boojum” singularities in the nematic are known to appear for sufficiently large
anchoring strengths (46). Other defects are also expected to appear in the bulk for large
anchoring strengths (8), which we do not pursue here. The choice of core radius size does not
have a dramatic effect on the results of the simulations. For example, Fig. S10a shows the
equilibrium director field configuration inside and outside of a spindle shaped membrane with
aspect ratio 1y = 0.6; the relative anchoring strength is w = 100 and the dimensionless core
radius is 7, = 0.05. In our calculation, the director on either side of the membrane is continuous
and the “anchoring” in Equation S8 is treated as a field located with support on the membrane
surface. In reality, the membrane separates the inner and outer volumes of DSCG and the

director field need not be continuous across the interface.
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Fig. S10. (a) Equilibrium axisymmetric, twist-less director field around a spindle-shaped



(parabolic profile) body with aspect ratio 0.6, relative anchoring strength w = WR/K = 100,
and removed cores of radius 7, = 0.05. (b) Bulk elastic energy associated with prolate spheroidal
membranes (solid lines) and spindles (dotted lines, nearly indistinguishable from the solid lines)
with aspect ratio 1, forw = 10 and w = 200, with 7, = 0.05. Simple estimates Cr¢ which
match the numerical values for spherical bodies (1, = 1) are included as dashed lines. (¢) Bulk
elastic energy as a function of relative anchoring strength w for spherical bodies. The scaling is
quadratic with the anchoring strength w for small w. This is also the value of C in the simple
estimate £z /(KR) ~ Cr¢ (taking values from 0 to 21 in the range of w shown).

In Figure S10b we show the bulk energy for two relative anchoring strengths, w = 10
and w = 200 (with w=WR/K the relative anchoring strength) for prolate spheroidal shells of
varying aspect ratio and core radius size 1c=0.05. Spindle-shaped membranes with parabolic
profiles of the same aspect ratios were also considered; the associated bulk energies are shown as
dotted lines which are nearly indistinguishable from those associated with the prolate spheroidal
membranes. Also plotted as dashed lines are the curves 4.9r¢ and 19.1r¢, which are simple
estimates for these two anchoring strengths which match the numerical data for the spherical
membrane shapes. The expression £z /(KR) ~ Cré is used in the main text when balancing
elastic energy with estimates of the surface tension energy, where C depends on the anchoring
strength. The present calculation confirms the quadratic scaling of the LC elastic energy with the
aspect ratio for nearly spherical GUV shapes. Figure S10c shows the total bulk energy
associated with spherical vesicles as a function of the relative anchoring strength (which is also
the value of C for a given anchoring strength). The dependence of C on the anchoring strength
scales as w? for small w and begins to plateau after w ~ 100. Although the value of the constant
C depends on the anchoring strength (it varies from 0 to 21 in the range of w shown), its value
does not have a sizeable effect on the conclusions described in the main text: different values of

C merely shift the dataset up or down in Fig. 4A but the slope, which corresponds to how the

interfacial tension changes as the surface area changes, is not modified. Following the



suggestions in Refs. (30, 47) we estimate using R = 10um that w = 12.5, and then from Fig.

S10c, that C = 6. See also: Refs. (8, 23, 19, 48).

Although not reported in detail here, we have also pursued a more general optimization question,
balancing membrane stretching and bending energy against the bulk elastic energy to find the
energy minimizing membrane shape. The numerical method described above is a natural one for
studying such free boundary problems. For sufficiently small membranes the bending energy
dominates and results in the prediction of a spherical membrane shape, so that as size increases
we would expect a non-monotonic flow from spherical, to elongated, and then again to spherical
GUYV shapes. However, for the relatively large GUVs considered in the experiments we expect
such effects due to membrane bending energy to be vanishingly small. Specifically, we do not
include the membrane bending energy in our calculations reported herein as it scales as Ep &

B =~ 10 — 40 pN nm (49), where B is a bending stiffness (a function of the elastic modulus and
membrane geometry), and is dominated by the elastic LC energy that scales as E; - « KR =

10* — 10° pN nm. Other extensions of the numerical method have also been pursued, and will

appear as a separate paper.



DSCQG inside and outside GUVs

Fig. S11. Configuration of nematic DSCG inside and outside of slightly elongated GUVs (a >
130°). (A — C) Crossed polars micrographs and (D — F) corresponding bright field micrographs
of slightly elongated GUVs in nematic 15 wt% DSCG at 25°C. Boojums are indicated in the
bright field images using arrows. Scale bars = 10 um.

GUVs without PEG-lipid

We hypothesized that depletion of DSCG near membrane surfaces might be promoted in our
experiments by the presence of PEG-lipids within the lipid bilayer, as a previous study has
reported that the addition of PEG to bulk DSCG solutions leads to condensation of higher order
DSCG domains at a given temperature compared to DSCG solutions without PEG (33).
Condensation of these domains was attributed to depletion interactions, as PEG molecules likely
become expelled from high order DSCG phases. To test this hypothesis, we created GUVs from
lipid mixtures that did not contain any PEG-lipids (99.5 mol% DOPC/0.5 mol% BODIPY-
DHPE). Although the yield of GUVs was very low in these nematic 15 wt% DSCG samples, the

few GUVs we did observe all had a < 130°. Moreover, the values of Teyp, calculated with Eqn 4



for these GUVs with 0 mol% PEG-lipid were approximately independent of R/r with values of ~

0.01 mN/m, similar to what we measured for GUVs containing PEG-lipids (Fig. 4B).

Director configuration outside and inside of an elongated, highly cusped GUV

Fig. S12. Characterization of GUVs with a < 130°. (A — C) Polarized light micrographs of a
GUYV in which the angle between the polarizer and the analyzer is varied. (D) Schematic
depicting the orientation of the LC inside and outside elongated and cusped GUVs. Scale bars =
S pm.

To provide insight regarding the LC elastic stresses acting on highly elongated GUVs with a <
130°, we characterized the configurations of the nematic DSCG phases inside and outside these
GUVs (Fig. S12). Whereas pronounced birefringent tails were found extending from the

approximately rounded poles of GUVs with a > 130° in the surrounding nematic LC, we did not

observe this same optical signature in polarized light micrographs of highly elongated and



cusped GUVs (Fig. S12A-C). In fact, there typically were no discernable distortions in the
continuous DSCG phase, suggesting that due to the slender shape of these GUVs and the
tangential anchoring condition, the nematic DSCG outside the GUV is forced to deviate
minimally away from the orientation of the far-field director. We note that Nych, et al. also did
not observe distortions of a nematic DSCG phase outside small (< 2 pm diameter) spherical

inclusions (14).

We expected that inside the elongated and cusped GUVs, nematic DSCG would adopt a
configuration similar to that previously observed in nematic tactoids. Almost exclusively,
nematic tactoids have been reported to adopt a bipolar configuration with boojum defects located
at the cusped poles (30, 9, 22), although one report of a twisted configuration appearing in sessile
tactoids exists (50). In order to determine whether the LC inside these GUV twists, we collected
polarized light micrographs with the polarizers oriented at various angles relative to each other
and observed the intensity of light transmission in the center of the GUV (Fig. S12A-C).
Consistent with an internal untwisted bipolar DSCG configuration, we only observed extinction
of the light in this central region when the polarizers were set at 90 degrees relative to one
another (Fig. S12B) (50). Given that we did not observe twist distortions in the more nearly
spherical GUVs above, this result is in agreement with the theoretical calculation of Prinsen and
van der Schoot that twist distortions are less likely to develop in elongated, tactoid-shaped
droplets than in spherical droplets of the same size (48). We also note that we did not observe
boojum defects positioned along the minor axis in bright field micrographs of these elongated

and cusped GUVs as we did in the case of GUVs with approximately rounded poles. Based on



these results, we conclude that nematic DSCG adopts configurations inside and outside these

GUVs as depicted schematically in Fig. S12D.

Discussion

Our results indicate that two distinct populations of GUVs form in the nematic DSCG phase.
We hypothesize that these two populations might emerge depending on whether or not elastic
stresses imparted by the LC are sufficient in magnitude to lead to partial rupture and transient

formation of pores in the GUVs.

The population of slightly elongated GUVs characterized by cusp angles of a > 130° appears to
form via a process involving the expansion of GUV surface area due to elastic stresses upon
quenching from the isotropic to the nematic phase of DSCG while the GUV maintains constant
volume. Given this hypothesis, we expected the equilibrium shapes of GUVs within this
population in the nematic LC phase to reflect interplay between bulk LC elastic energy and the

energy associated with stretching an elastic GUV membrane. However, our analysis of Teyp,

revealed it to be only a weak function of the fractional surface area expansion eg, (Fig. 4A).
Given this result, the energetic coupling appearing to underlie the shapes adopted by GUVs in
this population seems to more closely resemble that which leads to the formation of elongated
nematic tactoids in lyotropic LCs — coupling between LC elastic energy and a surface energy due
to interfacial tension. We hypothesize that this unexpected result could be a consequence of
local depletion of DSCG from the region near the surface of GUV membranes, although we note
that our analysis suggests that this depletion is not induced solely as a result of the presence of

PEG-lipids.



On the other hand, our results suggest that the population of GUVs with a < 130° likely forms
through a process in which GUVs partially rupture due to high levels of strain within the
membrane imparted by the nematic DSCG phase, allowing 15 wt% DSCG solution to efflux
from the GUVs through transient pores in the membrane. This process allows GUVs to adopt
highly elongated shapes that give rise to configurations of confined nematic DSCG that are
distinct from those observed in the population of GUVs with a > 130°. Several experimental
observations support this hypothesis, including our measurement that the elastic energy penalty
associated with stretching a GUV membrane grows to become comparable to the surface energy
arising due to interfacial tension for the smallest and most highly deformed GUVs in the
population with o« > 130° (Fig. 4A). Additionally, our analysis suggests that following the efflux
of 15 wt% DSCG solution, the equilibrium shapes adopted by the population of highly elongated
and cusped GUVs are influenced by the same balance between LC elastic energy and surface
energy arising due to interfacial tension that sets the shapes of the population of GUVs with a >
130° (Fig. 4B). We note that although this coupling is reminiscent of that which gives rise to the
equilibrium shape of nematic tactoids dispersed in continuous isotropic phases in lyotropic LCs,
we measure the aspect ratios of GUVs in our system to vary more dramatically as a function of
GUV size than what has been reported for nematic tactoids. Specifically, whereas a recent study
reports the aspect ratios of tactoids that form in dispersions of carbon nanotubes in
chlorosulfonic acid to vary between 2 and 6 for tactoids characterized by major axes ranging
from 5 to 200 pm in length (51), in our system we measure the aspect ratios of GUVs to vary

between 1 and 10 for GUVs with major axis lengths between 2.5 pm and 50 um.
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