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ABSTRACT: When a dry mass of certain amphiphiles encounters
water, a spectacular interfacial instability ensues: It gives rise to the
formation of ensembles of fingerlike tubular protrusions called
myelin figures—tens of micrometers wide and tens to hundreds of
micrometers long—representing a novel class of nonequilibrium
higher-order self-organization. Here, we report that when phase-
separating mixtures of unsaturated lipid, cholesterol, and
sphingomyelin are hydrated, the resulting myelins break symmetry
and couple their compositional degrees of freedom with the
extended myelinic morphology: They produce complementary,
interlamellar radial gradients of concentrations of cholesterol (and
sphingomyelin) and unsaturated lipid, which stands in stark
contrast to interlamellar, lateral phase separation in equilibrated

morphologies. Furthermore, the corresponding gradients of molecule-specific chemistries (i.e., cholesterol extraction by methyl-3-
cyclodextrin and GM, binding by cholera toxin) produce unusual morphologies comprising compositionally graded vesicles and
buckled tubes. We propose that kinetic differences in the information processing of hydration characteristics of individual molecules
while expending energy dictate this novel behavior of lipid mixtures undergoing hydration.

Bl INTRODUCTION

Aqueous phase self-assembly of amphiphilic molecules, such as
surfactants, lipids, and block copolymers, at thermodynamic
equilibrium is now substantially well understood."” But the
kinetic pathways, which unfold when an almost insoluble phase
of lamellar surfactant meets water, remain incompletely
understood. During this intrinsically nonequilibrium, energy-
dissipating process, the hydrating amphiphile organizes
supramolecularly and relaxes dynamically, traversing down a
complex free-energy landscape dotted with multiple local
minima and metastable intermediates. Depending on the
details of the initial conditions, it can give rise to novel
instabilities, generate spatial and temporal patterns, and
produce kinetically trapped metastable states en route to
thermal equilibrium.”~>

Depending on the energetics of the system, two distinct
scenarios emerge: (1) kinetic assemblies, where the hydrating
amphiphilic assembly becomes trapped in a local minimum of
the free-energy landscape, and (2) far-from-equilibrium, active
assemblies, which persist as long as the energy supply lasts.® In
both cases, the resulting supramolecular organization prop-
agates amphiphilic self-assembly over extended and multiple
length scales. Moreover, the facile transitions between multiple
local free-energy minima, separated by accessible activation
energy barriers, render the organization dynamic, sensitive to
subtle perturbations from the environment. Consequently,
both kinetic and far-from-equilibrium supramolecular systems
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consisting of even single amphiphiles can access higher-order
organizational states producing complex and dynamic
morphologies”*—far surpassing the ordering and behaviors
of supramolecular assemblies achievable under equilibrium
conditions.

Perhaps, one of the most striking examples of such higher-
order self-assembly of amphiphiles under nonequilibrium
conditions is the class of transient, but long-lived, structures,
called myelin figures (myelins). First reported by Virchow
more than 150 years ago,”” myelins appear during the
dissolution of many common surfactants and lipids. They
emerge at the lipid-water boundary as large ensembles of
fingerlike tubular protrusions—tens of micrometers wide and
tens to hundreds of micrometers long—when a dry mass of
certain fluid-phase lipids encounters water. Individual myelin
grows sinuously by a two-dimensional reptation-like motion,
which tightly juxtaposes with their neighbors, cooperatively
elongates, and often folds into symmetry-breaking helical
shapes.

Received: September 27, 2021
Revised:  December 30, 2021
Published: January 12, 2022

https://doi.org/10.1021/acs.langmuir.1c02576
Langmuir 2022, 38, 1045—-1056


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+C.+S.+Ho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wan-Chih+Su"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuan+Chun+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Atul+N.+Parikh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bo+Liedberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.1c02576&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02576?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02576?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02576?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02576?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02576?fig=abs1&ref=pdf
https://pubs.acs.org/toc/langd5/38/3?ref=pdf
https://pubs.acs.org/toc/langd5/38/3?ref=pdf
https://pubs.acs.org/toc/langd5/38/3?ref=pdf
https://pubs.acs.org/toc/langd5/38/3?ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c02576?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf

Langmuir

pubs.acs.org/Langmuir

A considerable body of experimental and theoretical effort
has sought to identify mechanisms underlying their forma-
tion,”™'* characterize their growth mechanisms,” >° deduce
their structural orgelnization,H’Zl_24 and delineate their higher-
order dynamics including coiling.'">>*® The cumulated weight
of these studies suggests that myelins represent a kinetic
intermediate between the lamellar phase and the phase
characterized by dispersion of multilamellar vesicles. Despite
their superficial resemblance, they do not represent a true
classical diffusive fingering instability (Mullins—Sekerka
instability) in which growth proceeds by preferential
accumulation at the exposed tip.”” Instead, experimental
evidence supports a picture in which myelins grow from
their roots at the boundary between the aqueous phase and the
lipid reservoir.'” Although precise microscopic description of
their formation mechanism continues to be debated, it is clear
that they form in response to the hydration gradient (or
osmotic stress) between the amphiphilic phase and pure

Structurally, myelin figures represent an unusual class of
lyotropic smectic liquid crystal. They are organized into
discrete tubules consisting of thousands of cylindrically stacked
alternating lamellae of lipid bilayers and aqueous channels
wrapping a central (~100 nm) aqueous core.”” **The fluid
character of the surfactants facilitates in-plane two-dimensional
(2D) lateral diffusion of individual lipids within each
cylindrical lamellae. Within the cylindrical stacks of myelin
figures, the thermally excited out-of-plane undulation fluctua-
tions are expected to be suppressed by the spatial confinement
due to neighboring layers. The corresponding entropy loss
gives rise to the interlamellar repulsive interactions—the so-
called Helfrich repulsion—which stabilizes the one-dimen-
sional smectic order in myelins®® and inhibits molecular
exchanges between individual lamellae. Taken together, the
myelinic organization exemplifies a class of discrete supra-
molecular structures displaying multiple levels of ordering
including primary self-assembly of amphiphilic molecules into
bilayers; secondary reorganization of these discrete bilayers
into a smectically ordered cylindrical lamellar phase; and
occasional tertiary organization of single myelin figures into
symmetry-breaking helices, braids, and coils.

The elaborate ordering and dynamics of myelin figures
above, prompted by their nonequilibrium hierarchical
information processing,29 raises an intriguing question: How
would mixtures of amphiphiles organize within such dynamic
myelin instabilities? Equilibrium phase diagrams of many
bilayer-forming amphiphilic (e.g, lipidic) mixtures display rich
phase behaviors. Even the simplest binary and ternary mixtures
of fluid-phase lipids—with only subtle differences in their
molecular make-ups and preferential interactions—phase-
separate into coexisting fluid phases stabilizing spatial
heterogeneities in single lipid bilayers at equilibrium.**~**
This in turn prompts additional questions: (i) Would
equilibrium phase separation of lipids in single bilayers be
reproduced in individual lamellae of myelins? (ii) If yes, would
in-plane compositional degrees of freedom induce higher-order
interlayer organization of domains within the cylindrical
smectic phase of myelins? (iii) If not, what factors will
determine the spatial organization of lipids within myelins?
(iv) How would the initial interfacial instability, which propels
myelin growth, be modified by the presence of phase-
separating mixtures of lipids. Motivated by these questions,
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we experimentally investigate here the formation of myelin
figures using a multicomponent lipid mixture as a source.

In this study, we study myelin figures produced from
mixtures of phase-separating lipids using fluorescence micros-
copy. Our results reveal a surprising gradient organization
characterizing lipid distribution across different myelin
lamellae. In stark contrast to intralamellar phase separation
in equilibrated structures, we find that the molecules
comprising individual myelins segregate differentially across
different lamellae producing a radial and continuous
concentration gradient of the order parameter, i.e., molecular
concentration: cholesterol (and sphingomyelin) concentra-
tions are the highest in the outer lamellae with continuously
decaying concentrations inward culminating with an essentially
cholesterol (and sphingomyelin)-depleted phospholipid phase
in the innermost lamellae. A natural consequence of this
concentration distribution then is the emergence of corre-
sponding radial gradients of physical—chemical properties,
including lateral fluidity, bending rigidity, water permeability,
and chemical reactivity—all within the single, consolidated
smectic phase.”> Based on observations of dynamic reparti-
tioning of lipid amphiphiles at the interface, we propose that
this emergent, higher-order spatiotemporal self-organization is
driven not by any preexisting phase separation of the lipids in
the dry mass. But rather the differences in the kinetic
information processing of different molecular components
during hydration dictate this transient, but long-lived, response
of lipid mixtures.

B MATERIALS AND METHODS

Materials. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(liss-
amine rhodamine B sulfonyl) (Rhod-PE), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-
PE), egg sphingomyelin (sphingomyelin), cholesterol, and ganglioside
GM, were purchased from Avanti Polar Lipids (Alabaster, Alabama).
Methyl-f-cyclodextrin (MBCD), 6-dodecanoyl-N,N-dimethyl-2-naph-
thylamine (Laurdan), and 6-propionyl-2-(dimethylamino)-
naphthalene (Prodan) were purchased from Sigma-Aldrich (Singa-
pore). Alexa Fluor 488-conjugated cholera toxin subunit b (AF488-
CTxB) was purchased from Thermo Fisher Scientific (Waltham,

Formation of Myelin Figures. We used a well-studied system of
ternary lipid mixture consisting of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), cholesterol, and sphingomyelin. Equili-
brium phase diagram of this mixture predicts microscopic phase
separation characterized by two coexisting liquid phases: a dense
phase enriched in sphingomyelin and cholesterol designated as the L,
(liquid-ordered) phase and a second, less dense Ly (liquid-
disordered) phase consisting primarily of POPC.** For comparions,
we also prepared single-component myelin figures using POPC.

Stock solutions of lipid in chloroform were first prepared: POPC
(25 mg mL™), POPC/Rhod-PE (99.9:0.1, mol %, 25 mg mL™),
POPC/sphingomyelin/cholesterol (33:33:33, 30:50:20 or 45:45:10,
mol %, 12.5 mg mL™"), POPC/sphingomyelin/cholesterol (33:33:33,
30:50:20 or 45:45:10, mol %, 12.5 mg mL™") doped with 0.1 mol %
Rhod-PE and/or 0.1 mol % NBD-PE, and POPC/sphingomyelin/
cholesterol/GM, (33:33:33, 30:50:20, or 45:45:10, mol %, 12.5 mg
mL™") doped with 0.1 mol % Rhod-PE.

Our typical experimental configuration (Figure S1), which we
adapted from previous studies,''*"” was as follows. A small drop (<8
UL, total of 100 pug of lipid) of a lipid stock solution was dropped (e.g,
for 8 uL of solution, 2 X 4 uL) onto a microscopy glass cover slide,
which was freshly cleaned with chloroform. The organic solvent was
allowed to evaporate for at least 15 min under house vacuum.
Subsequently, a second glass cover slide was gently pressed onto the
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Figure 1. Structural characterization of myelin figures. (A) Optical micrograph and (B) fluorescence micrograph of POPC myelin figures, grown
for about 90 mins. (C) Time dependence of average myelin length (n = 4). Error bars refer to S.D. The dotted line is the power law fit. (D, E)
Cryogenic transmission electron micrographs of (D) POPC/sphingomyelin (SM)/cholesterol (Chol) (33:33:33 mol %) and (E) POPC myelin
figures. The top panels are manual stitching of multiple images to depict the elongated protrusions. (F) Cartoon depicting single-component POPC
myelin figure. The blue region represents the aqueous interlamellar space. Geometrical details are shown. Note: the central aqueous core is not

22-24
drawn to scale.

lipid cake to create a well-defined lipid—air boundary (sandwich
configuration). Deionized water or solute-laden aqueous phases (40
uL) were then allowed to infuse into the sandwich via capillarity, and
the ensuing changes were monitored in real time using optical and
fluorescence microscopies (Figure S1).

Alternate experimental configurations employing dry lipid on a
single glass cover slide or lipid-laden interior surfaces of capillaries®
were used to prepare myelins for characterization by cryo-trans-
mission electron microscopy (cryo-TEM) and small-angle X-ray
scattering (SAXS), respectively. The fact that these alternate sample
preparation methods reproducibly produce myelin figures has been
previously established.'” For characterization by cryo-transmission
electron microscopy (cryo-TEM), deionized water (40 uL) was added
directly to the dry lipid cake. Myelin figures were allowed to grow for
30—60 min. The myelin-containing solution (4 uL) was aspirated
gently for cryo-TEM grid preparation. For small-angle X-ray scattering
(SAXS) experiment, a small drop (<8 uL, total of 100 ug of lipid) of a
lipid stock solution was added in succession (e.g., for 8 uL of solution,
2 X 4 uL) into a borosilicate capillary tube (1 mm diameter and 0.01
mm wall thickness) and allowed for the removal of chloroform under
house vacuum. Deionized water (~10 uL) was added into the

capillary tube, and the tube was immediately sealed. Myelin figures
were allowed to grow for 30—60 min before measurement.

Growth Analysis of Myelins. Dry lipid cakes prepared in the
sandwich configuration were used for growth analysis. The length of
individual myelin was measurement using a segmented line tracing the
central core of the myelin. All measurements were performed using
public-domain Fiji Image] software.

Optical and Fluorescence Microscopy and Image Analysis.
Wide-field fluorescence microscopy images were acquired using a
DeltaVision microscope (Applied Precision, Inc., Issaquah, WA) fitted
with 10X/0.40 and 20X/0.75 objectives (Olympus, Tokyo, Japan),
4/,6-diamidino-2-phenylindole (DAPI), tetramethylrhodamine iso-
thiocyanate (TRITC) and fluorescein isothiocyanate (FITC)
Semrock filters (New York, NY), and a mercury lamp (Intensilight
C-HGFIE, Nikon Corporation, Tokyo, Japan). Images were processed
using Softworx 4.1.0 (Applied Precision, Inc., Issaquah, WA) or
Image]. Confocal microscopy images were acquired on an inverted
Nikon Eclipse TE 2000 microscope (Nikon Corporation, Tokyo,
Japan) fitted with an X-Light spinning disk confocal unit
(CrestOptics, Rome, Italy) and an Andor iXon+ EMCCD camera
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(Andor Technology, Belfast, Northern Ireland). Additional image
analysis was performed in Fiji Image].

Cryogenic Transmission Electron Microscopy (Cryo-TEM).
For characterization by cryo- TEM, a dry lipid cake was prepared as
described above. Electron microscope grids, coated with a lacey holey
carbon-coated Cu grid, 200 mesh (Quantifoil, Groflobichau,
Germany) were glow-discharged for 20 s and used immediately. A
solution (4 yL) containing preformed myelins was deposited onto a
grid at 99% humidity, blotted (blot time of 1 s, blot force of 1) with
Whatman filter paper (GE Healthcare Bio-Sciences, Piscataway, NJ),
and plunged into liquid ethane (Vitrobot, FEI Europe B.V,
Eindhoven, the Netherlands). The cryo-grids were imaged using a
FEG 200 keV transmission electron microscope (Arctica, FEI Europe
B.V., Eindhoven, the Netherlands) equipped with a direct electron
detector (Falcon II, Fei Europe B.V., Eindhoven, the Netherlands).
Line scans to plot density distribution across high- and low-density
features were carried out in Fiji Image].

Small-Angle X-ray Scattering (SAXS). For small-angle X-ray
scattering (SAXS) experiment, myelins were prepared in a borosilicate
capillary tube as described above and measured within 30—60 min
after hydration. All measurements were performed using a Nano-
inxider instrument (Xenocs SAS, Grenoble, France) in transmission
mode, and silver behenate was used for calibration. The lamellar
repeat distance d (lipid bilayer with an adjacent water layer) was
calculated using the equation d = 2n7/(q), with n being the order
number of the diffraction peak and g is the scattering vector, defined
by the equation g = (47/1)sin 6, where 4 is the wavelength (1.5419
A) and 0 is the scattering angle. Data analysis was performed using
FOXTROT application (Xenocs).

Fluorescence Recovery after Photobleaching (FRAP). FRAP
experiments were performed on a fluorescence microscope equipped
with spinning disk confocal configuration using an Intelligent Imaging
Innovations Marianas Digital Microscopy Workstation (3i Denver,
CO) fitted with a CSU-X1 spinning disk head (Yokogawa Musashino,
Tokyo, Japan), a QuantEMS512SC EMCCD camera (Photometrics
Tuscon, AZ), and an oil immersion 63X objective (Zeiss Plan-Fluor
63X (NA 1.4), Carl Zeiss Oberkochen, Germany). Rho-B DOPE and
NBD-PE fluorescent probes were bleached in a circular region (~2 to
3 pm in radius) at 100% of maximal laser power. Recovery of
fluorescence was recorded and measured from the subsequent frames,
10 frames per second.

Generalized Polarization (GP) Image Analysis. Stock
solutions of 1 mM Laurdan and 100 yM Prodan were prepared in
methanol and ethanol, respectively, and either used fresh or stored at
—20 °C. Laurdan or Prodan was added to the lipid stock solution at 1
mol % for subsequent dry lipid cake preparation, according to the
sandwich configuration procedures described above. Two-channel
images were acquired using two designated filter sets (DAPI/DAPI
and DAPI/FITC) with identical exposure setting. GP analysis of the
images was performed in Fiji Image] based on the following format

Gp = Imagepzpy/papr — Imagepapr/pirc

Imagep spr/papr + Imagepapr/prrc

where Imageppr/papr and Imagepapy/prc refer to image acquired
using DAPI/DAPI and DAPI/FITC filter sets, respectively, following
the classical equation

GP = Liso — Lioo
Liso + Loo

where I, and I, refer to the steady-state fluorescence emission
intensities at 440 and 490 nm, respectively.

Methyl g-Cyclodextrin (MSCD) and Cholera Toxin Subunit b
(CTxB) Treatments. For the morphological characterization of
MpCD or CTxB treatment, a dry lipid cake consisting of POPC/
sphingomyelin/cholesterol (33:33:33, mol %) was prepared as
described above. For MBCD treatment, the lipid stock solution was
doped with 0.1 mol % Rhod-PE and 0.1 mol % NBD-PE. For CTxB
treatment, the lipid stock solution was doped with 0.1 mol % Rhod-
PE. Deionized water (40 uL) was added directly onto the dry lipid
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cake. Myelin figures were allowed to grow for about 30 min.
Subsequently, MBCD (2—S uM) or AF488-CTxB (0.25—1 mM) was
added to the hydration solution and the additive was let to diffuse to
the myelins to initiate morphological transitions. Wide-field
fluorescence microscopy images were acquired on a DeltaVision
microscope with FITC and TRITC filters sets.

B RESULTS AND DISCUSSION

Hydration-Induced Formation of Multicomponent
Myelins. We begin by probing the hydration of lipid plaques.
We compare mixed-composition plaques consisting of a
ternary mixture of equimolar concentrations of POPC,
cholesterol, and sphingomyelin with plaques composed of
single, fluid-phase lipid, namely, POPC. Monitoring the
hydration-induced changes at the lipid—water boundary in
real time using optical microscopy confirm, for both cases, the
formation of a dense tangle of tubes emanating from the
incipient lipid—water boundary (Videos S1 and S2). The tubes
grow sinuously, juxtapose tightly, and occasionally coil into
chiral symmetry-breaking helices (Figure 1A). The overall
morphologies they produce are strikingly reminiscent of
labyrinthine patterns of typical reaction-diffusion systems®
(Figure 1B). Quantifying the growth behavior of multi-
component myelins confirms the expected square root of
time dependence (Figure 1C), reported previously for densely
packed myelins.'”'*"

To confirm that the multilamellar nature of the myelins is
also preserved for the multicomponent myelin figures, we used
a combination of cryo-TEM and SAXS measurements (Figures
ID—E and S2A,B). A representative cryo-TEM image for the
ternary myelins is characterized by a pattern of alternating light
and dark bands surrounding a larger central core with
individual bands remaining parallel, distinctly separated from
their neighbors and merging only at the single bulging free
ends (Figure 1D). These features already confirm the tubular
motif, linear nature, and the essential coaxial multilamellarity
(rather than cochleate-like scroll structure’’) of myelins.
Electron scattering profiles across multiple dark and light
bands for multicomponent myelins yield average thicknesses of
5.9 + 1.0 nm (n = 38, where n refers to the number of bands
measured) and 2.7 + 0.5 nm (n = 36), respectively. The
former is consistent with the thickness of a single phospholipid
bilayer, and the latter is comparable to the width of the
interbilayer space.”® The independent assessment of a single
repeating unit, combining a pair of light and dark bands,
averages at 8.3 = 1.1 nm (n = 10, where n refers to the band
periodicity for the light—dark pair), characterizing the smectic
pattern.”> >* The overall structure of the ternary myelin is
generally comparable to that of POPC myelins, characterized
by 4.4 + 0.6 nm (n = 21) and 3.7 + 0.5 nm (n = 21) for the
lipid bilayer and interbilayer spacings, respectively (Figure 1E).
This essential organization of the ternary component myelins
is further supported by preliminary SAXS measurements
(Figure S2A,B).

Collectively, our preliminary comparison confirms that the
multicomponent myelins qualitatively reproduce all major
structural and dynamical properties of single-component
myelins (Figure 1F). They confirm previous findings that the
molecular organization of myelin figures resembles that of a
lyotropic smectic liquid crystal in cylindrical geometry:**~>*
concentric arrays of discrete tubules consisting of thousands of
cylindrically stacked alternating lamellae of lipid bilayers and
aqueous channels wrapping a central (ca. 100—200 nm)
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Figure 2. Compositionally graded myelin figures. (A) Cartoon depicting a compositionally graded myelin figure. Red and green structures
represent Rhod-PE and NBD-PE, respectively. The blue region represents the aqueous interlamellar space. The central aqueous core is not drawn
to scale.”> >* Fluorescence micrographs at the bottom right panel show typical POPC/sphingomyelin (SM)/cholesterol (Chol) (33:33:33 mol %)
myelin figures, doped with 0.1 mol % of Rhod-PE and 0.1 mol % NBD-PE, grown for about 30 min, in merged and split channels. (B) Confocal
fluorescence micrograph of POPC/SM/Chol/Rhod-PE/NBD-PE myelin figures. (C) Line intensity profiles of Rhod-PE and NBD-PE in (B). The
black dashed line in (B) shows the measured region. (D) Laurdan generalized polarization (GP) analysis of POPC/SM/Chol and POPC myelin
figures. The red arrows in the insets show the measurement region. (E) Fluorescence micrographs show the distribution of Rhod-PE and NBD-PE
fluorophores at the instance of water—lipid contact (middle), pre- (bottom), and post- (top) hydration states.

aqueous core.””** Further characterization of the distribution
of molecular components within these multicomponent
myelins, however, reveals a striking new feature, presented
below.

Emergence of Radial Compositional Gradients in
Multicomponent Myelin Figures. When the multicompo-
nent myelins were visualized by doping the initial lipid mixture
with two phase-sensitive fluorescent dye-conjugated lipids (ca.
0.1-0.5 mol %),”””* individual myelins displayed the
remarkable appearance of complementary gradients in
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fluorescence emission characteristics: The emission due to
NBD-PE (green) was the highest in the outer lamellae and that
due to Rhodamine-PE (Rhod-PE, red) was the highest in the
innermost lamellae in the vicinity of the core (Figure 2A). The
intensities of both fluorophores displayed continuous radial
gradients, with the green decaying outside-in and the red
decaying inside-out (Figure 2B,C). Because the two
fluorophore-conjugated lipids have phase- and composition-
sensitive partitioning characteristics, the observed gradients in
emission intensities can be readily interpreted to indicate the
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existence of continuous compositional gradient across
individual lamellae comprising the myelin figures. Specifically,
NBD-PE partitions preferentially in denser, cholesterol-
enriched L, phases and Rhod-PE prefers cholesterol-depleted
and phospholipid enriched, more fluid Ly phases.** Thus, our
observations of their complementary and continuous gradients
indicate the enrichment of cholesterol and sphingomyelin in
the outermost lamellae and conversely that of phospholipid
POPC in the innermost lamellae with each decaying in radially
opposite directions.

It is also notable that the fluorescence intensities do not
exhibit any measurable intensity variations along the main axis
of the myelin figures at fixed radii. In other words, we find no
evidence for intralamellar phase separation. This is not
surprising for the outer- and innermost lamellae, which contain
limiting concentrations of the L, and Ly phase components,
both of which can be expected to produce single uniform
phases.”® But the existence of continuous gradients of
molecular compositions in single myelins suggests that the
compositions of individual lamellae within single myelins must
span a broad region of the phase diagram, including the
coexistence region. This gradient organization is fully
reproducible over several different compositions. For three
different compositions, 30:50:20, 33:33:33, and 40:10:50, each
of which resides in the phase coexistence region of the
miscibility phase diagram,”* we find fully reproducible radial
patterns of molecular compositions (Figure S3).

This appearance of radial compositional gradients in
multicomponent myelins stands in stark contrast to previous
observations of molecular organization in planar multilayer
stacks of lipid bilayers. Previous studies characterizing
molecular organization in planar multilamellar membranes
reveal in-plane phase separation of cholesterol and sphingo-
myelin-rich liquid-ordered phase from the fluid-phase POPC
and the appearance of long-range interlamellar stacking of
intralamellar domains—consistent with the formation of an
equilibrated smectic phase.”** This then raises the possibility
that the molecular organization in myelin figures might not be
at equilibrium.

The question of equilibration of myelin figures has been of a
long-standing debate. One school suggests that once formed by
an initial instability, myelin figures achieve a fully swollen
lamellar organization. Thus, this line of reasoning argues that
they must be in local equilibrium with the surrounding
aqueous phase.'”"*'® An alternate model proposes that the
myelin figures are dynamic structures, produced by an elastic
instability, which requires a sustained driving force—a
continuous consumption of the osmotic energy due to the
water chemical potential gradient at the lipid—water boundary
of the hydrating lipid mass.'” In our case, since intralayer phase
separation and thus interlamellar stacking are both suppressed
(instead producing interlamellar compositional gradient), these
support the picture that myelins represent a class of stress-
generated, driven instabilities.'"> Thus, our observations of
sustained compositional gradients, even after extended periods
of time (tens of minutes to hours), lend further credence to the
notion that the structure is not locally equilibrated.

Why doesn’t cholesterol equilibrate between the myelin
lamellae? Although isolated cholesterol molecules have limited
solubility in bulk water, the interlamellar aqueous phase is
small and the surface area is large. As a result, it seems
plausible that cholesterol may equilibrate between layers. We
reason that the strong association of cholesterol with
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sphingomyelin—which is the basis for the formation of
liquid-ordered phases—limits cholesterol equilibration be-
tween myelin lamellae, thereby stabilizing cholesterol gradient
such as observed. But this proposition remains unverified.

The appearance of sustained interlamellar gradients of
composition, with each lamella differing in composition from
its neighbors, should give rise to corresponding gradients of
molecular packing and thus of lateral fluidity between
individual lipid bilayers comprising the consolidated smectic
phase. To consider this scenario, we doped the initial lipid
plaque with Laurdan, an environment-sensitive fluorescent
probe, whose emission characteristics report on the local state
of hydration at the lipid headgroup—acyl chain interfacial
region: In general, partitioning of Laurdan within a more
ordered lipid phase produce higher generalized polarization
(GP) value and vice versa."® The GP values for the myelins
derived from the Laurdan-doped lipid mass clearly reveal a
continuous gradient: The lowest GP values were obtained for
the innermost lamellae (0.5 + 0.08, n = 3), and conversely, the
outermost lamellae yielded the highest values (0.8 + 0.05, n =
3, Figures 2D and S4A). By comparison, POPC myelins, which
do not present any compositional gradient, show significantly
smaller differences in the GP values across the lamellae (0.1 +
0.01 to 0.2 + 0.01, n = 3, Figures 2D and S4B). Substituting
Laurdan with Prodan, a different but comparable probe,
yielded a similar trend in the GP values (data not shown)
further confirming the existence of a gradient in chain packing.
Additional measurements of lateral fluidity using simple
microscopy-based fluorescence recovery after photobleaching
experiments confirms the existence of fluidity gradient: When
both the Ly phase-partitioning Rhod-PE and the L, phase-
partitioning NBD-PE are photobleached under identical
conditions, the former spot is ~3X broader consistent with
the higher fluidity of the probe molecule in the Ly phase
(Figure SS).

Taken together, the results presented above reveal how
simple hydration of dry lipid mass consisting of phase-
separating mixtures of amphiphilic lipids can give rise to an
unusual spatiotemporal organization characterized by an
extended spatial pattern of chemical composition—a con-
tinuous radial gradient of cholesterol (and saturated lipid or
sphingomyelin) concentration—within the dynamic myelin-
like morphology.

Differential Hydration Kinetics Induces Segregation
of Amphiphiles. From a dynamical point of view, the
appearance of layer-by-layer gradients of molecular composi-
tion in single myelins raises a fundamental question: How do
lipids segregate in growing myelins? Since no lipid exchange
between individual lamellae of smectically organized myelins
can occur, interlamellar segregation of molecules must be
determined by the organization in the lamellar phase at the
onset of myelinization. Focusing on the early events that
characterize myelinic instability, we find a clue. Visualizing the
lipid—air interface when water comes into contact with the
lipid mass, we find evidence for large-scale molecular sorting
(Figures 2E and S6). In the prehydrated state (Figure 2E,
bottom images), Rhod-PE and NBD-PE are fully mixed with
increased fluorescence at the lipid—air interface. This is
consistent with the expected increased concentration of all
lipids because of the capillary flow caused by differential
evaporation®” during plaque preparation. The presence of both
fluorophore-conjugated lipids at the interface then indicates
that the drying process by itself does not segregate lipids at the
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Figure 3. Morphological effects of graded extraction of cholesterol from POPC/SM/Chol/Rhod-PE/NBD-PE myelin figures by methyl j-
cyclodextrin (MJCD). (A) Time-lapse fluorescence micrographs show morphological transition, characterized by a change from tubular to
vesicular motif, when myelin figures are subjected to MBCD treatment. The morphological evolution and change in lamellar organization of the
myelin labeled with a dashed line (t = 736 s) are monitored in (C), and further characterized in (D). (B) Time-lapse fluorescence micrographs
highlighting initial deformations of the myelins, characterized by the appearance of multilamellar buds (arrowheads). (C) Time-lapse fluorescence
micrographs highlighting the morphological evolution of the myelin marked in (A). (D) Line intensity profiles corresponding to the line arrows
indicated in (C) for t = 736 and 1116 s. (E) Compositionally graded multilamellar vesicular structures after MBCD treatment.

interface of the dry lipid plaque (Figures 2E, S6, bottom
images, and S7, white dotted lines), although some
inhomogeneity in lipid distribution is often observed (Figure
S7). When water comes into contact with the interface, we find
a rapid reorganization at the interface: The enhancement of
Rhod-PE intensity is quickly lost, while that of the NBD-PE
fluorophore remains (Figures 2E and S6, middle images).
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Because the two dyes are phase- and composition-sensitive, the
observed transient separation of the dyes near the lipid
boundary signals incipient phase separation in the lipid plaque
just prior to myelin formation. The interfacial depletion of
Rhod-PE, which preferentially partitions within the liquid-
disordered, POPC-rich phase, then suggests that the amount of
POPC at the interface is reduced. Similarly, the unchanged
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interfacial intensity of NBD-PE, which selectively decorates
cholesterol and sphingomyelin-enriched phases suggests that
the amount of cholesterol (and sphingomyelin) at the interface
remains largely unperturbed. This transient interfacial reor-
ganization in the lipid plaque, prior to myelin formation, can
be understood in terms of the known differences in the
hydration behaviors of the incipient L, and Ly phases:*®
Although both cholesterol-rich L, and POPC-rich Ly phase
have comparable hydration-dependent diffusivities, the former
experiences much greater activation energy barrier for
fluidization.*”*° It thus seems reasonable that the more mobile
L4 phase is selectively transported from the interface by the
inward flow of water leaving behind the L, phase consisting of
cholesterol and sphingomyelin to enrich the interface. Within
several hundreds of milliseconds, buds of the myelin
protrusions are observed (Figure 2E, top images). This initial
segregation of molecules, which occurs during the early stage
of hydration, characterized by the transformation of the
isotropic lipid mass into the lamellar phase, then explains the
observed interlamellar molecular segregation in the myelin
protrusions. It is also plausible that interlamellar phase
separation may serve as a mechanism to lower the elastic
bending energy of the L, phase by reducing the cholesterol
content in the inner lamellae.

Molecule-Specific Chemistries Induce Novel Emer-
gent Behaviors and Complex Forms. This interlamellar
gradient in cholesterol concentration suggests interesting
possibilities for concentration-dependent, molecule-specific
chemistries in single myelins (Figure 2A). Constrained by
the myelin geometry, these chemistries introduce secondary
instabilities, which couple with the initial myelinic instabilities
producing novel emergent behaviors and complex forms. In
the following, we illustrate these morphological remodeling
using two examples: (1) gradient removal of cholesterol using
methyl f-cyclodextrin (MJCD) and (2) binding of a L, phase
partitioning ganglioside GM,; by cholera toxin subunit b
(CTxB).

First, the compositional gradients of multicomponent
myelins, exhibiting enhanced cholesterol concentrations in
the outer lamellae, suggest that the cholesterol content on the
outermost lamella may be close to its solubility limit in a lipid
bilayer (~66%)°" decreasing gradually in inner lamellae. As a
consequence, the activity of MACD, a cyclic heptameric
oligosaccharide capable of extracting cholesterol from lipid
bilayers,”>** also can be expected to become radially patterned.
To explore the consequences of such spatially graded
cholesterol extraction chemistry, we administered MSCD to
preformed myelin (POPC/cholesterol/sphingomyelin, 1:1:1
mol/mol ratio, doped with Rhod-PE and NBD-PE).
Fluorescence microscopy data indicate a drastic morphological
change: The initial tubular motif is abandoned, replaced by
rounded, multilamellar structures (Figures 3 and S8—S9 and
Videos S3—S5) resembling multilamellar vesicles (MLVs)
(Figure 3E). A closer inspection, however, reveals some
important differences. While the characteristic smectic arrange-
ment of lamellae of myelin is lost, the concentration gradients
are not replaced by uniform compositions across lamellae. A
line profile across the lamellae shows that the fluorescence
intensity due to Rhod-PE (red) exhibits radial gradient in
correspondence with those in the precursor myelins: the
highest intensity near the central lumen, decaying toward the
periphery of the MLVs (Figures 3D and S9, line profiles). The
same however no longer holds for the NBD-PE (green) probe.
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The initial NBD-PE gradient is now replaced by one exhibiting
an uneven distribution, characterized by multiple irregularly
spaced peaks in the fluorescence intensity (Figures 3D and S9,
line profiles) culminating with the brightest green at the
boundary. This in turn suggests that the outer lamellae have a
distinctly different composition from the inner ones. Thus, it
seems unlikely that the MSCD-mediated cholesterol extraction
transforms metastable myelins into equilibrium structures
characterized by nested and polydisperse MLVs.”* Instead,
the preservation of the concentration gradient, and thus of the
history of MLV formation, suggests a separate nonequilibrium
transition.

Remarkably, the observed chemical-stress-mediated trans-
formation of multitubular myelins, upon graded extraction of
cholesterol, into multilamellar vesicles bears a striking
resemblance to a distinct nonequilibrium transition: shear-
induced transformation of the lamellar phase of many common
surfactants into a phase consisting of multilamellar vesicles
(MLVs), called the “onion” phase.”* There, an application of
hydrodynamic sheer has been observed to destabilize the
lamellar phase via a cooperative undulatory instability
producing MLVs. Moreover, the kinetic process by which
the lamellar-to-MLV transition under shear flow involves an
intermediate identified as multilamellar cylinders, which
resembles the myelin figures.”” Because of this strong parallel,
it appears instructive to further consider whether the
underlying mechanisms driving the morphological change
might also be related. Previous studies describe the formation
of the onion phase from their lamellar precursors in terms of a
shear-induced elastic buckling instability. Briefly, theory
suggests that the shear flow generates an effective force on
the lamellar phase, which acts to reduce the membrane area
and suppress short-wavelength thermal undulations. Con-
strained within the lamellar geometry of fixed area, the bilayers
under shear thus experience a lateral pressure, which beyond a
threshold shear gives rise to a coherent buckling of the
lamellae, ultimately leading to the formation of multilamellar
vesicles.”

Although a detailed comparison is outside the scope of the
present enquiry, a phenomenological parallel is in order: The
removal of cholesterol necessarily concentrates gel-phase
sphingomyelin in the exposed, outermost lamellae of single
myelins and decreases the bilayer area.”” As a consequence,
thermal undulation of the lamellae is suppressed, subjecting the
residual bilayers to a net mechanical tension and an effective
lateral pressure. Under the constraints of fixed macroscopic
myelin area, this pressure, beyond a threshold, may orchestrate
a coherent buckling of multiple lamellae in a manner similar to
that produced by hydrodynamic shear. Indeed, our observa-
tions of initial deformations of the myelin boundary producing
nascent multilamellar buds (Figure 3B, arrowheads) suggest a
cooperative buckling. Because the effective cholesterol
concentration in the outer lamellae is probably high, near the
solubility limit, it appears reasonable that the elastic buckling
can exceed the threshold required to transform the multi-
cylindrical myelins into multilamellar vesicles in a manner akin
to shear-induced instabilities in lamellar surfactants.>

Second, we investigated binding interactions at the myelin
boundaries. For the study, we chose the well-studied case of
GM,-cholera toxin subunit b (CTxB) interaction in which
cholera toxin, a member of ABS family of pentameric proteins,
multivalently recognizes up to five copies of a membrane
glycolipid, monosialoganglioside GM,;, with an exquisite
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Figure 4. Morphological effect of multivalent ganglioside GM1 and cholera toxin subunit b (CTxB) binding interaction on POPC/SM/Chol/
GM,/Rhod-PE myelin figures. (A) Time-lapse fluorescence micrographs highlight tubular bending to membrane budding transition when myelin
figures displaying GM, are subjected to CTxB treatment. (B) Schematic of the morphological transition for the myelins marked with dotted lines in

(A). Note: the dotted area for Tube “II” is a projection.

biospecificity and strong affinity.” We chose this binding pair
because previous studies establish that (1) GM, partitions
within the cholesterol-enriched L, phase,”* which in myelin
figures preferentially accumulate in the exposed, outer lamellae
and (2) the multivalent GM,-CTxB interactions influence
membrane physical properties (e.g, lateral fluidity and local
curvatures),”’ "% which within the constraints of myelin
geometry might generate unusual response.

In experiments, we added Alexa Fluor 488-conjugated CTxB
(AF488-CTxB) to the exterior of the preformed myelin figures,
consisting of POPC, sphingomyelin, and cholesterol and
labeled with Rhod-PE. Upon addition of AF488-CTxB
(025—1 mM), we find that the external boundary of the
myelin figure becomes uniformly lit with green fluorescence
due to AF488-CTxB, consistent with the expected enrichment
of its binding partner, GM}, in the outermost lamellae (Figure
4). Within seconds, these protein-decorated myelins exhibit
clear shape changes: The extended fingerlike myelins bend,
wrinkle, and bifurcate while retaining their cylindrical motif.

This binding-induced macroscopic shape change in myelin
figures suggests another distinct type of elastic instability,
which we propose ensues from the unique myelin organization.
It is now well established that CTxB, like other related
multivalent protein toxins, induces tubular invaginations in
single lipid bilayers of giant vesicles and plasma membranes of
living cells.® These invaginations are known to originate from
the synergistic effects of (1) multivalent binding, which allows
single CTxB molecules to accumulate up to five GM, and (2)
higher-density clustering of GM,;-CTxB molecules, which
occurs because of the line energy between the more ordered
GM,-CTxB enriched region®" and the surrounding membrane.
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These lateral reorganizations locally generate an asymmetric
compressive stress, which, in the limit of low to moderate
membrane tensions, favor local negative curvatures and
provide a driving force for membrane invagination.*®
myelin figures, these forces compete with the opposing forces
unique to myelin molecular organization and geometry.
Experimental evidence presented here indicates that the
outermost lamellae are enriched in the L, phase and possess
higher lipid order (and thus higher bending rigidity) compared
to the inner ones. Because GM, preferentially partitions in this
phase, the corresponding statistical overabundance of GM,
facilitates near-complete CTxB coverage. This in turn would
further amplify the mismatch in the lipid order in the
outermost lamellae (a mere 2 mol % GM; is sufficient to
decorate the membrane surface with a near-continuous protein
layer). As a consequence, the outermost lamellae of CTxB
decorated myelins are likely to experience a considerable
compressive stress and mechanical tension, which extends over
the entire layer (see above). Furthermore, the smectic
geometry of the myelin firmly couples the strained outermost
lamellae with the inner lamellae along the axial length of the
myelin tube and remains fixed over the experimental timescales
at the two ends. Taken together, these factors then subject the
myelin to a stress differential between the strained outermost
bilayer and relaxed lamella in the interior. This scenario has a
strong parallel with many different types of layered
morphologies in which the differential strain and elasticities
of the skin layer (relative to the bulk foundation) generate

elastic instabilities that produce bends, loops, and wrin-
Kles 6668

In
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B CONCLUSIONS

Collectively, the findings presented here exemplify some of the
novel emergent characteristics of stress-induced dynamic
structures that emerge during nonequilibrium self-organization
of lipid amphiphiles in water. They reveal the formation of
hierarchically ordered, cylindrical smectic crystals or myelin
figures that are compositionally graded displaying extended
radial patterns of molecular compositions: cholesterol and
saturated sphingomyelin enriching in the outer lamellae and
the unsaturated phospholipids concentration in the inner ones.
They show that these compositional gradients emerge as a
result of the interplay between the kinetic differences in the
hydration behaviors of different lipids and the stress-driven
myelinic instabilities of insoluble lipids. Furthermore, they
show that these initial instabilities couple successively with
higher-order elastic instabilities—illustrated for the chemical
activities of cholesterol-extracting MSCD and CTxB binding
glycolipid GM,;—generating complex morphologies over
extended and multiple length scales.

Because compositionally graded myelins exhibit correspond-
ing gradients of elasticity, permeability, and chemical reactivity,
our results may pave for myriads of new applications: Can
cholesterol-enriched outer lamellae of myelins be used to
concentrate and crystallize membrane proteins?®® Might
myelins offer a platform to produce, maintain, and release
ionic gradients (store and discharge electrical charges) at the
nanometer scale of interlamellar aqueous channels? Can we
selectively sequester cargo inside myelin cores? Can we exploit
the compositional gradients (and extended multiscale organ-
ization) of self-organizing myelins to direct templated synthesis
and growth of novel nanostructures in their core and in their
interlamellar spacing? Can we put their collective organization
into dense labyrinthine packing to use to assemble higher-
order patterns? Can we use this as a model system to study
tubular and closely juxtaposed intracellular membrane
compartments, such as the endoplasmic reticulum and the
Golgi apparatus? In the events of lipid extraction from or
protein binding on multilamellar membranes, our result may
offer insights into possible morphological outcomes. These and
other nontraditional applications, we anticipate, will consid-
erably enhance the utility of these fascinating nonequilibrium
structures of simple amphiphilic mixtures.
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