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ABSTRACT

Amphiphilic molecules self-assemble into supramolecular structures of various sizes and
morphologies depending on their molecular packing and external factors. Transformations
between various self-assembled morphologies is a matter of great fundamental interest. Recently,
we reported the discovery of a novel class of single-chain galactopyranosylamide amphiphiles
that self-assemble to form vesicles in water. Here, we describe how the vesicles composed of the
amphiphile N-oleoyl B-D-galactopyranosylamine (GOA) undergo a morphological transition to
fibers consisting of mainly flat sheet-like structures. Moreover, we show that this transformation
is reversible in a temperature-dependent manner. We used several optical microscopy and
electron microscopy techniques, circular dichroism spectroscopy, small-angle X-ray scattering,
and differential scanning calorimetry, to fully investigate and characterize the morphological
transformations of GOA and provide a structural basis for such phenomena. These studies
provide significant molecular insight into the structural polymorphism of sugar-based

amphiphiles and foresee future applications in rational design of self-assembled materials.



INTRODUCTION

Self-assembled organic nanostructures are currently being investigated for use in hydrogel
scaffolds,'? sustained drug release applications,’*#*> and artificial cell compartments.® This
bottom-up approach, in which the molecules arrange themselves into organized structures in the
absence of external manipulation, is attractive due to their ease of fabrication, and wide diversity
of available architectures. Furthermore, the ability to self-reproduce is important for mimicking
the studies of a minimal cell and the origins of life. 7#

To achieve basic functions such as motility, communication, feeding, growth, and division,
living cells rely on self-organizing properties of their membrane components.’ Cellular
membranes are derived from the self-assembly of various amphiphilic lipids. These lipids consist
of a nonpolar hydrocarbon tail region, and a polar head group. Depending on the molecular
geometry and nature of the functional groups, the lipids can self-assemble in water to form well-
defined structures such as micelles, vesicles, fibers, tubules, helical ribbons, and bicontinuous
networks.!” These morphological variations can often be achieved by modifying the polar head
groups and lipid tails. Typically, amphiphiles having a cylindrical molecular geometry self-
assemble into vesicles. Vesicles are perhaps the closest mimic of the plasma membrane-bound
architecture of a living cell and have been used extensively as a scaffold for artificial cell
design,!! microreactor,® and drug delivery vehicle.”> On the other hand, amphiphiles which form
tubular or other high-aspect ratio supramolecular structures typically have at least one chiral
center, a rigid hydrophobic segment and are capable of forming extended intermolecular
hydrogen bonding, which in combination imposes preferential molecular orientation.!* Examples
of these include diacetylenic lipids'* and surfactants derived from amino acids,”® sugars,'®

peptides,'” and bile salts.”® The ability of these structures to enable spatially and temporally



controlled release of cargo biomolecules, triggered by external inputs such as pH, temperature, or
ionic strength, has also made them suitable candidates for the smart delivery of bioactive
molecules.!*?2! In addition, lipid nanotubes have been used for helical crystallization of
proteins.??

Interconversion between various supramolecular morphologies in response to external stimuli
has been extensively documented in the literature. Transformations between lipidic structures
such as lamellar to cubic,” and lamellar to inverted hexagonal?* are well studied in biology and
believed to be central to various physiological processes and even pathological states. Several
works have reported the transformation between vesicles and various tubular and other high
aspect ratio morphologies in response to temperature,'*? metal-ion binding,?*’ and mechanical
interventions.?®? Among the single-chain amphiphiles (SCAs), those bearing a glucose head
group are perhaps the most well-studied for temperature dependent transformations.**-3? Similar
observations were reported for galactose-containing bolaamphiphiles.’> However, studies of
morphological transformations involving galactose-bearing simple SCAs are underrepresented in
the literature.

Recently, we reported the discovery of a series of galactose-bearing SCAs that can
spontaneously self-assemble to form lamellar membrane-bound vesicles in water.*** Among
these self-assembling glycolipids, the N-oleoyl B-D-galactopyranosylamine (GOA) (Figure 1,
Scheme S1 and Figure S1) forms robust bilayer membranes over a wide range of concentrations
and is capable of encapsulating biologically relevant molecules. More recently, we reported the
formation of stable sponge phase droplets from GOA in presence of

octylphenoxypolyethoxyethanol surfactants.’



We demonstrated that the GOA vesicles transition into fibers consisting of flat sheets and
needle-like structures upon cooling (Figure 1). Furthermore, GOA vesicles regenerated upon
heating of the fibers. This reversible morphological transformation between vesicles and fibers
provide important insight into the structural formations and adaptability of the galactose-bearing

SCAs.

Figure 1. Temperature-dependent morphological transformations of GOA. (A) Schematic representation of
temperature-dependent reversible fiber-to-vesicle transition of GOA. The structure of GOA is shown in inset.
Spinning-disk confocal microscopy of GOA. (B) Fibers existing at room temperature and (C) vesicles when the
same fibers are heated significantly above room temperature. The samples were stained with Nile Red. (D)
Concentration-dependent formation of GOA fiber structures. Fiber formation was not observed below 100 pM.

Scale bars represent 10 ym.



EXPERIMENTAL SECTION

Chemicals and materials: Commercially available 3-D-galactopyranosylamine was obtained
from Toronto Research Chemicals. Oleic acid (OA), O-(7-azabenzotriazol-1-yl)-1,1,3,3-
tetramethyl-uronium hexafluorophosphate (HATU), N,N-dimethylformamide (DMF), N,N-
diisopropylethylamine (DIPEA), chloroform, and Nile Red were obtained from Sigma-Aldrich.
Deuterated methanol (CD;OD) was obtained from Cambridge Isotope Laboratories. HPLC
analysis was carried out on an Eclipse Plus C8 analytical column with Phase A/Phase B
gradients [Phase A: H,O with 0.1% formic acid; Phase B: MeOH with 0.1% formic acid]. HPLC
purification was carried out on Zorbax SB-C18 semipreparative column with Phase A/Phase B
gradients [Phase A: H,O with 0.1% formic acid; Phase B: MeOH with 0.1% formic acid].
Nuclear magnetic resonance (‘H NMR) spectra were recorded on a Varian VX-500 MHz
spectrometer. Electrospray Ionization-Time of Flight (ESI-TOF) spectra were obtained on an
Agilent 6230 Accurate-Mass TOF-MS mass spectrometer. Transmission electron microscopy
(TEM) images were recorded on a FEI Tecnai™ Spirit G2 120 kV microscope. Circular
dichroism (CD) spectra were recorded on an Aviv CD Spectrometer. Differential scanning
calorimetry (DSC) measurements were carried out on a Microcal VP-Capillary DSC instrument
(Ward Lab, The Scripps Research Institute). Microscopy was carried out using an Olympus
BXS51 optical microscope and a Carl Zeiss Axio Observer Z1 spinning-disk confocal microscope.

Synthesis of N-oleoyl B-D-galactopyranosylamine (GOA). GOA was synthesized according
to Scheme S1. A solution of oleic acid (12.9 mg, 45.8 ymol) in DMF (458 pL) was stirred at O

°C for 10 min, and then HATU (19.2 mg, 50.4 ymol) and DIPEA (8.8 uL, 50.4 yumol) were



successively added. After 10 min stirring at 0 °C, B-D-galactopyranosylamine (8.2 mg, 45.8
umol) was added. After 1 h stirring at rt, the mixture was concentrated in vacuo. The
corresponding residue was dissolved in MeOH (250 uL), filtered and purified by HPLC,
affording 15.8 mg of GOA as a white solid [78%, tx = 6.8 min (Zorbax SB-C18 semipreparative
column, 5% Phase A in Phase B, 15.5 min)]. 'H NMR (CD;OD, 500.13 MHz, §): 5.44-5.25 (m,
2H, 2 x CH),4.84-4.83 (m, 1H, 1 x CH), 3.88 (d,/=3.1 Hz, 1H, 1 x CH), 3.74-3.63 (m, 2H, 2 x
CH), 3.61-3.47 (m,3H, 1 x CH + 1 x CH,), 2.34-2.16 (m, 2H, 1 x CH,), 2.13-1.91 (m, 4H, 2 x
CH,), 1.69-1.55 (m, 2H, 1 x CH,), 1.41-1.24 (m, 20H, 10 x CH,), 0.90 (t, J = 6.8 Hz, 3H, 1 x
CH;). 3C NMR (CD;0D, 125.77 MHz, 6): 177.3, 130.9, 130.8, 81.5,78.2,75.8,71.3,70.5,62.5,
37.2,33.1, 309, 30.9, 30.6, 30.5, 30.4, 30.3, 30.3, 30.2, 28.2, 28.1, 26.6, 23.7, 14.4. MS (ESI-
TOF) [m/z (%)]: 466 ([M +Nal*, 44), 444 ([MH]*, 100]. HRMS (ESI-TOF) calculated for
[C2sHisNOgNa] ([M +Na]*) 466.3139, found 466.3139.

Formation of GOA vesicles and fibers. Vesicles were prepared by hydration of GOA film
was in UltraPure distilled water by vigorous vortexing followed by incubation at 42 °C for 30
min and tumbling at 37 °C for 1 h. Fibers were prepared by allowing the vesicles to cool at 4 °C
overnight or at room temperature for several days.

Transmission electron microscopy (TEM) studies. 4.8 uL. of a 3 mM dispersion of GOA
(fibers or vesicles) in H,O was added to formvar-coated Cu grid surface and allowed to sit for
~10 s and the excess solution was blotted into a filter paper The grid was washed with 4.8 L
drops of ultrapure H,O and subsequently stained with 4.8 yL. drops of 2% uranyl acetate. The
staining was carried out for ~30 s following which excess stain was blotted with filter paper. The
grids were dried in air. After this, samples were imaged by transmission electron microscopy

(TEM).



Cryo-electron microscopy (cryo-EM). Fibers were prepared from 3 mM GOA as described
previously. Immediately before grid preparation, the fiber sample was pipetted onto plasma-
cleaned 200-mesh Quantifoil R 2/2 copper grids (Quantifoil). Using a Vitrobot EM grid plunger
(FEI), excess buffer was blotted at room temperature and 95% humidity and the grids were
plunge-frozen in liquid ethane maintained at about -180 °C. The grids were stored in liquid
nitrogen until use. Fiber samples were imaged on a 120 kV Libra TEM (Zeiss) fitted with a
2kx2k charge coupled device (CCD) camera.

Scanning electron microscopy (SEM) studies. A dispersion of GOA (0.5 mM) fibers was
dropped on a glass slide and placed at -80 °C to freeze. Samples where then dried under vacuum
for 2 h. The freeze-dried samples were sputter coated with 5 nm of iridium prior to imaging at 5
kV on FEI Apreo SEM.

Atomic force microscopy (AFM) studies. A dispersion of GOA fibers (0.5 mM) was drop-
coated on a clean Si wafer surface and air-dried. AFM scans were acquired with a
multimode Veeco system with nanoscope controller IV in tapping mode. The cantilevers used
were HQ:NSC15/AL BS with a resonance frequency of 325 kHz and spring constant 40 N/m.
Images were acquired at a scan rate of 0.5 Hz. Images were processed using the software
Gwyddion.

Small-angle X-ray scattering (SAXS). SAXS studies were carried out at the beamline 12-ID-
C at the Advanced Photon Source (APS), Argonne National Laboratory (ANL). The samples
were placed in capillary tubes with 0.01 mm walls and 15 mm outer diameter (15-SG, Charles
Supper Company). SAXS measurements were performed with monochromatic photon flux of
1x10"* photons s! cm?2. A 1x1 mm? focused beam of incident photon energy at 18 keV

(wavelength = 0.69 A) was used with exposure times of 1 s. The SAXS data were collected by a



CCD detector (2048x2048 pixels) and the sample-to-detector distance was 3825 mm. One-
dimensional SAXS profiles were derived by azimuthal averaging of the two-dimensional
scattering data with proper background subtraction using the Igor Pro macro Nika. Finally, the
scattering intensity profiles were obtained as a function of the scattering vector (g).

Circular dichroism (CD) spectroscopy. CD spectra were recorded on a Jasco J-1500 CD
Spectrometer. GOA was suspended in deionized water at a concentration of 3.0 mM. Then, 200
uL of the sample was loaded into a quartz cuvette (1 mm light path) and scanned from 260 nm to
190 nm at every 1 nm interval. The sample was measured at 25, 37, and 60 °C. The background
consisted of deionized water and an average of five individual scans were measured. Presented
spectra represent averages of ten individual scans with background subtraction.

Differential scanning calorimetry (DSC). DSC measurements were carried out on a Microcal
VP-Capillary DSC at the Ward Lab (The Scripps Research Institute). 450 uL. of 0.5 mM
dispersions of GOA in water were used for all experiments. The scan rates were 30 °C/h and the
gain were set to “high”. Background subtraction and data analyses were carried out using
Microcal Origin software as provided by the manufacture.

Real-time microscopy of morphological transformations. Vesicle and fiber samples were
prepared from 3 mM GOA as described earlier. For observing fiber-to-vesicle transformation, 30
uL of the dispersion was loaded into a 0.20 mmx2.00 mm rectangular borosilicate tube
(Vitrocom). The loaded samples were then placed on the Peltier stage (Linkam Scientific
Instruments) connected to a water circulating pump and observed with 40X objective on an
Olympus BX51 microscope. The temperature was set at 4 to 95 °C at a rate of 5 °C/min.

For observation of the vesicle-to-fiber transformation, Vesicle samples were loaded on a

micro-insert dish (Ibidi Cat. No. 80486), in a humidified chamber and imaged on the spinning



disk microscopy (Zeiss) at 20X magnification. The images were acquired every 10 min for a

total of 96 h.

Cell Culture. Hep3B liver cancer cell lines (ATCC, HB-8064) were cultured at a density of
5x10* cells per well in 8-well glass chambers in EMEM media containing L-Glutamine (Quality
Biological) supplemented with 10% heat inactivated FBS (Omega Scientific, FB-02), and 1%
penicillin/streptomycin (Life Technologies Cat. No. 15140122) for 24 hours in 37 °C incubator
with 5% CO,. Next day, the media was replaced with 300 L. Opti-MEM media (Life
Technologies Cat. No. 31985070). Vesicles were prepared by hydration of 3.21 mM GOA film
in HBSS and 0.714 mM Tween 80, followed by incubation at 50 °C for 10 min. Vesicles were
then extruded through 0.1 ym polycarbonate membrane using Avanti Mini-Extruder (Avanti
Polar Lipids, Inc.), and concentration was obtained by preparing a standard curve on HPLC. 100
uM GOA vesicles were added to the well and HBSS (Life Technologies Cat. No. 14175095)
was added to another well as control. Cells were then incubated for 4 hours at 37 °C incubator

with 5% CO, and imaged on the spinning-disk confocal microscopy (Zeiss) using 20X objective.

RESULTS AND DISCUSSION

Morphological transformation of GOA. Initially, we prepared GOA vesicles incorporating
0.1 mol% Nile Red by hydrating a lipid film above 37 °C. The vesicles were then kept below
room temperature (typically 4 °C) overnight, and fiber structures of flat sheet and needle-like
morphologies were observed by spinning-disk confocal microscopy (Figure 1B). When the fibers
were briefly placed in a 95 °C heat block, vesicles were observed only (Figure 1C). In addition
to the influence of temperature in the formation of the fibers, the molecular self-assembly also
depended on the concentration of GOA. At concentrations below 100 yM, fiber formation was

not observed (Figure 1D). This observation is in good agreement with our previous study3> where
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we estimated the critical aggregation concentration (cac) of GOA for vesicle formation to be
approximately 79 M.

To determine if the solvent (in this case, water) is important in maintaining the sheet-like
structures, water was removed by lyophilization. Upon lyophilization, the samples appeared dry
and a white powder was formed. Analysis of the resulting material by optical and polarized light
microscopy (PLM) showed preferentially the presence of several populations of aggregates as
well as fibrous structures (Figure S2). The aggregates observed could be due to loss of hydrogen
bonding of the -OH groups of the galactopyranosyl head-groups with water. Further, we
observed that the self-assembled structures of GOA are not formed in polar organic solvents
such as dimethylformamide, dimethyl sulfoxide methanol, and ethanol. Thus, the presence of
water is likely to contribute to the stabilization of the GOA fibers as previously noted with other
amphiphilic systems.’” We also prepared vesicles from GOA in presence of small quantities
(6.25 mol%) of Tween 80 in various buffers such as HEPES buffered saline (pH 7.4), Hanks
Balance Salt Solution (HBSS), and phosphate buffered saline (pH 7.4) as previously described.?
Upon incubation of the vesicles below room temperatures, we observed formation of fiber
structures.

TEM, SEM, cryo-TEM, and AFM studies. We next characterized the self-assembled
structures of GOA by TEM, SEM, cryo-TEM, and AFM. Aqueous dispersions of GOA vesicles
were extruded through a 0.1 pm polycarbonate filter using a hand-held device (Avanti Polar
Lipids) and imaged by negative-staining TEM. Representative TEM images of the vesicular
architectures showed average diameter to be about 130 nm (Figure 2A). The majority of the
sample exhibited flat sheet-like structures (Figure 2B) although needle like structures were also

observed (Figure 2C). The average width of the needle-like structures was approximately 60 nm,
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measuring around 2 ym in length. The flat sheet-like structures are much larger with an average
width of 900 nm and approximately 9 ym in length. Additional examination of the fiber
structures by SEM and cryo-TEM reconfirmed the presence of flat sheet-like structures with
smooth surface morphology and needle-like structures with pointed ends (Figures 2D, 2E, and
2F).

AFM studies were also carried out to estimate the 3D height distributions of different fiber
structures. We observed that the flat sheets have heights in the range of about 50-200 nm while

the needle-like structures have heights in the range of about 30-120 nm (Figure S3).

Figure 2. Electron microscopy characterization of the self-assembled structures of GOA. Negative staining TEM
images confirming the formation of vesicles (A), flat sheets (B) and needle-like structures (C). Scale bars: A — 500
nm, B — 500 nm, C — 1.5 ym. (D) SEM images of fiber samples. Scale bar denotes 5 pm. Cryo-TEM images of flat

sheet (E) and needle-like structures (F). Scale bars represent 5 ym.
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GOA fibers exhibit long-range structural order and chiral packing. Once we studied the
self-assembled structures of GOA by microscopy, we sought to determine if the fibers presented
any long-range order in their supramolecular structure. PLM revealed that the fibers exhibited
birefringence (Figure 3A). This is indicative of the presence of anisotropy and long-range order
in the overall structure. In comparison, a dispersion of vesicles did not exhibit any birefringence,
suggesting that they are isotropic in organization (Figure 3B).
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Figure 3. Polarized light microscopy (PLM) of GOA samples. (A) Bright field (leff) and polarized light (right)
micrographs of a fiber dispersion exhibiting birefringence (A), vesicle dispersion exhibiting no birefringence (B).

Both samples are prepared from 3 mM GOA.

Next, we investigated if the self-assembly of the fibers exhibit any chiral packing of the
constituent amphiphilic monomers. Circular dichroism (CD) spectroscopy can provide
experimental evidence that formation of fibers is directed by chiral molecular packing.'* At 25
°C, CD spectrum of the GOA sample containing fiber-like structures showed a negative peak
centered approximately at 220 nm (Figure 4). When the temperature of the sample was raised to

37 °C, the CD signal diminished and disappeared at 60 °C. The hydrocarbon chains are packed
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in a fluid state at higher temperatures in vesicle morphologies resulting in loss of CD signal.
These results indicated the presence of chiral molecular packing in the fiber-like structures but

not in the vesicles.
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Figure 4. Circular dichroism (CD) spectra of GOA dispersions (fibers and vesicles) at varying temperatures.

SAXS measurements. To study the mesophase behavior of the vesicles and fibers, we
employed SAXS using synchrotron radiation source. A dispersion of GOA fibers loaded in a
glass capillary gave Bragg reflections (n = 1, 2), suggesting the presence of lamellar ordering
(Figure 5A). From the intensity profile, the d-spacing (d = 2m/q) was calculated to be 37.40 A.
This distance is slightly higher than the previously calculated head-to-head distance of 35.25 A
(for GOA bilayers),* suggesting that the GOA molecules are only weakly hydrated in the fibers.
When the same capillary was heated above main phase transition temperature, Bragg reflections
(n =1, 2) were obtained at higher lamellar repeat distances (Figure 5B) and the intensity was
decreased. The d-spacing was calculated to be 45.53 A, as expected from a more disordered

molecular packing in fluid phase vesicular morphology.
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Figure 5. Synchrotron small-angle X-ray scattering (SAXS) studies on GOA dispersions. The intensity profiles
correspond to fibers (A) and vesicles (B). The Bragg peaks are marked with asterisks. The inset images show the

diffraction patterns.

Real-time transition of fibers to vesicles and vice versa. To visualize the transition of fibers
to vesicles in real-time, the fibers were loaded in a rectangular glass capillary and subjected to a
temperature rise from 4 to 95 °C at a rate of 5 °C/min on a temperature-controlled microscope
stage. As shown in Figure 6, the number of fibers observed began to decrease with increasing
temperature. Vesicles began to appear when the stage temperature reached 50 °C. As the
temperature is increased from 70 to 79 °C, vesicle formation along the fibers are clearly visible
(Figure 6, Movie S1). Finally, all fibers are converted to vesicles when the stage temperature
reached 80 °C and beyond (data not shown). It is important to point out that while the stage
temperature can be controlled, the exact temperature inside the glass capillary is likely to be
much lower than that of the stage depending on the rate of heat conduction. Therefore, the

observed transitions may have taken place at lower temperatures than the set temperature of the
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stage. No morphological change was observed when the temperature gradient is reversed at the
same rate. The reverse process of vesicle-to-fiber transition is considerably slow, ranging from
10-12 h at 4 °C to several days at room temperature. We followed the transition of vesicles to

fibers in a sealed chamber at room temperature by continuous imaging over 4 days (Movie S2).

Figure 6. Temperature-induced fiber-to-vesicle transition observed by phase contrast microscopy. The indicated
temperatures are those of the temperature-controlled microscopy stage. Vesicles are shown enlarged in inset for

clarity. Scale bars denote 50 ym.

DSC measurements. To better understand the transition between fibers and vesicles, we
further investigated the thermodynamic nature of this process. We believe that the vesicle-to-
fiber transformation is driven by entropy. Thus, increase of temperature facilitates the formation

of vesicles, which is the entropically less costly form. Moreover, we observed that duration over
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which the samples are incubated at a particular temperature can affect the transition between the
two morphologies. To determine the precise temperature range where the morphological
changes take place, we employed DSC. In good agreement to our previous report,> DSC scans
on a multilamellar dispersion of GOA revealed the presence of two peaks — an intense, sharp,
and symmetrical peak centered at 25 °C, and a broad, strong, asymmetrical peak with maximum
at 37 °C (Figure 7A). In this experiment, the sample block was incubated at 4 °C for 10 h. As
the holding time is shortened to ~3 h, the first peak is diminished while the second peak
remained unchanged (Figure 7B). When the samples were incubated throughout at 25 °C, the
first peak disappeared (Figure 7C). Thus, incubation of a multilamellar vesicular dispersion of
GOA at low temperature for prolonged time showed how the vesicles transformed to fibers in
situ and displayed the respective DSC peaks. However, when the samples were incubated at
higher temperatures, the vesicles partly retained their fluid nature and no conversion to fibers
was observed. We further corroborated these results by microscopic observations of the left-over
dispersions and observed fibers in the first two conditions, but only vesicles in the final
condition. We attributed the peak at 37 °C to be the main transition peak (gel to fluid), and the
sharp peak at 25 °C as the one corresponding to the fiber-to-vesicle transition. Based on the
sharpness of the DSC peak, we reason that the fiber-to-vesicle transformation is a cooperative

process as suggested in previous reports.*
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Figure 7. Differential scanning calorimetry (DSC) of GOA samples under various conditions. DSC scans revealed a
sharp peak at 25 °C when 0.5 mM aqueous dispersions of GOA were incubated at 4 °C for longer (9-10 h) duration
(A) and shorter (2-3 h) duration (B). Alternatively, incubation of the samples at 25 °C only showed a single broad

peak (C).

CONCLUSION

We have shown that the single-chain amphiphile GOA can transition between two different
morphologies in a temperature-dependent manner. On a molecular level, we believe that strong
directional intermolecular interactions among the amide groups near the head-group region play
a key role in the transformation between vesicles to fibrous structures similar to what has been
reported with other amphiphilic systems.?*3° Interestingly, we observed that vesicles derived
from S-oleoyl B-D-thiogalactopyranose (OTG)** do not transform to fibers even after one week
of incubation at 4 °C, further highlighting the significance of the amide bond for such
transformation to take place.

In the context of possible drug delivery applications, it would be important to take into
consideration the biocompatibility of the self-assembly of the amphiphiles.** Though the
chemical functional groups in GOA are compatible with biomolecules, the formation of the fiber
structures may influence cell viability through physical interactions. Preliminary studies on
Hep3B cells showed that fibers and needle-like structures formed from GOA vesicles added to
cell culture media resulted in cell death (SI, page S5, Figure S4). The cell death is likely due to
the physical contact of the fibers with the cell membrane.

In summary, these studies provide new insight into the morphological transitions of the single-
chain amphiphile GOA. The transition from vesicles to fibers/sheet-like structures and the

reverse transformation is mainly influenced by temperature. Future studies will be necessary to
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analyze the effects of alternate sugar headgroups, such as fucose, mannose, or xylose.
Morphological transitions dependent on physical factors may find application in membrane

mimetic studies and shape transformations in protocells.
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