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ABSTRACT: Amphiphilic molecules undergo self-assembly
in aqueous medium to yield various supramolecular structures
depending on their chemical structure and molecular
geometry. Among these, lamellar membrane-bound vesicles
are of special interest due to their resemblance to cellular
membranes. Here we describe the self-assembly of single-
chain amide-linked amphiphiles derived from β-D-galactopyr-
anosylamine and various unsaturated fatty acids into vesicles. In contrast, the analogous amphiphiles derived from β-D-
glucopyranosylamine self-assemble into nanotubes. Fluorescence spectroscopy, X-ray diffraction, and differential scanning
calorimetry are used to determine various physical parameters pertinent to the self-assembly process. The vesicular architecture
is characterized using optical microscopy and transmission electron microscopy. Moreover, we show that the vesicles derived
from these amphiphiles can encapsulate molecules of various sizes and host model biochemical reactions. Our work
demonstrates that single-chain glycolipid-based amphiphiles could serve as robust building blocks for artificial cells and have
potential applications in drug delivery and microreactor design.

■ INTRODUCTION

Amphiphilic molecules self-assemble in aqueous medium to
form supramolecular aggregates belonging to various lyotropic
mesophases. Molecular geometry and functional groups on an
amphiphile are the primary determinants of what kind of
aggregate it will form. Glycolipids are an important class of
amphiphiles that exhibit a wide variety of structural poly-
morphism depending on the molecular architecture.1,2 These
amphiphiles are characterized by a monosaccharide or
oligosaccharide headgroup and a hydrophobic tail often
originating from the condensation of fatty acids. Glycolipids
play important roles in maintaining the stability of cellular
membranes as well as serving as markers for cellular recognition.
Despite their ubiquity, the structure−function relationship of
glycolipids with respect to membrane formation is relatively less
explored and requires detailed biophysical studies. Glycolipids
derived from various microorganisms have been considered for
applications as economic and environment-friendly biosurfac-
tants.3,4 Moreover, there is a significant interest in developing
synthetic glycolipids for obtaining novel structural assemblies.
Shimizu and coworkers have contributed extensively to the
physical characterization of self-assembled structures like
organic nanotubes5 and hydrogels.6

Recently, we reported on the discovery of a new class of
uncharged β-D-galactopyranose-derived single-chain amphi-

philes (SCAs) that spontaneously self-assemble in water to
form micron-sized vesicles.7 Unlike fatty-acids, β-D-galactopyr-
anose-derived SCAs form membranes over a broad range of pH
values and even in the presence of free divalent metal cations.
With respect to being a building block for vesicles, the SCAs
offer significant advantages and unique properties compared
with phospholipids. For example, the semipermeable nature of
the membranes derived from SCAs enables internal biochemical
reactions such as rolling circle amplification (RCA) of DNA,
even when precursors such as dNTPs are supplied externally. All
of these features make them a powerful model system for the
study and construction of advanced synthetic cells.
Here we describe the design, synthesis, and characterization of

a collection of β-D-galactopyranosylamides derived from various
unsaturated fatty acids, which spontaneously self-assemble to
form membrane-bound vesicles (Figure 1a). We studied the
glycolipids derived from oleic acid (GOA; 18:1,ω9), palmitoleic
acid (GPOA; 16:1, ω7), and myristoleic acid (GMOA; 14:1,
ω5) using various physical techniques and showed that all of
them form highly stable vesicles in aqueous medium (Figure
1b). In contrast, we observed that the corresponding
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amphiphiles derived from β-D-glucopyranosylamine (GlcOA,
GlcPOA, GlcMOA) form nanotubes in aqueous medium
(Figure 1b), in good agreement with previous reports.8 Our
results suggest that there is a strong correlation between the
molecular structure and self-assembly properties of single-chain
glycolipids, and their detailed physical studies may lead to the
design of novel glycolipid amphiphiles and applications in
membrane mimetic chemistry.9

■ EXPERIMENTAL SECTION
Chemicals and Materials. Commercially available β-D-

galactopyranosylamine and β-D-glucopyranosylamine were used
as obtained from Carbosynth. Oleic acid (OA), O-(7-
azabenzotriazol-1-yl)-1,1,3,3-tetramethyl-uronium hexafluoro-
phosphate (HATU), N,N-diisopropylethylamine (DIPEA),
N,N-dimethylformamide (DMF), 8-hydroxypyrene-1,3,6-trisul-
fonic acid (HPTS), 4-(2-hydroxyethyl)piperazine-1-ethanesul-

fonic acid (HEPES) sodium salt, Tween 80, chloroform, β-
galactosidase (E. coli overproducer, Roche) and 4-methylum-
belliferyl β-D-galactopyranoside (MUG) were obtained from
Sigma-Aldrich. Palmitoleic acid (POA) and myristoleic acid
(MOA) were obtained from Cayman Chemicals. Proteinase K
was obtained from New England Biolabs. Texas Red 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylam-
monium salt (Texas Red DHPE) was purchased from Biotium.
N,N-Dimethyl-6-dodecanoyl-2-naphthylamine (Laurdan) was
obtained from Chemodex. Deuterated methanol (CD3OD) was
purchased from Cambridge Isotope Laboratories. All mixtures
of solvent mixtures for chromatographic separation are reported
in terms of v/v ratios. An Eclipse Plus C8 analytical column was
used for HPLC analyses. A Zorbax SB-C18 semipreparative
column was used for purification by HPLC. The gradients are
designated as ratios of Phase A/Phase B, where Phase A is
composed of H2O with 0.1% formic acid and Phase B is
composed of MeOH with 0.1% formic acid. Nuclear magnetic
resonance (1H and 13CNMR) spectra were acquired on a Varian
VX-500 MHz instrument. High-resolution mass spectra (HR−
MS) were obtained at the Molecular Mass Spectrometry Facility
(MMSF) of the University of California, San Diego. A
NanoDrop 2000C spectrophotometer was used for UV−vis
measurements. Microscopy was carried out using an Olympus
BX51 optical microscope and a Carl Zeiss Axio Observer Z1
spinning-disk confocal microscope.

Synthesis of Alkyl β-Glycopyranosylamides. Alkyl β-
glycopyranosylamides (GOA, GPOA, GMOA, GlcOA,
GlcPOA, GlcMOA) were synthesized according to Scheme S1.

N-Oleoyl β-D-Galactopyranosylamine (GOA).7 Oleic acid
(25.9 mg, 91.6 μmol) was dissolved in DMF (916 μL) and
stirred at 0 °C. After this, HATU (38.3 mg, 100.8 μmol) and
DIPEA (17.6 μL, 100.8 μmol) were added, respectively. After
stirring for ∼10 min, β-D-galactopyranosylamine (16.4 mg, 91.6
μmol) was added. Stirring was continued for 1 h at rt, and the
organic solvents were removed in vacuo. The yellow residue was
dissolved in 500 μL of MeOH, filtered, and purified using
HPLC. 36.8 mg of GOA was obtained as a white solid powder
(91%). 1HNMR (CD3OD, 500.13MHz, δ): 5.44−5.25 (m, 2H,
2×CH), 4.84−4.83 (m, 1H, 1×CH), 3.88 (d, J = 3.1 Hz, 1H, 1
×CH), 3.74−3.63 (m, 2H, 2×CH), 3.61−3.47 (m, 3H, 1×CH
+ 1 ×CH2), 2.34−2.16 (m, 2H, 1 ×CH2), 2.13−1.91 (m, 4H, 2
×CH2), 1.69−1.55 (m, 2H, 1×CH2), 1.41−1.24 (m, 20H, 10×
CH2), 0.90 (t, J = 6.8 Hz, 3H, 1 × CH3).

13C NMR (CD3OD,
125.77 MHz, δ): 177.3, 130.9, 130.8, 81.5, 78.2, 75.8, 71.3, 70.5,
62.5, 37.2, 33.1, 30.9, 30.9, 30.6, 30.5, 30.4, 30.3, 30.3, 30.2, 28.2,
28.1, 26.6, 23.7, 14.4. HR−MS (ESI-TOF) calculated for
[C24H45NO6Na] ([M + Na]+) 466.3139, found 466.3139.

N-Palmitoleoyl β-D-Galactopyranosylamine (GPOA). A
solution of POA (15.9 μL, 55.8 μmol) in DMF (558 μL) was
stirred at 0 °C, following which HATU (23.3 mg, 61.4 μmol)
and DIPEA (38.9 μL, 223.3 μmol) were added, respectively.
After stirring for 10 min, β-D-galactopyranosylamine (10.0 mg,
55.8 μmol) was added. The reaction was continued at rt for 1 h,
and the solvents were removed in vacuo. The yellowish residue
was dissolved in 500 μL of MeOH, filtered, and purified on
HPLC. 20.7 mg of GPOA was afforded as a white solid powder
(89%). 1HNMR (CD3OD, 500.13MHz, δ): 5.42−5.27 (m, 2H,
2×CH), 4.85 (d, J = 8.6 Hz, 1H, 1×CH), 3.88 (dd, J1 = 3.1 Hz,
J2 = 1.1 Hz, 1H, 1 × CH), 3.73−3.63 (m, 2H, 2 × CH), 3.60−
3.47 (m, 3H, 1×CH + 1×CH2), 2.34−2.17 (m, 2H, 1×CH2),
2.10−1.98 (m, 4H, 2 × CH2), 1.71−1.57 (m, 2H, 1 × CH2),
1.40−1.24 (m, 16H, 8×CH2), 0.91 (t, J = 6.9Hz, 3H, 1×CH3).

Figure 1. Self-assembled structures from single-chain glycopyranosyl
amphiphiles. (a) Schematic representation of the formation of vesicles
(top) from alkyl β-D-galactopyranosylamides and nanotubes (bottom)
from alkyl β-D-glucopyranosylamides. (b) Structures of all amphiphiles
used in this study (GOA:N-oleoyl β-D-galactopyranosylamine,GPOA:
N-palmitoleoyl β-D-galactopyranosylamine, GMOA: N-myristoleoyl β-
D-galactopyranosylamine, GlcOA: N-oleoyl β-D-glucopyranosylamine,
GlcPOA: N-palmitoleoyl β-D-glucopyranosylamine, GlcMOA: N-
myristoleoyl β-D-glucopyranosylamine).
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13C NMR (CD3OD, 125.77 MHz, δ): 177.3, 130.9, 130.8, 81.5,
78.2, 75.8, 71.3, 70.4, 62.5, 37.2, 33.0, 30.9, 30.4, 30.4, 30.3, 30.1,
28.2, 26.7, 23.8, 14.5. HR−MS (ESI-TOF) calculated for
[C22H41NO6Na] ([M + Na]+) 438.2826, found 438.2821.
N-Myristoleoyl β-D-Galactopyranosylamine (GMOA). A

solution of MOA (7.0 μL, 27.9 μmol) in DMF (279 μL) was
stirred at 0 °C. Next, HATU (11.7 mg, 30.7 μmol) and DIPEA
(19.4 μL, 111.6 μmol) were added successively. After stirring for
10 min, β-D-galactopyranosylamine (5.0 mg, 27.9 μmol) was
added. Stirring was continued for 1 h at rt, and then the solvents
were removed in vacuo. The yellowish residue was dissolved in
250 μL of MeOH, filtered, and purified by HPLC. 8.0 mg of
GMOA was obtained as a white solid (74%). 1H NMR
(CD3OD, 500.13 MHz, δ): 5.42−5.29 (m, 2H, 2 × CH), 4.85
(d, J = 8.6 Hz, 1H, 1 × CH), 3.88 (dd, J1 = 3.1 Hz, J2 = 1.1 Hz,
1H, 1×CH), 3.73−3.64 (m, 2H, 2×CH), 3.60−3.48 (m, 3H, 1
×CH + 1×CH2), 2.33−2.19 (m, 2H, 1×CH2), 2.11−1.98 (m,
4H, 2 × CH2), 1.71−1.56 (m, 2H, 1 × CH2), 1.41−1.29 (m,
12H, 6 × CH2), 0.91 (t, J = 7.1 Hz, 3H, 1 × CH3).

13C NMR
(CD3OD, 125.77 MHz, δ): 177.3, 130.8, 130.8, 81.5, 78.2, 75.8,
71.3, 70.4, 62.5, 37.2, 33.2, 30.9, 30.4, 30.4, 30.2, 28.1, 27.9, 26.7,
23.4, 14.4. HR−MS (ESI-TOF) calculated for [C20H37NO6Na]
([M + Na]+) 410.2513, found 410.2508.
N-Oleoyl β-D-Glucopyranosylamine (GlcOA). Oleic acid

solution (25.9 mg, 91.6 μmol) in DMF (916 μL) was stirred at 0
°C, and then HATU (38.3 mg, 100.8 μmol) and DIPEA (17.6
μL, 100.8 μmol) were added successively. After stirring for 10
min, β-D-glucopyranosylamine (16.4 mg, 91.6 μmol) was added.
Stirring was continued for 1 h at rt, followed by the removal of
solvents in vacuo. The resulting yellowish residue was dissolved
in 500 μL of MeOH, filtered, and purified on HPLC. 34.3 mg of
GlcOA was obtained as a white solid powder (85%). 1H NMR
(CD3OD, 500.13 MHz, δ): 5.41−5.26 (m, 2H, 2 × CH), 4.89
(d, J = 9.1 Hz, 1H, 1 × CH), 3.82 (dd, J1 = 12.0 Hz, J2 = 2.1 Hz,
1H, 1 × CH), 3.65 (dd, J1 = 12.0 Hz, J2 = 5.1 Hz, 1H, 1 × CH),
3.39 (t, J = 8.8 Hz, 1H, 1 × CH), 3.37−3.32 (m, 1H, 1 × CH),
3.30−3.20 (m, 2H, 1 × CH2), 2.24 (td, J1 = 7.5 Hz, J2 = 4.1 Hz,
2H, 1×CH2), 2.10−1.96 (m, 4H, 2×CH2), 1.72−1.52 (m, 2H,
1 × CH2), 1.39−1.24 (m, 20H, 10 × CH2), 0.90 (t, J = 6.8 Hz,
3H, 1 × CH3).

13C NMR (CD3OD, 125.77 MHz, δ): 177.3,
130.9, 130.8, 81.0, 79.6, 79.0, 73.9, 71.4, 62.6, 37.1, 33.1, 30.9,
30.9, 30.7, 30.5, 30.4, 30.4, 30.4, 30.3, 28.2, 28.1, 26.6, 23.8, 14.5.
HR−MS (ESI-TOF) calculated for [C24H44NO6] ([M−H]−)
442.3174, found 442.3175.
N-Palmitoleoyl β-D-Glucopyranosylamine (GlcPOA). A

solution of POA (5.7 mg, 22.4 μmol) in DMF (500 μL) was
stirred at 0 °C; then, HATU (13.9 mg, 36.6 μmol) and DIPEA
(7.8 μL, 44.8 μmol) were added consecutively. After stirring for
10 min, β-D-glucopyranosylamine (8.0 mg, 44.7 μmol) was
added. Stirring was continued for 2 h at rt, followed by the
removal of solvents in vacuo. The resulting yellowish residue was
dissolved in 300 μL of MeOH, filtered, and purified on HPLC.
3.9 mg ofGlcPOA was obtained as a white solid powder (42%).
1H NMR (CD3OD, 500.13 MHz, δ): 5.43−5.26 (m, 2H, 2 ×
CH), 4.89 (d, J = 9.1 Hz, 1H, 1 ×CH), 3.82 (dd, J1 = 12.0 Hz, J2
= 2.2 Hz, 1H, 1 ×CH), 3.65 (dd, J1 = 11.9 Hz, J2 = 5.1 Hz, 1H, 1
×CH), 3.39 (t, J = 8.8 Hz, 1H, 1 ×CH), 3.35−3.32 (m, 1H, 0.5
×CH2), 3.30−3.26 (m, 1H, 0.5 ×CH2), 3.23 (t, J = 9.1 Hz, 1H,
1 × CH), 2.32−2.16 (m, 2H, 1 × CH2), 2.10−1.98 (m, 4H, 2 ×
CH2), 1.70−1.53 (m, 2H, 1 × CH2), 1.40−1.26 (m, 16H, 8 ×
CH2), 0.91 (t, J = 7.0 Hz, 3H, 1 × CH3).

13C NMR (CD3OD,
125.77MHz, δ): 177.3, 130.9, 130.8, 81.0, 79.6, 79.0, 73.9, 71.3,
62.6, 37.2, 33.0, 30.9, 30.9, 30.4, 30.4, 30.2, 30.1, 28.2, 26.7, 23.8,

14.5. HR−MS (ESI-TOF) calculated for [C22H41NO6Na]
+ ([M

+ Na]+) 438.2826, found 438.2823.
N-Myristoleoyl β-D-Glucopyranosylamine (GlcMOA).

MOA (10.4 mg, 46.0 μmol) was dissolved in DMF (700 μL)
by stirring at 0 °C. Next, HATU (27.6 mg, 72.6 μmol) and
DIPEA (16.0 μL, 92.0 μmol) were added successively. After
stirring for 10 min, β-D-glucopyranosylamine (16.5 mg, 92.2
μmol) was added. Stirring was continued for 1.5 h at rt, followed
by the removal of solvents in vacuo. The resulting yellow residue
was dissolved in 400 μL of MeOH, filtered, and purified on
HPLC. 12.9 mg of GlcMOA was obtained as a white solid
powder (73%). 1H NMR (CD3OD, 500.13 MHz, δ): 5.42−5.25
(m, 2H, 2 × CH), 4.89 (d, J = 9.1 Hz, 1H, 1 × CH), 3.82 (dd, J1
= 12.0 Hz, J2 = 2.2 Hz, 1H, 1 ×CH), 3.65 (dd, J1 = 11.9 Hz, J2 =
5.1 Hz, 1H, 1 × CH), 3.39 (t, J = 8.8 Hz, 1H, 1 × CH3), 3.36−
3.32 (m, 1H, 0.5 × CH2), 3.30−3.26 (m, 1H, 0.5 × CH2), 3.23
(t, J = 9.1 Hz, 1H, 1×CH), 2.32−2.16 (m, 2H, 1×CH2), 2.12−
1.94 (m, 4H, 2 × CH2), 1.71−1.52 (m, 2H, 1 × CH2), 1.38−
1.29 (m, 12H, 6 × CH2), 0.91 (t, J = 7.1 Hz, 3H, 1 × CH3).

13C
NMR (CD3OD, 125.77MHz, δ): 177.3, 130.8, 130.8, 81.0, 79.6,
79.0, 73.9, 71.3, 62.6, 37.1, 33.1, 30.8, 30.4, 30.4, 30.2, 28.1, 27.9,
26.6, 23.4, 14.4. HR−MS (ESI-TOF) calculated for
[C20H37NO6Na]

+ ([M + Na]+) 410.2513, found 410.2509.
Critical Aggregation Concentration Determination.

The critical aggregation concentrations (cac’s) of the various
lipids used in this study were estimated using a method based on
the solvatochromic fluorescent dye Laurdan. Laurdan shows a
sharp change in the value of generalized polarization (GP) at or
near the cac (or critical micelle concentration (cmc)) value of an
amphiphile. Initially, a dispersion of the lipid was prepared in
Milli-Q H2O by hydration of a thin film, followed by sonication.
Afterward, various solutions (20 μL each) were prepared by the
dilution of the concentrated dispersions with Milli-Q H2O. The
samples were kept at 37 °C for 1 h, following which 0.25 μL of
Laurdan (100 μM in EtOH) was added to each and mixed by
gentle tapping. Then, the samples were transferred to a 384-well
plate and analyzed on a Tecan Infinite plate reader at 37 °C. The
samples were excited at 364 nm, and emission spectra were
acquired over 430−500 nm. The GP was calculated as follows

= −
+

I I
I I

GP 440 490

440 490 (1)

where I440 and I490 stands for the fluorescence intensities at the
wavelengths 440 and 490 nm, respectively. The values of GP
were plotted against the lipid concentrations for each dilution.

Transmission Electron Microscopy Studies. Micro-
graphs were recorded on an FEI Tecnai Sphera microscope
operating at 200 kV and equipped with a LaB6 electron gun
using the standard cryotransfer holders developed by Gatan.
Copper grids (Formvar/carbon-coated, 400 mesh copper) were
glow discharged at 20 mA for 1.5 min. After this, 3.5 μL of a
dispersion of the glycolipid (GOA, GPOA, GMOA, and
GlcOA) in H2O was added to the grid surface and allowed to
sit for ∼10 s. It was washed with 10 drops of ultrapure H2O and
subsequently stained with three drops of 1% uranyl acetate. The
staining was carried out for ∼10 s before blotting with filter
paper. Following this, samples were imaged by transmission
electron microscopy (TEM).

X-ray Diffraction and Electron Density Profile Meas-
urements. Glycolipid multilayers were deposited on silicon
[100] substrates by following the reported protocols.10 A
concentrated solution (10mM) of the glycolipid (GOA,GPOA,
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GMOA or GlcOA) in methanol was used to drop-coat the film
on freshly cleaned (MeOH/deionized H2O) hydrophilic silicon
substrate. The evaporation rate of the mixed solvent was
controlled to obtain a uniform coated film over 10 × 10 mm of
surface. The deposited films were then put in high vacuum (10−3

Torr) for >12 h to remove trapped solvents. To obtain a well-
oriented lipid multilayer, the dried films were then rehydrated
under 100% relative humidity (RH) at 50 °C. A slow and steady
humidity incubation for >24 h produced a well-oriented smectic
lipid multilayer membrane with long-range correlation among
consecutive layers. Subsequently, samples were stored in sealed
boxes at room temperature and under RH of ∼98% using
saturated salt (K2SO4) solution vapor. X-ray diffraction (XRD)
measurements were carried out at our in-house XRD setup (D8
Discover, Bruker) consisting of a four-circle goniometer and a
Cu Kα (8.04 keV, λ ≈ 1.54 Å) source. A special sealed humidity
chamber was used to control precisely the RH of the sample.
X-ray Diffraction Intensity Profiles. For the representation of

the typical XRD intensity profile of the glycolipid samples, we
have plotted integrated intensity as a function of the transferred
wave vector (qz)

π
λ

θ=q
4

sinz (2)

where θ is the grazing angle of incidence and λ stands for the
wavelength of the incident X-ray.
Relative Electron Density Profiles. We obtained a set of

Bragg peaks from the XRD profile, indicating long-range
ordering in the glycolipid multilayers deposited on the substrate.
To quantify further, we determined the relative electron density
profile (EDP) of the stacked multilayers. The EDP can be can
generated from the XRD intensity profile using the following
equation

∑ρ ν π= | |z
d

F
nz
d

( )
2

cos
2

n
n nrelative

(3)

where d represents the d spacing of the stacked multilayer, n is
the Bragg peak order number, vn is the phase factor, and Fn =
n√In, where In represents the integrated intensity of the nth
order peak and the factor n includes the Lorentz correction
factor apart from a multiplicative constant. In practice, we
considered the first six Bragg peaks from the intensity profile.
The phase factors vn were taken from those obtained from
similar lipid multilayers utilizing the swelling method.10 Because
the EDPs of bilayers are assumed to be centrosymmetric, the
phase’s vn can only be of combination of +1 or −1. The relative
EDPs are indeterminate to the extent of an overall scale factor
and a shift arising from n = 0 Fourier coefficient in eq 3. The
corresponding EDP data allowed us to estimate the membrane
thickness (head-to-head distance of the lipid bilayer) for the
glycolipids under consideration.
Differential Scanning Calorimetry Measurements.

Differential scanning calorimetry (DSC) was used to study the
phase-transition behavior of the glycolipids. All thermograms
were recorded on aMicrocal VP-Capillary DSC (Ward Lab, The
Scripps Research Institute). GOA, GPOA, GMOA, GlcOA,
GlcPOA, and GlcMOA dispersions were prepared in Milli-Q
H2O at concentrations of 0.5, 1.0, 2.0, 0.5, 0.5, and 1.5 mM,
respectively. The volume of sample used for the analyses was
450 μL each. The scan rate for each sample was 30 °C/h. The
gain settings were set to “high”. Background subtraction and

processing of the thermograms were carried out using Microcal
Origin Software provided by the manufacturer.

Encapsulation Experiments. Encapsulation of HPTS
(Pyranine) Dye. A thin lipid film was prepared on the walls of
a glass vial by evaporating a solution of GOA in CHCl3/MeOH
(2:1). Hydration of the lipid film was carried out by vortexing
with 60 μL of a solution containing 1 mM HPTS, 0.2 mM
Tween 80, and 50 mMTris (pH 8.0). The final concentration of
GOA in the dispersion was 3.0 mM. The dispersion was further
tumbled at 37 °C for 1 h. The unencapsulated dye was removed
by washing the dispersion with 50 mM Tris (pH 8.0) using a
spin filter (300 kDa molecular weight cutoff (MWCO), Pall
Corporation). A small volume of the retentate was examined by
spinning-disk confocal microscopy, and large number of vesicles
were observed with HPTS encapsulated.

Encapsulation of Fluorescently Labeled Dextran. A thin
lipid film was prepared on the walls of a glass vial by evaporating
a solution of GOA in CHCl3/MeOH (2:1). Hydration of the
lipid film was carried out by vortexing with 60 μL of a solution
containing 2 mg/mL fluorescein isothiocyanate (FITC)-labeled
dextran (3−5 kDa, Sigma-Aldrich), 0.2 mM Tween 80, and 50
mM Tris (pH 8.0). The final concentration of GOA in the
dispersion was 3mM. The dispersion was tumbled at 37 °C for 1
h. The unencapsulated dextran was removed by washing the
dispersion with 50mMTris (pH 8.0) using a spin filter (300 kDa
MWCO, Pall Corporation). The washed vesicle dispersion was
observed by spinning-disk confocal microscopy, and vesicles
encapsulating labeled dextran were imaged.

Encapsulation of Fluorescently LabeledOligonucleotide.A
thin lipid film was prepared on the walls of a glass vial by
evaporating a solution of GOA in CHCl3/MeOH (2:1).
Hydration of the lipid film was carried out by vortexing with
60 μL of a solution containing 50 μM 5′-FAM dN20
oligonucleotide (Sequence: 5′-FAM-TAATACGACTCACTA-
TAGGG-3′, Integrated DNA Technologies), 0.2 mM Tween
80, and 50 mM Tris (pH 8.0). The final concentration of GOA
in the dispersion was 3 mM. The dispersion was further tumbled
at 37 °C for 2 h. The unencapsulated oligonucleotide was
removed by washing the dispersion with 50 mM Tris (pH 8.0)
using a spin filter (300 kDa MWCO, Pall Corporation). A small
volume of the retentate was examined by spinning-disk confocal
microscopy, and large number of vesicles were detected with the
fluorescently labeled oligonucleotide encapsulated inside.

Encapsulation of Green Fluorescent Protein. A thin lipid
film was prepared on the walls of a glass vial by evaporating a
solution ofGOA in CHCl3/MeOH (2:1). Hydration of the lipid
film was carried out by vortexing with 60 μL of a solution
containing 8.33 μMHis6-sfGFP, 0.2 mMTween 80, and 50 mM
HEPES-K (pH 7.6). The final concentration of GOA in the
dispersion was 3 mM. The dispersion was further tumbled at 37
°C overnight. The unencapsulated green fluorescent protein
(GFP) was removed by washing the dispersion with 50 mM
HEPES-K (pH 7.6) using a spin filter (300 kDa MWCO, Pall
Corporation). A small volume of the retentate was examined by
spinning-disk confocal microscopy, and large number of vesicles
with GFP encapsulated were observed.

Activity of β-Galactosidase in GOA Vesicles. A thin lipid
film was prepared on the walls of a glass vial by evaporating a
solution ofGOA in CHCl3/MeOH (2:1). Hydration of the lipid
film was carried out by vortexing with 60 μL of a solution
containing 50 U/mL β-galactosidase, 0.2 mM Tween 80, 1 mM
MgCl2, 1mMCaCl2, and 25mM β-mercaptoethanol in 100mM
HEPES-K (pH 7.6). The final concentration of GOA in the
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dispersion was 3 mM. The dispersion was tumbled at 37 °C for
1.5 h. Following this, 2 μL of proteinase K (20 mg/mL) was
added, and the tumbling continued overnight at 37 °C. In the
control experiment, an equal amount of proteinase K was added
to the hydration buffer in the beginning. Twenty μL of the
vesicle dispersion was taken, and 0.2 μL of the fluorogenic
substrate MUG (50 mM in DMSO) was added. The dispersions
were immediately placed in a 384-well plate, and fluorescence
(λex: 375 nm, bandwidth: 20 nm; λem: 475 nm, bandwidth: 20
nm) was monitored every 30 s at 30 °C for 1 h.

■ RESULTS AND DISCUSSION

Self-Assembly Behavior of β-D-Glycopyranosylamide
Amphiphiles.We have recently demonstrated thatN-oleoyl β-
D-galactopyranosylamine (previously abbreviated as OGA;7

abbreviated in this work as GOA) self-assembles to form highly
stable vesicles in aqueous medium.7 First, we asked if
galactopyranose amphiphiles with shorter hydrophobic tails
can also form membrane-bound vesicles. To address this
question, we condensed the naturally occurring monounsatu-
rated fatty acids POA (16:1,ω7) andMOA (14:1,ω5) with β-D-
galactopyranosylamine and synthesized the corresponding
amides (GPOA and GMOA, respectively). Interestingly, we
observed that GPOA and GMOA both self-assemble to form
vesicles in aqueous medium. Using a method based on the
fluorescence properties of the dye Laurdan, we estimated the cac
for all three amphiphiles and obtained the values 0.079, 0.173,
and 0.972 mM for GOA, GPOA, and GMOA, respectively
(Figure 2, Table 1). The trend is consistent with a previous study
on the dependence of cac on alkyl chain length.11 We visualized
the formation of micron-sized vesicles from each of these
amphiphiles by optical microscopy using Texas Red DHPE as a
membrane stain (Figure 2). We further characterized the
vesicular structures formed from GOA, GPOA, and GMOA by
negative staining transmission electron microscopy (TEM) and
observed spherical compartments of the approximate size range
0.1 to 1 μm (Figure 3a, Figure S2).

Next, we carried out the synthesis of N-oleoyl β-D-
glucopyranosylamine (GlcOA). It was interesting to observe
that GlcOA exclusively formed micron-sized nanotubes in
aqueous medium (Figure 3b). TEM corroborated the nano-
tubular architecture for the corresponding self-assembled
glycolipid structures (Figure 3b). The nanotubes possess well-
defined hollow cylinders with inner diameters of ∼70 nm and
outer diameters of ∼220 nm. Our observations are consistent
with the previous report by Shimizu and coworkers.8

Furthermore, we also observed that the palmitoleoyl and
myristoleoyl derivatives (GlcPOA and GlcMOA, respectively)
also self-assemble to form micron-sized nanotubes in aqueous
medium (Figure S3). It is interesting to note how variation in the
monosaccharide can have drastic manifestations on the
supramolecular assemblies of amphiphiles, which suggests the
possibility for further expansion of supramolecular structures
through headgroup modification.

X-ray Diffraction Studies. The XRD intensity profiles with
respect to qz forGOA,GMOA,GPOA, andGlcOA are provided
in Figure 4. The presence of equidistant Bragg peaks indicates
the formation of multilamellar structures by each of these lipids.
As described in the Experimental Section, to characterize these
assemblies, EDPs were constructed from intensities of the Bragg
reflections using inverse Fourier transformation. Because of the

Figure 2.Critical aggregation concentration (cac) of various β-D-galactopyranosylamides. The cac values ofGOA,GPOA, andGMOAwere estimated
using a method based on the fluorescence properties of the dye Laurdan. Representative plots are shown in the upper panel. In the lower panel, the
images of the vesicles formed by the corresponding amphiphiles in water are given. All scale bars represent 10 μm. The membranes are stained with
Texas Red DHPE.

Table 1. Summary of the Physical Parameters of the Various
Amphiphiles Used in This Worka

parameter GOA GPOA GMOA GlcOA

cac 0.079 mM 0.173 mM 0.972 mM
d spacing 48.30 Å 34.88 Å 46.86 Å 47.53 Å
head-to-head
distance

35.25 Å 26.16 Å 32.64 Å 35.00 Å

position of shoulder
in the alkyl region

7.36 Å 4.67 Å 6.77 Å

Tm 37 °C 34 °C 30 °C 60 °C
acac values are reported as the mean of values obtained from three
independent measurements.
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symmetric nature of the bilayer leaflet, z = 0 indicates the
horizontal plane at the center of the bilayer. From the EDPs of
different lipids, we estimated how the molecules align along the
bilayer normal axis. We summarized the d spacing and head-to-
head distances of the lipids in Table 1. The EDPs indicate that
the folding of the alkyl chains varies across the four samples. In
GOA, we observed a shoulder at 7.36 Å from the equatorial
plane (Figure 4a). In the case of GPOA, the effect of chain
folding was observed to be more pronounced, giving rise to a
distinct shoulder peak at 4.67 Å from the equatorial plane
(Figure 4b). In contrast, we did not observe any shoulder for

GMOA (Figure 4c). This is likely due to less splay in its alkyl
chain, resulting in a nearly straight configuration of the latter. In
qualitative terms, the EDP of GlcOA multilayers was observed
to be similar to that of GOA, suggesting that in a multilayer
structure the arrangement of the oleoyl chains is similar in these
two lipids (Figure 4d). The observed differences (vesicles vs
nanotubes) in the self-assembly properties of GOA and GlcOA
in aqueous solution possibly stem from the nature of
intermolecular hydrogen-bonding interactions between the
headgroups.

Phase Transition Behavior. Transitions between various
lyotropic phases are defining thermodynamic events for all
amphiphiles. We sought to determine the behavior of the
amphiphiles used in our study as a function of temperature. We
analyzed aqueous dispersions ofGOA,GPOA,GMOA, GlcOA,
GlcPOA, and GlcMOA by DSC over a broad range of
temperature (1−90 °C) and obtained the corresponding
thermograms (Figure 5). All amphiphiles exhibited an
asymmetric endothermic main transition peak, the maximum
of which can be interpreted as the chain melting temperature
(Tm) (Figure 5, Table 1). In addition, GOA exhibited a sharp,
relatively narrow, and intense endothermic peak around 25 °C,
preceding the peak corresponding to the main transition at 37
°C (Figure 5, Table 1). We propose that the aforementioned
peak corresponds to a pretransition event, likely arising from a
rearrangement from a subgel phase to a bilayer gel phase, as has
been previously observed in the case of several bilayer
membrane-forming lipids.12−14 Overall, the β-D-glucopyranosy-
lamides exhibited significantly higher transition temperatures as
compared with the corresponding β-D-galactopyranosylamides
(Figure 5, Table 1). These differences likely arise from the more
extensive intermolecular hydrogen bonding between the
headgroups of glucose units in the former class. Interestingly,
the Tm value among the β-D-galactopyranosylamides varies as
GOA (37 °C) > GPOA (34 °C) > GMOA (30 °C), whereas
among β-D-glucopyranosylamides, the trend is reversed as
GlcOA (60 °C) <GlcPOA (61 °C) <GlcMOA (62 °C). These
trends suggest that the combined effect of the alkyl chain length
and position of the cis-double bond have different manifes-

Figure 3.Comparison of self-assembled structures formed byGOA and
GlcOA. (a) Optical microscopy (scale bar: 5 μm) and negative staining
transmission electron microscopy (scale bar: 100 nm) images of GOA
vesicles. (b) Optical microscopy (scale bar: 5 μm) and negative staining
transmission electron microscopy (scale bar: 1 μm) images of GlcOA
nanotubes.

Figure 4. Characterization of the glycolipid amphiphiles used in this study by X-ray diffraction (XRD). Multilayer films of (a) GOA, (b) GPOA, (c)
GMOA, and (d) GlcOA are analyzed by XRD at room temperature (∼22 °C) and 98% relative humidity (RH). The XRD intensity profiles are
displayed on the left, and the relative electron density profiles (EDPs) are displayed on the right.
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tations on the phase transition behavior in two kinds of self-
assembled structures (vesicles and tubes), likely because of the
way the fatty acid chains are packed.
Effects of Tween 80 on GOA Membranes. We next

sought to determine the effects of nonionic detergents on the
phase behavior and fluidity of GOA membranes. Various
nonionic detergents are used in liposomal preparations for drug
delivery to tune the fluidity and permeability properties of the

membranes.15 In particular, we studied the effects of the
commercially available nonionic surfactant Tween 80 on GOA
membranes using DSC (Figure 6a). Tween 80 is typically used
in liposomal drug delivery systems as an “edge activator” or
fluidity enhancer.16−18 We obtained DSC thermograms of
mixtures of GOA and Tween 80 at various molar ratios (0−50
mol % of Tween 80). The main transition peak broadened with
increasing concentration of Tween 80, and at 35 mol % it

Figure 5. Characterization of the phase transition behavior by differential scanning calorimetry (DSC). DSC thermograms of aqueous dispersions of
GOA (0.5 mM), GPOA (1 mM), GMOA (2 mM), GlcOA (0.5 mM), GPOA (0.5 mM), and GMOA (1.5 mM) at scan rate 30 °C/h.

Figure 6. Effect of various percentages of Tween 80 on GOA self-assembly by differential scanning calorimetry (DSC) and fluorescence microscopy.
(a) DSC thermograms of aqueous dispersions of a 0.5 mM GOA aqueous solution containing 0, 2.5, 5, 10, 20, 35, and 50 mol % of Tween 80 at scan
rates of 30 °C/h. (b) Representative fluorescence microscopy images ofGOA vesicles containing different percentages of Tween 80. Membranes were
stained with Texas Red DHPE. All scale bars denote 10 μm.
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disappeared. Interestingly, the lower temperature peak
decreased in intensity but retained its position and sharp
features until it completely disappeared at 35 mol % Tween 80.
We observed that Tween 80 significantly facilitated the
hydration of GOA films into vesicles and improved its solubility
in buffered solutions even when present at very low
concentrations (2.5 mol %). This is likely because Tween 80
attenuates intermolecular hydrogen bonding between the
galactose headgroups and alters the ordered water structure
near the membrane surface. To support the data obtained from
DSC, we observed the GOA vesicles formed with varying
percentages of Tween 80 by microscopy (Figure 6b). As a
general trend, we observed that with increasing percentage of
Tween 80, the membranes were more fluid and dynamic (Figure
S4) and the vesicles were smaller in size.
Encapsulation of Molecules of Various Sizes. For

practical applications, it is highly important to know if the
vesicles derived from β-D-galactopyranosylamide glycolipids can
entrap molecules of biological relevance. Initially, we encoun-
tered some technical difficulties encapsulating molecules in
GOA vesicles because of their relatively high main transition
temperature (∼37 °C). However, we observed that the inclusion
of small quantities (6.25 mol %) of Tween 80 in the hydration
buffer significantly improved the hydration and subsequent
purification of the vesicles (Figure 7). This is likely due to the

combined effects of Tween 80 on the phase transition and
solubility behavior of GOA. At first, we encapsulated the polar
charged fluorescent dye 8-hydroxypyrene-1,3,6-trisulfonic acid
(HPTS or pyranine) in GOA vesicles by the hydration method
and observed vesicles with the encapsulated dye by spinning-
disk confocal microscopy (Figure 7a). This result suggested that
it should be possible to encapsulate and retain biologically
relevant charged molecules such as nucleotide triphosphates in a

similar manner. Next, we attempted the encapsulation of FITC-
labeled dextran (3−5 kDa) and observed vesicles containing the
same (Figure 7b). Subsequently, we could observe the
encapsulation of a fluorescently labeled DNA oligonucleotide
(Figure 7c) and the superfolder green fluorescent protein
(sfGFP) (Figure 7d) inGOA vesicles. These results suggest that
GOA vesicles can encapsulate and retain molecules relevant to
biological systems. All of these properties could be extremely
useful for several applications, such as the construction of cell-
mimetic vesicles.

Activity of β-Galactosidase Encapsulated in GOA
Vesicles. Construction of cell-mimetics necessitates the
encapsulation of proteins and other macromolecules in
functional form. As a proof of concept demonstration, we
chose the 540 kDa (tetramer) enzyme β-galactosidase as a
model protein (Figure 8). At first, we hydrated a thin film of
GOA with a buffer containing commercially available β-
galactosidase. Following this, we digested the unencapsulated
β-galactosidase with proteinase K. Then, we added a fluorogenic
substrate MUG and observed a continuous linear increase in the
fluorescence from 4-methylumbelliferone (λex: 375 nm, λem: 475
nm), the fluorescent product generated from MUG by β-
galactosidase. To verify that the observed activity is only from
the encapsulated enzyme, we carried out a control experiment
where proteinase K was added to the hydration buffer from the
beginning. Upon the addition of MUG, we did not observe any
increase in the fluorescence signal, suggesting that proteinase K
digestion is effective and there is no residual activity from the
cleaved fragments. These experiments suggest that the vesicles
prepared with GOA can encapsulate biomacromolecules and
allow the facile transport of small-molecule substrates across the
membrane.

■ CONCLUSIONS
We have explored in detail the self-assembly of single-chain β-D-
glycopyranosylamide amphiphiles. We have shown that
amphiphiles bearing a galactose headgroup are capable of self-
assembly into vesicles, even when the identity of the unsaturated
fatty acid chain is varied. Although lamellar phases have been
observed in aqueous dispersions of various double-chain
glycolipids,1,3,19 reports of vesicle formation from single-chain
glycolipids are rare. Moreover, it is likely that membranes
derived from amphiphiles having various fatty acid chains will
have different fluidity and permeability properties, and such
properties may be exploited for applications in membrane
mimetic chemistry. The observation that the identity of the
monosaccharide group drastically influences the self-assembly
properties opens avenues for the exploration of the properties of
SCAs derived from other monosaccharides. It will also be
interesting to study the consequences of other variations in the
fatty acid chain, for instance, the introduction of branched chain
fatty acids and hydroxylated fatty acids. Because the effect of
stereochemical variations on structure and assembly is drastic in
glycolipids compared with glycerophospholipids, it is highly
likely that new properties could be discovered from various
permutations of glycolipids.
The development of novel glycolipid amphiphiles may be

beneficial for finding potential applications. We would like to
point out that the syntheses of various β-D-glycopyranosyla-
mides are straightforward and can be scaled up easily. This is
largely because the β-D-glycopyranosylamine precursors are
readily accessible from the corresponding sugars,20,21 and
various fatty acids are available from natural sources. Over the

Figure 7. Encapsulation of various molecules in GOA vesicles.
Spinning-disk confocal microscopy images ofGOA vesicles encapsulat-
ing (a) HPTS (scale bar: 10 μm), (b) FITC-dextran (scale bar: 5 μm),
(c) 5′-FAM dN20 oligonucleotide (scale bar: 10 μm), and (d) sfGFP
(scale bar: 10 μm). All vesicles were prepared with 3 mM GOA
containing 6.25 mol % Tween 80.
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past few decades there has been increasing interest in using
vesicles as a model system for artificial cells.22,23 Single-chain
glycolipid amphiphiles offer several advantages over more
traditionally used SCAs such as fatty acids, especially in terms
of a broader range of operating conditions (e.g., pH, presence of
divalent cations, compatibility with biomolecules, etc.). In living
organisms, glycolipids play an important role in macromolecular
recognition, cell−cell adhesion, and immunogenicity. Such
properties may be exploited to introduce novel functionalities
into artificial cells. Single-chain glycolipids, being nonionic
amphiphiles, are likely to be more benign to cells24 than cationic
lipids. Hence, they may be used in the development of vesicular
drug delivery systems such as niosomes15,25 and trans-
ferosomes.26 Current efforts in our lab are focused on the
development of more sophisticated applications of these
glycolipid amphiphiles.
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Figure 8. Activity of β-galactosidase encapsulated in GOA vesicles. Vesicles encapsulating β-galactosidase prepared by the hydration method were
initially treated with proteinase K to digest unencapsulated proteins. Then, the substrate 4-methylumbelliferyl β-D-galactopyranoside (MUG) was
supplied from the outside, and the enzymatic cleavage to the fluorescent product 4-methylumbelliferone was followed spectrofluorimetrically (blue
trace). In a control experiment (gray trace), where proteinase K was added in the hydration buffer, no change in fluorescence was detected.
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