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Self-assembly of lipid molecules in a plasma membrane, namely lipid raft formation, is involved in various
dynamic functions of cells. Inspired by the raft formation observed in the cells, here we studied thermally
induced self-assembly of a synthetic amphiphile, bola-AkDPA, in a bilayer membrane. The synthetic
ampbhiphile consists of a hydrophobic unit including fluorescent aromatic and aliphatic components and

hydrophilic tetraethylene glycol chains attached at both ends of the hydrophobic unit. In a polar solvent,
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Accepted 1st July 2020 bola-AkDPA formed aggregates to show excimer emission. In a lipid bilayer membrane, bola-AkDPA
showed intensified excimer emission upon increase of its concentration or elevation of the temperature;

DOI: 10.1039/d0ra03520a bola-type amphiphiles containing oligoethylene glycol chains likely tend to form self-assemblies in
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1. Introduction

Self-assembly of lipids in a bilayer membrane, namely formation
of lipid rafts, plays key roles in cellular functions,*™® such as
signal transduction, membrane trafficking, and cell adhesion.
Although lipid rafts are important and common constituents of
biological membranes, development of raft-forming synthetic
amphiphiles have yet to be widely demonstrated. Halogen-
halogen™® or aromatic-aromatic interactions'”>* and oxidative
disulfide-bond formation®*** have been used to promote lateral
self-assembly of synthetic amphiphiles in bilayer membranes.
Light-triggered raft formation was demonstrated by azobenzene-
incorporated amphiphiles,*** where the photoisomerization of
the azobenzene unit in the hydrophobic alkyl tail from cis to trans
conformers facilitates the self-assembly. In addition to the raft-
formation approach by controlling the interactions at the
hydrophobic portions, we recently demonstrated lateral self-
assembly of a macrocyclic amphiphile induced by a thermal
response of the hydrophilic octaethylene glycol (OEG) unit con-
necting both ends of the hydrophobic unit.>* Upon heating, the
macrocyclic amphiphile readily self-assembles, and the bilayer
membrane deforms to show budding. In this study, we report
a thermal response of a linear amphiphile bola-AKkDPA, a non-
cyclic pseudo-isomer of the previously-reported macrocyclic
amphiphile, in a bilayer membrane (Scheme 1). The linear
amphiphile bola-AKDPA consists of a multiblock structure
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a bilayer membrane triggered by thermal stimuli.

incorporating hydrophilic oligoethylene glycol chains and
a hydrophobic moiety connected by phosphoric ester linkages.
This structure is considered to be favorable for localization of the
molecules into a bilayer membrane as demonstrated by our
previous studies.**** To investigate the topological effect, two
tetraethylene glycol (TEG) chains are attached to both ends of the
hydrophobic unit, where the total number of the ethylene oxide
unit is identical to that of the previous macrocyclic amphiphile.®*
A fluorescent diphenylacetylene (DPA) unit is incorporated in the
hydrophobic moiety in order to detect the self-assembly by exci-
mer emission. In the hydrophobic moiety, a (25,5S)-hexane-2,5-
diol unit conjugates the DPA-containing unit and C12 alkyl
chain whose length is comparable with each other.

2. Experimental
2.1 Materials

I, and pivaloyl chloride were purchased from Tokyo Chemical
Industry. 1.0 M tetra-n-butylammonium fluoride (TBAF) in
tetrahydrofuran (THF) and 1.0 M triethylammonium bicar-
bonate (TEAB) buffer at pH 8.5 were purchased from Sigma
Aldrich. Na,S,0; was purchased from Nacalai Tesque. Dry
pyridine was purchased from Wako Pure Chemical Industries.
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) was
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Scheme 1 Molecular structure of bola-AkDPA.
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purchased from Avanti Polar Lipids. These commercial reagents
were used without further purification. Deuterated solvents
were purchased from Acros Organics. Dry CH,Cl, and dry THF
were purchased from Kanto Chemical and passed through
sequential two drying columns on a Glass-Contour system just
prior to use. Deionized water (filtered through a 0.22 um
membrane filter, >18.2 MQ cm) was purified in a Milli-Q system
of Millipore. Silica gel column chromatography was carried out
with Chromatorex DIOL silica (MB100-75/200, spherical,
neutral, particle size: 75-200 pum, pore size: 10 nm) purchased
from Fuji Silysia Chemical.

2.2 Instrumentation

'H and “*C nuclear magnetic resonance (NMR) spectra were
recorded on 400 MHz FT NMR Bruker BioSpin AVANCE III 400
spectrometer, where the chemical shifts were determined with
respect to tetramethylsilane (TMS). Dynamic light scattering
(DLS) measurements were performed with Malvern Zetasizer
Nano ZSP light-scattering detector, where a low-volume quartz
batch cuvette (ZEN2112) was used. Matrix assisted laser
desorption/ionization-time of flight mass (MALDI-TOF MS)
measurements were performed with Bruker autoflex speed
mass spectrometer with gentisic acid (GA) as a matrix. UV
absorption spectra were recorded on JASCO V-530 UV-Vis
spectrophotometer. Fluorescence spectra were recorded on
JASCO FP-6500 spectrofluorometer. Fluorescence lifetime was
measured with Hamamatsu Photonics Quantaurus-Tau fluo-
rescence lifetime spectrometer. Fluorescent and phase-contrast
microscopic observations were performed with BX-51 micro-
scope (Olympus, Tokyo, Japan), where U-MWU2 mirror unit
(Excitation filter: 330-385 nm, emission filter: 420 nm, dichroic
mirror: 400 nm) was used for fluorescence observation and
Olympus UPLFLN 100XO2PH (magnification: x100 and x160)
was attached as the objective lens. Surface tension was
measured with Kyowa Interface Science Contact Angle Meter
DMe-201 by a sessile drop method.

2.3 Synthesis of bola-AkDPA

To a dry pyridine (8 mL) solution of 1** (40.0 mg, 0.0745 mmol)
and 2* (117 mg, 0.228 mmol) was added pivaloyl chloride (0.20
mL, 1.1 mmol) at 0 °C under Ar, and the resulting mixture was
stirred for 1 h at 0 °C in the dark (Scheme 2). To the resulting
mixture was added a solution of I, (250 mg, 0.985 mmol) in
a mixture of pyridine (3 mL) and water (1 mL), followed by the
addition of saturated Na,S,0; aqueous solution (4 mL) and
1.0 M TEAB buffer (7 mL). The reaction mixture was evaporated
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Scheme 2 Synthetic scheme of bola-AkDPA.
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to dryness under reduced pressure at 30 °C. To the residue was
added CH,Cl, (20 mL), and the resulting mixture was filtered off
from insoluble substances and evaporated to dryness under
reduced pressure at 30 °C. The residue was chromatographed
on silica gel to allow isolation of a product, in which the
terminal hydroxy groups of the tetraethylene glycol chains were
protected by triisopropylsilyl groups. To a dry THF (10 mL)
solution of the obtained product (77.1 mg, 0.0566 mmol) was
added 1.0 M THF solution of TBAF (0.56 mL, 0.56 mmol) at 0 °C
under Ar, and the resulting mixture was stirred for 2 h at room
temperature. Then, to the reaction mixture was added 1.0 M
TEAB buffer (4 mL). After being stirred for 20 min at 0 °C, the
resulting mixture was evaporated to dryness under reduced
pressure at 30 °C, and the residue was chromatographed on
silica gel to isolate bola-AKDPA in 17% yield (20.0 mg, 0.0130
mmol) as yellowish oil. "H NMR (400 MHz, CDCIl; containing
0.03% TMS, 23 °C): 6 7.47 (d, J = 8.0 Hz, 2H), 7.41 (d, ] = 8.0 Hz,
2H), 7.32 (d, J = 8.0 Hz, 2H), 7.25 (m, 2H), 4.61 (d, J = 12.8 Hz,
1H), 4.43 (d,J = 12.6 Hz, 1H), 4.12-3.43 (m, 40H), 3.26 (m, 16H),
2.97 (m, 2H), 1.63 (m, 16H), 1.42 (m, 16H), 1.26-1.10 (m, 30H),
0.99 (t,J = 7.2 Hz, 24H) ppm; *C NMR (100 MHz, CDCl3, 23 °C):
6 139.32, 131.51, 129.29, 127.50, 122.37, 120.96, 89.44, 88.97,
75.18, 75.04, 72.75, 70.79-70.33, 69.89, 68.54, 65.88, 64.87-
64.51, 61.47, 58.71, 37.09, 32.30, 30.80, 30.24, 29.81, 29.62,
27.21, 26.38, 25.90, 23.97, 19.73, 19.63, 13.77 ppm; MALDI-TOF
MS (GA, reflector negative mode):m/z: calculated for
Cs51HgyNaO;gP,: 1069.5042 [M — 2NBu, + Na]; found:
1069.5639.

2.4 Preparation of giant unilamellar vesicles (GUVs)

To a test tube was added CHCI; solutions of bola-AKDPA
(1.0 mM, 4 pL) and DOPC (1.0 mM, 36 pL), which was gently
evaporated by Ar flow. The resulting thin film on the bottom of
the test tube was further dried under vacuum for 4 h at 25 °C, to
which was added HEPES buffer (20 mM, 100 pL, pH 7.45) con-
taining 200 mM sucrose. Then, the mixture was incubated for
10 h at 37 °C. For the phase-contrast microscopic observations,
HEPES buffer (20 mM, 100 pL, pH 7.45) containing 200 mM
glucose was added to the GUV suspension to enhance the
contrast between the inside and outside of the GUVs by a large
difference in the refractive indices.

2.5 Preparation of large unilamellar vesicles (LUVs)

To a test tube was added CHCI; solutions of bola-AKDPA
(1.0 mM, 5 pL) and DOPC (1.0 mM, 45 pL) as well as a mixture of
CHCl; and MeOH (2 : 1 v/v, 50 pL), and the resulting mixture
was gently evaporated by Ar flow. The resulting thin film on the
bottom of the test tube was further dried under vacuum for 1.5 h
at 25 °C, to which was added HEPES buffer (20 mM, 1.0 mL, pH
7.45). Then, the mixture was shaken on a shaker at 200 min™"
for 1 h at 37 °C, followed by freezing-and-thawing for three
times, vortex mixing for 10 s and incubation at 37 °C for 10 h.
Finally, the mixture was passed through a polycarbonate
membrane (200 nm pore size) attached to a LiposoFast-Basic
device by pushing the sample back and forth between the two
gastight syringes over 13 times.
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3. Results and discussion
3.1 Self-assembly of bola-AkDPA in THF and water

Synthetic bola-amphiphile, bola-AkDPA, consists of a hydro-
phobic DPA and an aliphatic unit connected with two TEG
chains via phosphoester groups as hydrophilic units. Because of
the amphiphilic structure, it was expected that bola-AKkDPA self-
assembles in polar solvents. Dynamic light scattering
measurement showed that bola-AKDPA was soluble in an
organic solvent such as tetrahydrofuran (THF), while it formed
aggregates in water ([bola-AKkDPA] = 50 uM, mean hydrody-
namic diameter: 80 nm, Fig. 1a). Surface tension change of the
aqueous solution upon increase in the concentration of bola-
AKDPA levelled off above 45 uM; the critical aggregation
concentration of bola-AKDPA was evaluated to be 45 uM
(Fig. 1b). The absorption bands of bola-AKkDPA slightly blue-
shifted in water from that in THF, suggesting H-aggregation
of the DPA unit (289 and 307 nm in THF, 287 and 305 nm in
water; Fig. 1¢).**® The self-assembly of bola-AKkDPA encouraged
by water can also be monitored by fluorescence (excitation at
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Fig. 1 (a) DLS size distribution profiles of bola-AkDPA in THF (black)
and water (blue) at 50 uM at 20 °C. (b) Concentration-dependent
surface tension changes of bola-AkDPA in water at 20 °C. (c) UV
absorption spectra of bola-AkDPA in THF (black) and water (blue) at 50
pM at 20 °C. (d) Fluorescence spectra of bola-AkDPA in mixtures of
THF and water at varying ratios at 50 uM at 20 °C. Excitation: 288 nm.
(e) Fluorescence intensity decay profile of bola-AkDPA in water at
20 °C. Excitation: 280 nm, emission: 380 nm. [bola-AkDPA] = 50 pM.
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288 nm, Fig. 1d). In THF, bola-AKkDPA showed emission bands
at 312, 324 and 333 nm, corresponding to the fluorescence of
the monomeric DPA unit. Upon increasing the water ratio, the
intensity of the fluorescence at 381 nm enhanced, and became
dominant in water. The lifetime of the 380 nm fluorescence was
3.41 ns, suggesting excimer fluorescence (Fig. 1e),*>*° also
indicating self-assembly of bola-AkDPA (Fig. 1d blue line), in
consistent with the result of DLS (Fig. 1a blue line).

3.2 Self-assembly of bola-AKDPA in bilayer membrane

GUVs consisting of DOPC and bola-AKkDPA (GUVSpopc. bola-aknpa)
were prepared by the gentle hydration method as described in the
Experimental section, which were visualized by phase-contrast
microscopy in HEPES buffer ([DOPC]/[bola-AKkDPA] = 90/10,
Fig. 2a). Under fluorescence microscopic observation, the
GUVspopc-bola-akppa Showed ring images, suggesting incorpora-
tion of bola-AkDPA in the DOPC bilayer (Fig. 2b). Meanwhile, by
extrusion of the lipids through a polycarbonate membrane, LUVs
consisting of DOPC and bola-AKkDPA (LUVSpopc-bola-akpea) With
different ratios were prepared in HEPES buffer ([DOPC]/[bola-
AKDPA] = 99/1 and 90/10). DLS measurement indicated the mean
hydrodynamic diameter of the LUVSpopc.bola-akppa t0 be 151 nm
(99/1) and 142 nm (90/10) with monodisperse size distribution
profiles (Fig. 3a and d blue lines). Upon excitation at 288 nm at
20 °C, LUVSpopc-bola-akppa(99/1) showed fluorescence bands
corresponding to the monomeric DPA unit almost dominantly
(313, 325 and 334 nm; Fig. 3b blue solid line), suggesting bola-
AKDPA was mostly dispersed in the DOPC bilayer. Interestingly,
LUVSpopc-bola-aknpa(90/10) containing an increased concentra-
tion of bola-AKDPA showed a fluorescent spectrum with a largely
different profile from LUVSpopc.bola-akppa(99/1). Namely, in
addition to the monomer emission bands of the DPA unit, the
excimer emission was also observed around 380 nm as a shoulder
(Fig. 3e blue solid line). Thus, bola-AkDPA likely forms self-
assemblies in the DOPC bilayer membrane upon increase in its
concentration.

25°C 60 °C

25 °C (Cooled)

Fig. 2 Phase-contrast (a, ¢ and e) and fluorescence (b, d and f) micro-
graphs of GUVs consisting of DOPC and bola-AkDPA in HEPES buffer at (a
and b) 25, (c and d) 60 (heated), and (e and f) 25 °C (cooled). [DOPC]/[bola-
AkDPA] = 90/10. [DOPC] + [bola-AkDPA] = 200 uM. Scale bars: 5.0 um.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a and d) DLS size distribution profiles, (b and e) fluorescence

spectra and (c and f) temperature dependent /3g0/l313 changes of
LUVSDOPC#bola—AkDPA in HEPES buffer. [DOPC]/[bola-AkDPA] = (a—c)
99/1 and (d-f) 90/10. Red and blue arrows in (c and f) represent the
directions of Isgo/ls13 changes in the heating and cooling processes,
respectively. [DOPC] + [bola-AkDPA] = 50 pM.

Interestingly, the fluorescence profiles also changed upon
temperature elevation. In the temperature elevation process
from 20 °C to 90 °C, the excimer emission of LUVSpopc.pbola-
akppa(99/1) intensified, while the intensities of the monomer
emission bands decreased (Fig. 3b red line). As shown in Fig. 3c,
the ratio between the intensities of the emission bands at
380 nm (I3g0, excimer emission) and 313 nm (I3;3, monomer
emission), I3go/l313, enhanced monotonically in the heating
process from 20 to 90 °C (I350/I313 = 0.36 at 20 °C, 0.77 at 90 °C).
Furthermore, after cooling to 20 °C, the ratio I3g0/I3;3 did not
return to the original value; I3g0/I3,3 at 20 °C after cooling was
significantly higher than that before heating (I3g0/I313 = 0.65 at
20 °C after cooling). DLS profiles displayed the essentially
unchanged size and distribution pattern through the tempera-
ture changing processes (Fig. 3a). Importantly, LUVSpopc-bola-
akppa(90/10) also showed analogous spectral change to that of
LUVSpopc-bola-akppa(99/1) exhibiting an enhancement of the
excimer emission intensity and decrease in the intensities of the
monomer emission bands upon heating (Fig. 3e). Indeed, I35,/

This journal is © The Royal Society of Chemistry 2020
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15,5 increased upon heating followed by a hysteretic spectral
change upon cooling to preserve a significantly higher I3g0/I313
value at 20 °C compared to that before heating (I350/313 = 0.59
at 20 °C, 1.53 at 90 °C and 1.37 at 20 °C after cooling; Fig. 3f).
These results suggest the self-assembly of bola-AKDPA
promoted by heating. As reported previously, an oligoethylene
glycol chain responses to temperature elevation to increase the
hydrophobicity by a conformational change.***** Such a thermal
response of the TEG chains in bola-AkDPA to increase the
hydrophobicity likely promotes the self-assembly in a bilayer
membrane. Under the optical microscopic observations of
GUVSpopc - bola-akppa(90/10), fluorescent domain formation was
not observed during heating and cooling processes between 25
and 60 °C, and the spherical morphology of the GUV was
essentially unchanged without showing budding or membrane
deformation (Fig. 2c—f). Thus, it is considered that size of the
domain formed by bola-AkDPA in the membrane is as small as
sub-um or nm scale. In our previous paper, it is demonstrated
that, upon heating, a cyclic-pseudo-isomer of bola-AkDPA forms
a microscopically-observable um-scale domain in a membrane,
which promotes membrane budding.** Thus, while incorpora-
tion of oligoethylene glycol moieties into the amphiphiles is
likely to be effective to promote the thermally-induced self-
assembly in a membrane, the topological difference of the
molecular structures would largely influence the physical
properties, such as size and curvature, of the self-assembled
domains. For better understanding of the topological effects,
detailed characterization of the conformations, packing and
dynamics of the oligoethylene glycol-containing amphiphiles in
a membrane is under investigation.

4. Conclusions

Inspired by the self-assembly of lipid molecules in a plasma
membrane observed in the cells, we reported thermally induced
self-assembly of a synthetic amphiphile, bola-AKkDPA, in
a bilayer membrane. Upon increasing the solvent polarity, bola-
AKDPA formed aggregates to show excimer emission from the
hydrophobic aromatic unit. In a lipid bilayer membrane, bola-
AKDPA showed intensified excimer emission upon increase of
its concentration or elevation of the temperature, indicating
self-assembly. Microscopic observations suggested that the size
of the self-assembly is as small as sub-um or nm-scale, and
essentially no morphological changes of the membranes were
observed after the formation of the aggregates. Our previous
study demonstrated that a cyclic pseudo-isomer formed pm-
scale self-assembly in a membrane upon heating, which
further promoted budding.** Thus, it could be demonstrated
that oligoethylene glycol-containing amphiphiles tend to form
self-assembly in a bilayer membranes upon temperature eleva-
tion, where the topology of the molecule likely influences the
physical properties of the self-assembly significantly.
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