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During cooking, lobsters change their color from dark blue to
bright red, because their astaxanthin chromophore is both
deplanarized and depolarized when the surrounding f-
crustacyanine [ barrel is thermally denatured.!! Similar
processes contribute to the chemistry of vision.”)’ We won-
dered whether or not these lessons from nature could be
helpful for the discovery of conceptually new fluorescent
membrane probes. In this initial report on the topic, we show
that the coupling of polarization and planarization of
oligothiophene amphiphiles is compatible with the detection
of membrane fluidity and membrane potentials.

The separate topics that are bundled together in this study
have been explored extensively. So-called push—pull fluoro-
phores, that is, fluorophores that are equipped with a 7t donor
at one end and a m acceptor at the other, are the leading
membrane probes to detect microdomains and membrane
potentials.*! Examples include the families around laurdan,
Nile red, p-oligophenyls as well as pioneering push—pull
oligothiophenes from the Loew research group.t! Push—pull
oligothiophenes have further attracted interest for applica-
tions in nonlinear optics (NLO), photovoltaics, and biol-
ogy."® The deplanarization of push—pull fluorophores in the
excited state received much attention in the context of
molecular rotors.®”! These fluorophores are used as viscosity
sensors and, in pioneering studies, also to report on the
fluidity of lipid bilayer membranes.’! The planarization of
push—pull fluorophores in the ground state has received much
less attention, and the few existing examples focus on
piezochromism of aggregates rather than on isolated molec-
ular probes in hosts, such as lipid bilayer membranes.!'”!

The planarization of oligothiophenes and related chro-
mophores!'""'? without push—pull substituents has been stud-
ied extensively because of their intrinsic solvatochromism and
thermochromism, and because of their promise in molecular
electronics, photonics, and photovoltaics and as sensing
devices. The responsiveness of oligothiophenes to the envi-
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ronment originates from the small energy cost for rotation
around the a,a’-single bonds between two thiophene rings.
Oligothiophenes with zero, one, or two adjacent methyl
groups in B-position are planar in their excited state.'? In the
ground state, the a,0’-dihedral angle in the presence of one [3-
methyl group is 21° from anti conformation in the gas phase
and 0° in the crystal. With two proximal f3,’-methyl groups,
a,0’-dihedral angles in the crystal can vary from 0° to 30° and
46° from anti conformation. This variability of their dihedral
angle promises high environmental responsiveness of [3-
methylated and f3,3'-dimethylated fluorescent probes. Quite
extensive computational data is available in support of these
high expectations.'” Herein, we show that moderately
deplanarized, highly solvatochromic push—pull quaterthio-
phene scaffolds respond to decreasing membrane fluidity and
increasing membrane potentials with a bathochromic shift
(Figure 1). These findings suggest that both a confining
surrounding and a stabilized macrodipole can planarize
a twisted chromophore.

= membrane
fluidity
potential
homogeneity

tension

Figure 1. The coupling of fluorophore deplanarization by lateral crowd-
ing along the scaffold (red circles) and fluorophore polarization by
terminal donors (D), acceptors (A), and charges (+) is proposed to
provide conceptually innovative membrane probes.

Pertinent reports on push—pull oligothiophenes suggested
that the quaterthiophene level would be ideal to begin with.[”
A partially deplanarized scaffold with one methyl group in f3-
position™ and a methoxy donor at one terminus were
selected as constants. ; Acceptors were varied, covering
cyanovinyl groups in compounds 1-3, hydrazones in 4 and §,
an aldehyde in 6, and an ester in 7 (Scheme 1). To assure the
amphiphilicity needed for delivery, partitioning, and orienta-
tion in lipid bilayers, we envisioned a covalent capture
strategy that has been introduced recently to prepare other-
wise intractable molecules with unusual physical properties
insitu, such as the final amphiphiles 1, 2, 4, and §
(Scheme 1).3) Monovalent, singly charged oximes and hydra-
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Scheme 1. Synthesis of planarizable push—pull probes. a) 1. H,SO,,
MeOH, 16 h, 70°C, 94 %,; 2. [Ir(cod)MeO], (cod =cycloocta-1,5-diene),
4,4'-di-tert-butyl-2,2-bipyridine (dtbpy), bis(pinacolato)diboron, octane,
2 h, 70°C, 90%. b) 1. N-lodosuccinimide (NIS), CH,Cl,, AcOH, 4.5 h,
0°C to RT, 89%; 2. 4,4,5,5-tetramethyl-2- (3-methylthiophen-2-yl)-1,3,2-
dioxaborolane, [Pd(PPh;),], CsF, DMF, 16 h, 80°C, 72%,; 3. as in
(b)1.), 88%; 4. as in (b) 2.), 71%; 5. as in (b) 1), 45%. ) [Pd(PPh,),],
CsF, DMF, 16 h, 80°C, 67 %. d) 1. Diisobutylaluminum hydride
(DIBAL), CH,Cl,, MeOH, 2 h, —78°C, 70%; 2. MnO,, CH,Cl,, 15 min
RT, 71%. e) DMSO, AcOH, 60°C, 3 h, 80%. f) As in (e), quant.

g) 1. 12, piperidine, CH;CN, 4 h, 70°C, 63 %,; 2. 13, O-(1H-benzotria-
zoyl-1-yl)-N,N,N’,N, -tetramethyluronium hexafluorophosphate
(HBTU), triethylamine (TEA), DMF, 1.5 h, RT, 85%. h) 1. TsOH-H,0,
CH,Cl,, 15 h, RT, 54%; 2. DMSO, AcOH, 60°C, 1 h, quant. i) As in (h).

zones were selected to avoid complications from multiva-
lency. Slight differences in length were considered irrelevant
because, in action, these hydrophilic termini are expected to
float freely above the lipid bilayer.

Aldehyde 6, the key intermediate, was synthesized by
using routine Suzuki coupling procedures from methoxythio-
phene 8 for initiation and carboxylic acid 9 for termination
(Scheme 1 and Scheme S1 and Figures S1-S20 in the Sup-
porting Information). Amphiphiles 4 and 5 could be obtained
in situ from 6 by incubation with the hydrazides 10 and 11,
respectively. Amphiphiles 1 and 2 were prepared from 6 by
Knoevenagel condensation with 12, amide formation with 13,
and deprotection of 3 before incubation with alkoxyamines 14
and 185, respectively.

The absorption spectra of push—pull probes 1-7 in chloro-
form showed the best red shifts with the most powerful
cyanovinyl acceptors in 1 (4,,,, =480 nm, Figures S21-S26 in
the Supporting Information; Table 1 and Tables S1 and S2 in
the Supporting Information). Similar shifts were found for the
anionic 2 and the neutral 3. Aldehyde and hydrazone
acceptors gave weaker shifts around A,,,, ca. 427 nm; esters
were weakest at A, =407 nm.

Identical trends but more dramatic effects were found in
the emission spectra (Figure 2, Figures S21-S26 in the Sup-
porting Information; Table 1, Tables S1-S3 in the Supporting
Information). In chloroform, cyanovinyl acceptors in 1-3 gave
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Table 1: Spectroscopic data of planarizable push—pull probes.

Cpd® A0 ALLH ddd AL @ M
[nm]  [nm] M7em™]  [nm]  [nm] (%]  [D]
1 480 26 17300 679 132 5 17
2 468 15 16900 680 130 10 15
3 476 18 19900 717 115 46 19
4 427 23 16200 551 39 7 9
5 434 8 16700 588 50 8 8
6 426 16 17400 629 89 31 14
7 407 11 20800 555 36 8 12

[a] Compounds, see Scheme 1. [b] Absorption maxima in chloroform.
[c] Shift of absorption maxima from hexane to chloroform. [d] Extinction
coefficient. [e] Emission maxima in chloroform. [f] Shift of emission
maxima from hexane to chloroform. [g] Fluorescence quantum yields in
chloroform. [h] Excited-state dipole moment, from Bakhishiev—Kawski
(Figure S27 in the Supporting Information).

T T T T
400 500 600 700 800
Alnm —

Figure 2. Absorption (solid) and emission (dotted) spectra of 3 in,
with increasingly red-shifted emission, hexane (yellow), 2,2,2-trifluoro-
ethanol (TFE; orange), dioxane (red), diethyl ether (light purple), ethyl
acetate (deep purple), THF (blue), chloroform (cyan), acetone (dark
green) and dichloromethane (light green).

the most impressive shifts to A, =679-717 nm, whereas
hydrazones 4 and 5 and ester 7 emitted already at 1,,,, =551—
588 nm. The dependence of the Stokes shifts on the solvent
polarity functions from Bakhishiev—Kawski gave the exited-
state dipole moments u, (Table 1, Tables S4 and S5 and
Figure S27 in the Supporting Information).'¥ The u,=14D
obtained for aldehyde 6 dropped to u, <9 D upon trans-
formation into hydrazones 4 and 5. These results confirmed
that hydrazones are poor & acceptors because of the “back-
donating” aza-enamine motif. The same rational explained
why hydrazone protonation is ineffective to recover push—pull
strength.

The strongest x4, =19 D was found with cyanovinyl groups
in 3. The value did not change much with the introduction of
terminal charges in 1 and 2 with more remote oxime bridges
(Table 1). In chloroform, terminal charges strongly reduced
the fluorescence quantum yield of the neutral fluorophores 3
(P;=46%) and 6 (P;=31%, Table 1), presumably owing to
aggregation of the amphiphiles. The influence of fixed charges
on the properties of planarizable push—pull fluorophores in
general is interesting and deserves further investigation,
particularly in the context of lipid bilayers.*

Absolute HOMO and LUMO energy levels were deter-
mined by cyclic voltammetry (Figure S37 and Table S7 in the
Supporting Information). The obtained HOMO and LUMO
energies —5.42 eV and —3.56 eV for 3 were in the expected
range. Weaker m acceptors gave higher LUMO energies,
whereas HOMO energies remained unchanged.”'!]
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To probe for membrane fluidity, the planarizable push—
pull oligothiophene 1 was added to large unilamellar vesicles
(LUVs) composed of dipalmitoyl phosphatidylcholine
(DPPC). At 41°C, DPPC membranes undergo a reversible
transition from gel to fluid phase.'”) Upon cooling from 55 to
25°C, the excitation maximum of probe 1 in DPPC LUVs
shifted from A,,, =467 nm to A,,, =487 nm, that is Al =
20nm (879 cm™') to the red (Figure 3b). Heating to 55°C

a) c)
20400
! 20800
Vex !
b) 1 cm-!
i 21200
ex
400 450 500 25 55 25 55 25

Alnm— T/°C —

550 600 650 700 750
Alnm—

Figure 3. a,b) Excitation spectra of 1 in DOPC (a) and DPPC vesicles
(b) at 25°C (blue) and 55°C (gold) for several heating—cooling cycles.
The spectra in (a,b) have the same x-axis, but the spectra in (a) are
shifted up along the y-axis for clarity. c) Excitation maximum of
1 during heating—cooling cycles in DOPC (0) and DPPC (e). d) Emis-
sion spectra of 1 added to DPPC vesicles at 25°C (red, dashed),
heated to 55 °C (solid, gold), cooled to 25°C (solid, blue), heated to
55°C (dotted, gold), and cooled to 25°C (dotted, cyan).

shifted the maximum back to 4,,,, =467 nm, cooling again to
25°C reproduced the shift to A, =487 nm, and so on for
continuing heating—cooling cycles (Figure 3¢, ®). Concentra-
tion independence down to 0.1 mol % 1in DPPC implied that
the observed shifts do not originate from probe aggregation in
the membrane. The excitation maximum in gel-phase DPPC
exceeded all maxima measured for 1 in different solvents
(Figure 2, Table S2 in the Supporting Information).

The emission spectra were much less affected by the
change in membrane phase (Figure 3d). Addition of 1 to
DPPC LUVs at 25°C gave a blue-shifted emission at 4, ca.
610 nm (Figure 3d, dashed, red) that moved to 4,,,, ca. 650 nm
after heating to 55°C (Figure 3d, solid, gold) and remained
there while cooling back to 25°C (Figure 3d, solid, blue). This
observation revealed, firstly, that partitioning into gel-phased
DPPC is hindered and, secondly, that the transition from fluid
to gel phase does not eject the oligothiophene probe. The
compatibility of planarizable push—pull probes with crystal-
line membranes is interesting, because it is contrary to many
examples in the literature.l'”’ Negligible shifts in emission
observed upon further heating—cooling cycles indicated that
the changes found in the excitation spectra do not originate
from solvatochromism, that is, changes of the polarity of the
environment during heating—cooling cycles (Figure 3d, solid
and dotted).

Unlike DPPC, membranes composed of dioleoyl phos-
phatidylcholine (DOPC) remain in the fluid phase also at

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

25°C. No significant shifts as in DPPC LUVs were observed
during heating—cooling cycles in DOPC LUVs (Figure 3a,c,
0). This contrast supported that the oligothiophene chromo-
phore is indeed planarized in gel-phase DPPC.'! Nearly
identical red shifts with probes 1, 2, 4, and 5 indicated that
their planarization by lateral confinement in crystalline
membranes is independent of the polarization of the push—
pull chromophores (Figures S28-S32 in the Supporting Infor-
mation).!'¥!

Membrane potentials were applied to EYPC vesicles by
connecting potassium gradients with valinomycin (Figure S33
and Table S6 in the Supporting Information, EYPC=egg
yolk phosphatidylcholine).! With increasingly polarized
vesicles, a bathochromic shoulder appeared in the excitation
spectrum of the cationic probe 1 (Figure 4b). This shoulder at

c
a) ) 48600 .’
1 /
! Ver/ 18800 .
I, cm1 /
ex
/
190001/ o
'/
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Figure 4. a) Excitation spectra of 4 in EYPC vesicles without (0 mV,
gold) and with membrane potential (—180 mV, blue, 4, =630 nm).
b) Same spectra as in (a) for 1 at, with increasing red shift, 0 (solid,
gold), —90, —120, —150, and —180 mV (solid, blue, 4.,,=600 nm),
and difference spectra for full against zero polarization (dashed,
black). c) Red shift in the I, sq of 1 as a function of the applied
membrane potential. d) Emission of 1 at A,,,=630 nm (A, =530 nm)
during the addition of valinomycin (1 um, at 60 s) and melittin (2 um,
at 130 s) to EYPC LUVs with inside 100 mm KCl and outside 100 mm
MCl (M=Na/K 1124:1), 10 mwm tris (hydroxymethyl)aminomethane
hydrochloride (Tris), pH 7.

I x50y (that is, 50 % of maximal excitation intensity) widened
with increasing polarization, resulting in a maximal red shift
of AL=17 nm (594 cm™', Figure 4b,c). Fluorescence kinetics
measured at Ay (that is, the excitation wavelength of
highest sensitivity) reported the build-up of membrane
potentials in response to the addition of valinomycin and
the instantaneous depolarization in response to lysis with
melittin (Figure 4d).

Weaker shifts were found with the anionic probe 2, and
the cationic probe 4 was totally insensitive to membrane
potentials (Figure 4a, Figures S34-S36 in the Supporting
Information). Moreover, the shape of emission spectra was
almost insensitive to membrane potentials in all cases.
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Weakened voltage sensitivity with reduced push—pull strength
and nearly voltage-independent emission were both consis-
tent with the idea that fluorophore planarization by dipole-
potential interactions can be used to sense membrane
potentials.'” The complementary independence of the
response to membrane fluidity on the push—pull strength of
the fluorophore provided further support for this conclusion.
With decreasing fluidity, fluorophore planarization is
expected to originate from increasing lateral confinement
rather than from dipole-potential interactions. Although the
complexity of the system suggests that alternative explan-
ations should not be fully excluded at this stage, these initial
results on a new topic are in perfect agreement with expect-
ations, provide clear guidelines for the continuation, and
promise attractive applications. Specifically, we now try to
first maximize sensitivity and contrast with increasingly
twisted, polarized, shortened, or -elongated oligothio-
phenes,'” and then to explore the detectability of membrane
tension®! or heterogeneity (“rafts”)®! together with applica-
tions toward live cells (neurons, etc)p’sl and functional
materials  (artificial photosystems,”!  piezochromism,”
NLO, etc).
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