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Metastable oxidation states of tetrathiafulvalenes
on the surface of liposomesy
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Redox-active liposomes are prepared by the incorporation of tetrathiafulvalene—cholesterol conjugate 1 in
phospholipid vesicles. The oxidation of tetrathiafulvalene (TTF) on the surface of the liposomes in aqueous
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solution is monitored by UV-vis spectroscopy. It is shown that metastable (TTF**), 7t-dimers of the mono-

oxidized cation radical are formed due to the high local concentration of TTF groups in the lipid membrane.
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Introduction

Liposomes are artificially prepared analogues of biological
membrane vesicles, which are spherical supramolecular nano-
containers composed of a closed bilayer membrane shell
surrounding an internal aqueous compartment." Liposomes
can be thought of as minimal models of biological cells or cell
organelles, such as mitochondria, lysosomes, and vacuoles —
thin-walled vessels composed of membrane surrounded by and
encapsulating water. Thus, liposomes have served as versatile
model objects to study various aspects of cellular chemistry:
vesicle adhesion and fusion,” transmembrane ion transport®
and electron transfer,® as well as reactivity and molecular
recognition on cell surfaces.®

Redox reactions of organic functional groups on membranes
play an important role in various cellular processes, represent-
ing another important aspect of cellular activity. One of the
most prominent examples is the electron transport chain in
eukaryotic cells.® The electron transport chain drives ATP
synthesis and takes place in the inner membrane of mito-
chondria and includes oxidation” of NADH to NAD"' and the
electron-carrier function of lipophilic ubiquinone® (Coenzyme
Q10)- Another prime example is photosynthesis,” in which
organisms utilize light to oxidize water and reduce carbon
dioxide to carbohydrates in a cascade of redox reactions, which
starts upon excitation of photosynthetic complexes' bound to
thylakoid membranes of chloroplasts or cyanobacteria. More-
over, redox processes with reactive oxygen species were found to
play a central role in cell homeostasis, signalling, and
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These dimers can be further stabilized by the addition of cucurbit[8]uril or by reduction of the lateral
mobility in the membrane by variation of the lipid composition.

apoptosis.™ Quite surprisingly, redox chemistry of artificial
vesicles with organic redox-active centres is barely described in
the literature and limited to membrane-bound viologen' and
ferrocene derivatives.

In this article we describe the preparation and character-
ization of redox-active liposomes containing tetrathiafulvalene
(TTF, Fig. 1). TTF**** possesses an electron-rich non-aromatic
14-m-electron system. Stepwise oxidation of TTF leads first to
the formation of a stable radical cation, TTF"", and finally to a
dication, TTF**, and occurs at low oxidation potentials easily
achieved using mild oxidation reagents. Due to their excellent
electron-donating properties, TTF found use in the field of
organic electronics.'® More recently, TTF were employed in
different areas of supramolecular chemistry as redox triggers'”
of switching processes in various types of supramolecular
systems,'® such as redox controllable molecular machines,*
organogels,® and liquid crystals.”* Nevertheless, there is only a
very limited number of publications dedicated to the investi-
gation of TTF-modified amphiphiles and their aggregates in
aqueous solution.>*

Herein, we report preparation of the cholesterol-TTF
conjugate 1 (Fig. 2) and its incorporation in redox-active lipo-
somes.> The amphiphile 1 (Chol-TTF) consists of a redox-active
TTF group, which is connected via a hydrophilic oligoethyle-
neglycol spacer to a cholesterol moiety that serves as a
membrane anchor. Although the TTF group is lipophilic in the
non-oxidized form and is likely to reside inside the lipid
membrane, it should become much more exposed to the
aqueous medium upon oxidation. Chol-TTF 1 was prepared in
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Fig. 1 Reversible stepwise oxidation of tetrathiafulvalene (TTF).
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Fig. 2 Redox-active amphiphile Chol-TTF 1. Redox-active TTF is
shown in green and cholesterol anchor in blue.

several steps from commercially available cholesterol and
tetrathiafulvalene.

Simple mixing of 1 with phospholipids leads to the forma-
tion of liposomes with TTF groups immobilized close to the
membrane surface. We observed that the addition of Fe(ClO,);
leads to the oxidation of TTF to the radical cation TTF", which
is stabilized by (TTF""), dimer formation, and then to the TTF**
dication. We measured the kinetics of the oxidation of TTF in
dioleoylphosphatidyl choline (DOPC) and dipalmitoylphos-
phatidyl choline (DPPC) liposomes as well as the remarkable
effect of the supramolecular host cucurbit[8]uril (CB[8]) on the
stabilization of (TTF"),.

Experimental section
Materials and methods

4-(Hydroxymethyl)tetrathiafulvalene** 2 was prepared from
commercially available (TCI) tetrathiafulvalene, and [2-[2-[2-
[(3B)-cholest-5-en-3-yloxy|ethoxy|ethoxy|ethoxy]-acetic acid* 3
was synthesized from cholest-5-en-3B-tosylate*® as described
before. Cholesterol-TTF conjugate 1 was prepared from
compounds 2 and 3 in two steps (Scheme 1). All reactions were
carried out under atmosphere of dry N,. NMR spectra were
recorded using Bruker Avance DPX-200, and Bruker Avance WB-
360 spectrometers. Chemical shifts (0) are reported in parts per
million (ppm) downfield from tetramethylsilane, residual
solvent signals (7.26 ppm for 'H, 77.0 ppm for *C in CDCI,)
were used as references. "H NMR coupling constants (J) are
reported in Hertz (Hz) and multiplicity is indicated as follows: s
(singlet), d (doublet), t (triplet). Mass spectra were measured on
Bruker MicroTOF electrospray ionization (ESI) spectrometer.
Observed isotopic patterns of the [M]"", [M + Na]", and [M + K]"
ions of the product were fully consistent with the calculated
ones. R¢value was determined using 0.2 mm silica gel F-254 TLC
cards. Column chromatography (FC) was carried out using 230-
440 mesh (particle size 36-70 pm) silica gel.

Scheme 1 Synthesis of redox-active amphiphile Chol-TTF 1.
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Synthesis

[2-[2-[2-[(3B)-Cholest-5-en-3-yloxy]ethoxy]ethoxy]ethoxy]-ace-
tic acid chloride 4. [2-[2-[2-[(3B)-Cholest-5-en-3-yloxy|ethoxy]
ethoxylethoxyl-acetic acid 3 (240 mg, 0.42 mmol) was dissolved
in absolute CH,Cl,, 2-3 drops of DMF were added to a solution,
and it was cooled to 0 °C. Oxalyl chloride (0.15 mL, 1.75 mmol)
was added dropwise, the reaction mixture was allowed to warm
to room temperature and stirred for additional 3 h, then the
solvent was evaporated to dryness, and the product was dried
under high vacuum. Reaction afforded 250 mg (0.42 mmol,
100%) of the product as colourless syrup, which was used in the
next step without further purification.

[2-[2-[2-[(3B)-Cholest-5-en-3-yloxy]ethoxy]ethoxy]ethoxy]-ace-
tic acid, [2-(1,3-dithiol-2-ylidene)-1,3-dithiol-4-yljmethyl ester 1.
4-(Hydroxymethyl)tetrathiafulvalene 2 (123 mg, 0.52 mmol)
and pyridine (0.32 mL) were dissolved in abs. THF (10 mL) and
cooled to 0 °C. After that a solution of acid chloride 4 (360 mg,
0.60 mmol) in abs. THF (10 mL) was added dropwise. The
reaction mixture was allowed to warm to room temperature
and stirred overnight, then poured into excess of water and
extracted with CH,Cl, (ca. 50 mL). The organic phase was
washed with 1 M HCI (20 mL), saturated NaHCO; solution
(20 mL), and brine (50 mL), dried (Na,SO,), and evaporated to
dryness. The crude product was purified by column chroma-
tography (SiO,, CH,Cl,/EtOAc 10:2) affording 109 mg
(0.14 mmol, 27%) of the product 1 as yellow syrup that crys-
tallized slowly. Rg: 0.36 (CH,Cl,/EtOAc, 10 : 2). 'H NMR (360
MHz, CDCl,): 6 0.67 (s, 3H), 0.85-0.87 (m, 6H), 0.90-1.54
(m, 27H), 1.77-2.03 (m, 5H), 2.17-2.24 (m, 1H), 2.34-2.39
(m, 1H), 3.13-3.22 (m, 1H), 3.63 (s, 4H), 3.66 (s, 4H), 3.68-3.76
(m, 4H), 4.20 (s, 2H), 4.88 (d,J = 0.9 Hz, 2H), 5.33-5.34 (m, 1H),
6.31 (s, 2H), 6.36 (t, ] = 0.9 Hz, 1H). "*C NMR (50 MHz, CDCl;):
6 11.8, 18.6, 19.3, 21.0, 22.5, 22.8, 23.7, 24.2, 27.9, 28.1, 28.3,
31.79, 31.84, 35.7, 36.1, 36.8, 37.1, 39.0, 39.4, 39.7, 42.2, 50.1,
56.0, 56.7, 60.8, 67.2, 68.3, 70.5 (3x), 70.8, 70.9, 79.4, 108.8,
112.0, 118.9, 119.0, 119.9, 121.4, 130.4, 140.8, 169.9. UV-Vis
(MeCN): Apayx (¢) 314 nm (13 700 L mol " em ™), 360 sh (2500 L
mol " em ™). MS (ESI"): m/z 792 [M]"", 815 [M + NaJ’, 831
[M + K]". HRMS (ESI'): m/z [M]"" caled. for C4,Hg 06S,Na':
815.3478; found 815.3457. CV (vs. SCE, MeCN): 1721 =0.36V,
ESF =0.71 V.

Cyclic voltammetry

Cyclic voltammetry (CV) was performed using a computer
controlled HEKA PG390 potentiostat in a three electrode
single compartment cell (2.5 mL) with a platinum disk
working electrode (diameter of 1.5 mm) and a platinum wire
used as a counter electrode. A non-aqueous Ag/Ag" secondary
electrode, containing 0.1 M Bu,NCIO, (TBAP) + 0.01 M AgNO;
in acetonitrile (MeCN), was used as the reference electrode.
Samples for CV were dissolved to a concentration of 1 x 10°
M in dry degassed MeCN, containing 0.1 M TBAP as sup-
porting electrolyte. Ferrocene (Fc) was used as an electro-
chemical reference with the potential EYj, = 0.38 V wvs.
saturated calomel electrode (SCE) for the Fc/Fc' couple in 0.1
M TBAP/CH,Cl,.”’

This journal is © The Royal Society of Chemistry 2015
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Preparation and characterization of liposomes

DOPC and DPPC were purchased from Sigma Aldrich and dis-
solved in CHCI; (1 mM). Unilamellar liposomes were prepared
by hydration (using pure water) of a film containing a mixture of
a phospholipid and Chol-TTF 1 followed by extrusion with a
Liposofast manual extruder through a polycarbonate
membrane with a pore size of 100 nm. DOPC liposomes were
extruded at room temperature, whereas DPPC liposomes were
extruded at 50 °C. Dynamic light scattering (DLS) measure-
ments were performed on a Zetasizer Nanoseries Nano-ZS of the
company Malvern Instruments. UV-vis measurements were per-
formed on a Jasco V650 double beam spectrophotometer in a
1 cm path length quartz optical cell.

Results and discussion

Chol-TTF 1 was obtained as bright yellow viscous syrup slowly
crystallizing upon standing. Compound 1 displays very good
solubility in non-polar organic solvents, which allowed its easy
spectroscopic and electrochemical characterization. The elec-
trochemical behaviour of 1 is typical for TTF derivatives with two
reversible oxidation potentials at E1, = 0.36 V and E7,, = 0.71 V
in MeCN vs. SCE (Fig. S57). Stepwise oxidation of 1 in MeCN was
achieved using Fe(ClO,);/MeCN as an oxidizing agent. Upon
addition of Fe(ClO,);/MeCN to 0.06 mM MeCN solution of Chol-
TTF, all three oxidation states of 1 were observed and charac-
terised using UV-Vis spectroscopy (Fig. S61). In the non-oxidized
state, 1 shows major absorption signal at 314 nm, as well as a
shoulder at ca. 360 nm. Upon addition of 1 eq. of Fe(ClO,);
signals at 438 nm and 584 nm assigned to TTF" become
dominant. After addition of an excess of Fe(ClO,);, a single
absorption maximum at 380 nm, typical to TTF*", is observed.?®
Chol-TTF 1 could be reduced to its initial state in MeCN using
an excess of ascorbic acid as a reduction agent (Fig. S107).

Redox-active liposomes were obtained by the hydration of a
lipid film containing a mixture of Chol-TTF 1 and DOPC to afford
the final aqueous solution with 0.06 mM Chol-TTF and 0.14 mM
DOPC total concentrations. Small unilamellar liposomes with an
average diameter of 80-100 nm were formed using extrusion
through a porous polycarbonate membrane. The liposome size
was routinely controlled using DLS. The redox behaviour of the
liposomes was monitored using UV-vis spectroscopy. First,
measurements were performed before and during the addition of
Fe(ClO,); solution as oxidizing agent (Fig. 3). After each addition
of an aliquot of Fe*", an incubation period of several min was
observed before the absorption reached stable value, serving as
an indication that neutral TTF groups are embedded in the lipid
membrane rather than exposed to the surrounding solution and
not well accessible to the oxidation agent.

The major absorption signal of non-oxidized TTF at 303 nm
is dominant before the addition of Fe(ClO,); and persists at low
concentrations of Fe(ClO,);. With increasing amounts of
oxidizing agent, the signal at 303 nm decreases until it disap-
pears completely. Instead, signals at 390 nm, 520 nm and
775 nm appear, which, in turn, decline upon further addition of
oxidizing agent.

This journal is © The Royal Society of Chemistry 2015

View Article Online

Journal of Materials Chemistry B

——0.00mM Fe(CIO,),
——0.03mM Fe(CIO,), 15min
——0.06mM Fe(CIO,), 20min
——0.12mM Fe(CIO,), 20min
——0.18mM Fe(CIO,), 20min

0.21mM Fe(CIO,), 30min

0.24mM Fe(CIO,), 30min

absorption

77300 400 500 600 700 800 900
wavelength / nm

Fig. 3 Oxidative titration of TTF on the surface of DOPC liposomes
with Fe(ClO4)s monitored by UV-vis-spectroscopy. After each addition
of an aliquot of Fe(ClO4)s, absorption was measured after the indicated
time period. [DOPC] = 0.14 mM, [Chol-TTF 1] = 0.06 mM, [Fe(ClO,4)s]
= 0.03-0.24 mM.

The unexpected appearance of the rather strong absorption
band at 775 nm was attributed by us to the formation of (TTF"*),
dimers. It should be emphasized that this is a metastable
oxidation state of TTF that is not usually observed at room
temperature in dilute solution. Dimer formation of the TTF
radical cation is common in the solid state and can be observed
at low temperatures in a concentrated TTF solution,* but only a
few examples of the characterization of (TTF'"), at room
temperature in a dilute solution are known up to date. They are
limited to bis-TTF derivatives with two closely-aligned TTF
units, such as bis-TTF molecular clips®*® and TTF-substituted
calix[4]arenes,® to supramolecular architectures in which
dimers (TTF'"), are stabilized in the framework of [3]cante-
nane,*? and to inclusion complex of two TTF" radical cations
within the cavity of cucubit[8]uril.** In all these examples, dimer
stabilization was achieved by localization of two TTF groups in
close proximity. In this case, we observe stabilization of (TTF'"),
dimers on a liposome surface in a dilute aqueous solution
([Chol-TTF 1] = 0.06 mM). Such unusual stabilization can be
explained by the fact that, although the overall concentration of
1 in aqueous solution is very low, its local concentration in the
membrane is high: every third molecule within a membrane is a
TTF derivative. It is reasonable to assume that upon oxidation
such a high local concentration of TTF groups on membrane
surface leads to the formation of stable (TTF""), radical dimers
(Fig. 4).

To investigate the oxidation kinetics of TTF on the liposome
surface, we measured the absorbance at 775 nm, characteristic
to the (TTF'"), dimers, over time for liposomes consisting of
0.14 mM DOPC and 0.06 mM Chol-TTF (Fig. 5, left panel).
Increasing amounts of oxidation agent were added. All profiles
show a fast increase (i.e. minute time scale) after addition of
oxidizing agent up to a maximum followed by a slower decrease
(i.e. hour time scale). The maximum absorbance obviously
represents the maximum concentration of (TTF""), dimers that
is transiently formed and is dependent on the amount of
oxidizing agent added. With time the amount of (TTF'),
decreases, since the radical cation is further oxidized and ulti-
mately TTF** is formed. The kinetic profile can thus be inter-
preted as a transient formation of the intermediate radical
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Fig. 4 Schematic representation of the stabilized (TTF'*), dimers
formed by the oxidation of Chol-TTF 1 on the surface of liposomes.

cation with a fast oxidation from TTF to TTF"" and rather slow
oxidation from TTF"" to TTF>". The DLS data taken before and
after the measurement show that the liposomes are not affected
by the oxidation process: the average size remains constant, and
hence the liposomes do not aggregate or disintegrate (Fig. S77).
Moreover, reversibility of the TTF oxidation was demonstrated
using ascorbic acid as a reducing reagent. The addition of
ascorbic acid to liposomes with fully oxidized TTF units led to
gradual build up and disappearance of the same absorption
bands at 775 nm, indicating the reverse process, which included
the reduction of TTF** to TTF"" with dimer formation and then
to neutral TTF (Fig. S11%).

Strikingly, the metastable (TTF"*), dimers can be stabilized
by the addition of the supramolecular host CB[8]. The same
oxidation experiments were repeated in the presence of 0.03
mM of CB[8], which is known to form an inclusion complex with
(TTF'"), dimers.*® Inclusion into CB[8] stabilizes the (TTF""),
dimer on the liposome surfaces and inhibits oxidation to TTF>".
Indeed, in the presence of CB[8], the absorption at 775 nm
quickly reaches a plateau and stays constant over time and no
further oxidation to TTF>* occurs even after addition of excess of
the oxidation agent (Fig. 5, right panel). The solutions turn
slightly pink, affording additional evidence for the formation of
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——0.03mM Fe(CIO,),
0.05- ——0.06mM Fe(CIO,),
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2
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stable (TTF'"), dimers. The comparison between absorption
profiles with and without CB[8] (Fig. 5, left panel) shows a
fourfold increase in the absorption maxima for the measure-
ments with CB[8]. It can be concluded that the maximum
concentration of dimer is much higher in the presence of CB[8].

Finally, we investigated the oxidation Chol-TTF in DPPC
liposomes instead of DOPC liposomes (Fig. 6). Whereas DOPC
liposomes have a phase transition below room temperature and
thus have highly fluid membranes, DOPC liposomes have a
phase transition temperature of 41 °C and gel-like membranes.
Thus, DPPC membranes are expected to inhibit lateral move-
ment of the embedded Chol-TTF-derivatives. In comparison to
the experiments with DOPC, the results obtained with DPPC
show a slightly slower increase to a maximum concentration of
(TTF"), dimer after addition of oxidation agent at 775 nm.
However, in contrary to the oxidation on DOPC-liposomes, we
obtain a much slower decrease after the maximum is reached,
meaning that the oxidation to TTF>" is significantly slowed
down. We assume that the formed dimers are more stable due
to decreased membrane fluidity. It should be noted that the
maximum of the signal at 775 nm is significantly lower
compared to the same signal obtained for the DOPC liposomes,
leading to the conclusion that less dimers are being formed in
total. This is to be expected since the decreased movement

0.04+ ——0.06mM Fe(CIO,)]
——0.12mM Fe(CIO,),
0.05 ——0.18mM Fe(CIO,),
: —— 0.24mM Fe(CIO,),
=
S
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o
2
©
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T T T T T 1
0 100 200 300 400 500 600

time / min
Fig. 6 Oxidation of TTF on DPPC liposomes monitored over time at

775 nm. [DPPC] = 0.14 mM, [Chol-TTF 1] = 0.06 mM, [Fe(ClO4)s] =
0.06-0.24 mM.
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Fig. 5 Oxidation of TTF on the surface of DOPC liposomes monitored over time at 775 nm without (left panel) and with CBI[8] (right panel).
[DOPC] = 0.14 mM, [Chol-TTF 1] = 0.06 mM, [Fe(ClO4)3] = 0.00-0.24 mM, [CB[8]] = 0.03 mM.
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allowed by DPPC makes it harder for monomers to find each
other on the membrane. Also in this case, DLS measurements
show that the liposomes stay intact after addition of oxidation
agent (Fig. S971).

Conclusions

In conclusion, we have demonstrated successful incorporation
of redox-active cholesterol-TTF conjugates into liposomes in an
aqueous solution and have monitored the stepwise oxidation of
the TTF moiety into TTF"" and to TTF>" on the liposome surface.
We identified a remarkable steady-state with fast oxidation from
TTF to TTF" and slow oxidation from TTF" and to TTF*,
indicating the formation of stable (TTF'*), dimer at the
membrane surface, which are elusive in solution at room
temperature. The dimers can be further stabilized by the addi-
tion of the supramolecular host CB[8], which fully inhibits the
oxidation of TTF" to TTF>*. We contend that these initial
findings demonstrate the relevance of a deeper investigation of
redox processes at the surface of biomimetic membranes,
including factors such as lateral dynamics and flip-flop, charge
transfer across the lipid membrane and/or between vesicles.
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