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Metastable oxidation states of tetrathiafulvalenesn
the surface of liposomes
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Received 00th January 2012, Redox-active liposomes are prepared by the incatpmm of tetrathiafulvalene-cholesterol

Accepted 00th January 2012 conjugatel in phospholipid vesicles. The oxidation of tetiafalvalene (TTF) on the surface

of the liposomes in aqueous solution is monitorgdWy/-vis spectroscopy. It is shown that

metastable (TTF), n-dimers of the mono-oxidized cation radical arenfed due to the high

www.rsc.org/ local concentration of TTF groups in the lipid membe. These dimers can be further
stabilized by the addition of cucurbit[8]uril or bseduction of the lateral mobility in the
membrane by variation of the lipid composition

DOI: 10.1039/x0xx00000x

1. Introduction In this article we describe the preparation ardJ
characterization of redox-active liposomes contajni
tetrathiafulvalene (TTF, Fig. 1). THE® possesses an electror-
ich non-aromatic 14-electron system. Stepwise oxidation or
TTF leads first to the formation of a stable radication,
TTF", and finally to a dication, TT#, and occurs at low
oxidation potentials easily achieved using mild dation
reagents. Due to their excellent electron-donapngperties,
TTF found use in the field of organic electroniésMore
recently, TTF were employed in different areas o
supramolecular chemistry as redox trigdérsf switching
processes in various types of supramolecular systesuch as
'redox controllable molecular machindsprganogel€® and
liquid crystals?* Nevertheless, there is only a very limited
number of publications dedicated to the investaa®f TTF-
modified amphiphiles and their aggregates in aqgseou
solution?

Liposomes are artificially prepared analogues dfldgical
membrane vesicles, which are spherical supramaec
nanocontainers composed of a closed bilayer merabsaell
surrounding an internal aqueous compartmdriposomes can
be thought of as minimal models of biological catls cell
organelles, such as mitochondria, lysosomes, amdoles —
thin-walled vessels composed of membrane surroubgteahd
encapsulating water. Thus, liposomes have servectiastile
model objects to study various aspects of cellalamistry:
vesicle adhesion and fusiéntansmembrane ion transpbamd
electron transfet, as well as reactivity and molecula
recognition on cell surfacés.

Redox reactions of organic functional groups ommoenes
play an important role in various cellular processe
representing another important aspect of cellutaividly. One
of the most prominent examples is the electronsjrart chain
in eukaryotic cell§. The electron transport chain drives ATP s s e s s - s s
synthesis and takes place in the inner membrane of [ = ] — [ }-@] — [@>—<®]
mitochondria and includes oxidationf NADH to NAD" and s S N s s ° s °
the electron-carrier function of lipophilic ubiquiné
(Coenzyme @). Another prime example is photosynthésis,
which organisms utilize light to oxidize water amdduce
carbon dioxide to carbohydrates in a cascade afxregactions,
which starts upon excitation of photosynthetic cterps®
bound to thylakoid membranes of chloroplasts
cyanobacteria. Moreover, redox processes with ireaoikygen
species were found to play a central role in celinbostasis,
signalling, and apoptosi$.Quite surprisingly, redox chemistry
of artificial vesicles with organic redox-activetiae centres is
barely described in the literature and limited tembrane-
bound viologel? and ferroceng derivatives.

TTF TTF** TTFZ*

Fig. 1 Reversible stepwise oxidation of tetrathiafulvalene (TTF).

Herein, we report preparation of the cholesterbFT
conjugate 1l (Fig. 2) and its incorporation in redox-activ:®
(I)iPosome§.3 The amphiphilel (Chol-TTF) consists of a redox-
active TTF group, which is connecteda a hydrophilic
oligoethyleneglycol spacer to a cholesterol moithigt serves

s a membrane anchor. Although the TTF group aphdic in
the non-oxidized form and is likely to reside iresithe lipid
membrane, it should become much more exposed to ti.c
aqueous medium upon oxidation. Chol-TTRvas prepared in

This journal is © The Royal Society of Chemistry 2013 J. Mater. Chem. B, 2013, 00, 1-3 | 1
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several steps from commercially available choledteaand Synthesis

tetrathiafulvalene. [2-[2-[2-[(3B)-Cholest-5-en-3-yloxy]ethoxy]ethoxy]ethoxy]-

acetic acid chloride 4. [2-[2-[2-[(3B)-Cholest-5-en-3-
yloxy]ethoxylethoxy]ethoxy]-acetic acid3 (240 mg, 0.42
mmol) was dissolved in absolute gH,, 2-3 drops of DMF
o ‘ were added to a solution, and it was cooled to .00galyl
[SHS]AOM/O\%\O chloride (0.15 mL, 1.75 mmol) was added drop witdes
s s 1 reaction mixture was allowed to warm to room terapee and
Fig. 2 Redox-active amphiphile Chol-TTF 1. Redox-active TTF is shown in green  stirred for additional 3 h, then the solvent wasprated to
and cholesterol anchor in blue. dryness, and the product was dried under high wacuu
Reaction afforded 250 mg (0.42 mmol, 100 %) of pheduct
Simple mixing of 1 with phospholipids leads to theas colourless syrup, which was used in the next ati¢hout
formation of liposomes with TTF groups immobilizekbse to further purification.

the membrane surface. _Wg observed that the .add'mib.n [2-[2-[2-[(3B)-Cholest-5-en-3-yloxy]ethoxy]ethoxy]ethoxy]-
Fe(ClQ); leads to the oxidation of TTF to the radical catio, .atic acid, [2-(1,3-dithiol-2-ylidene)-1,3-dithiod-ylJmethyl
TTF", which is stabilized by (TTP, dimer formation, and

then to the TTE dication. We measured the kinetics of thﬁ"lmol) and pyridine (0.32 mL) were dissolved in abslF (10
oxidation of TTF in dioleylphosphatidyl choline (IX@) and mL) and cooled to 0 °C. After that a solution ofdachloride4

dipalmitoylphosphatidyl choline (DPPC) liposomesvesll as (360 mg, 0.60 mmol) in abs. THF (10 mL) was addedpd
the remarkable effect of the supramolecular hosuxit[8]uril

(CB[8]) on the stabilization of (TTH,.

ester 1.4-(Hydroxymethyl)tetrathiafulvaleng2 (123 mg, 0.52

wise. The reaction mixture was allowed to warm tmm
temperature and stirred overnight, then poured éxtoess of
i . water and extracted with GBI, (ca. 50 mL). The organic
Experimental Section phase was washed with 1 M HCI (20 mL), saturatetiG@,
solution (20 mL), and brine (50 mL), dried (}$2,), and
evaporated to dryness. The crude product was edriby
4-(Hydroxymethyl)tetrathiafulvale& 2 was prepared from column chromatography (SIOCH,CI/EtOAc 10:2) affording
commercially available (TCI) tetrathiafulvalene,daf2-[2-[2- 109 mg (0.14 mmol, 27%) of the producas yellow syrup that
[(3p)-cholest-5-en-3-yloxy]ethoxylethoxylethoxyl-acetiwid® ¢rystallized slowly.R;: 0.36 (CHCI/EtOAc, 10:2).'H NMR
3 was synthesized from cholest-5-eB-®sylaté® as described (360 MHz, CDC}): & 0.67 (s, 3H), 0.85-0.87 (m, 6H), 0.90—
before. Cholesterol-TTF conjugaté was prepared from 1 54 (m, 27H), 1.77-2.03 (m, 5H), 2.17-2.24 (m, ,1P{B4—
compoundg and3 in two steps (Scheme 1). All reactions werg 39 (m, 1H), 3.13-3.22 (m, 1H), 3.63 (s, 4H), 3(66 4H),
carried out under atmosphere of dry. \NMR spectra were 3.68-3.76 (m, 4H), 4.20 (s, 2H), 4.88 Jcs 0.9 Hz, 2H), 5.33—
recorded usingBruker Avance DPX-200, and Bruker Avance 534 (m, 1H), 6.31 (s, 2H), 6.36 (= 0.9 Hz, 1H).C NMR
WB-360 spectrometers. Chemical shif are reported in parts (50 MHz, CDC}): § 11.8, 18.6, 19.3, 21.0, 22.5, 22.8, 23.7
per million (ppm) downfield from tetramethylsilanegsidual 242 27.9, 28.1, 28.3, 31.79, 31.84, 35.7, 36618,337.1, 39.0,
solvent signals (7.26 ppm foH, 77.0 ppm for®C in CDCE)  39.4, 39.7, 42.2, 50.1, 56.0, 56.7, 60.8, 67.23680.5 (3x),
were used as referencési NMR coupling constantsJl are 70.8, 70.9, 79.4, 108.8, 112.0, 118.9, 119.0, 11921 4,
reported in Hertz (Hz) and multiplicity is indicates follows: s 130.4, 140.8, 169.9. UV-Vis (MeCNXnmax (€) 314 nm (13700
(singlet), d (doublet), t (triplet). Mass spectrares measured on | .mort.cm®), 360 sh (2500 imol*-cm?t). MS (ESI): mvz 792
Bruker MicroTOF electrospray ionization (ESI) spectrometefy)* 815 [M+NaJ, 831 [M+K]". HRMS (ESI): m/z [M]**
Observed isotopic patterns of the [M][M+Na]", and [M+K]"  cajcd. for GHeiOsS,Na™: 815.3478; found 815.3457. CVs(
ions of the product were fully consistent with tbelculated scg MeCN): ., = 0.36 V, %= 0.71 V.

ones.R; value was determined using 0.2 mm silica gel F-254

TLC cards. Column chromatography (FC) was carried oCyclic voltammetry

using 230-440 mesh (particle size 36+r0) silica gel. Cyclic voltammetry (CV) was performed using a cotepu
controlledHEKA PG390 potentiostat in a three electrode sing'’ -
compartment cell (2.5 ml) with a platinum disk wiord
electrode (diameter of 1.5 mm) and a platinum wised as a
counter electrode. A non-aqueous Ag//Asgcondary electrode,

1 containing 0.1 M ByNCIO, (TBAP) + 0.01 M AgNQ in
acetonitrile (MeCN), was used as the reference trelde.
Samples for CV were dissolved to a concentratiofxdfo> M
in dry degassed MeCN, containing 0.1 M TBAP as suiipg

Scheme 1 Synthesis of redox-active amphiphile Chol-TTF 1 electrolyte. Ferrocene (Fc) was used as an eldwtmical

reference with the potential ;£*=0.38V vs. saturated

Materials and methods

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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calomel electrode (SCE) for the Fc/Fcouple in 0.1 M
TBAP/CH,Cl,.?"

Preparation and characterization of iposome:

DOPC and DPPC were purchased fr@gma Aldrich and

dissolved in CHG (1 mM). Unilamellar liposomes wel

prepared by hydration (using pure watefa film containing ¢

mixture of a phospholipid and ChalFF 1 followed by

extrusion with a Liposofast manual extruder througl

polycarbonate membrane with a pore size of nm. DOPC
liposomes were extruded edom temperatu, whereas DPPC
liposomes were extruded at 3C. Dynamic light scatterin

(DLS) measurements were fmimed on a Zetasizer

Nanoseries Nano-ZS of the companyalvern Instruments. UV-

vis measurements were performed onlasco V650 double
beam spectrophotometer in acin path length quartz optic
cell.

Results and discussion

Chol-TTF 1 was obtained as brigkellow viscous syrup slowl
crystallizing upon standing. Compouriddisplays very goo:
solubility in nonpolar organic solvents, which allowed its e
spectroscopic and electrochemical characterizati(The
electrochemical behaviour df is typicalfor TTF derivatives
with two reversible oxidation potentials a;,* = 0.36 V and
Ey7” = 0.71 V in MeCNvs. SCE (Fig. S51)Stepwise oxidatio
of 1 in MeCN could be also easily achieved us
Fe(ClQ)s/MeCN as an oxidizing agent. Upon addition

Fe(ClQ)s/MeCN to 0.06mM MeCN solution of Ch¢-TTF, all

three oxidation states df could be observed and characteri
using UV-Vis spectroscopy (Fig. S61hnh the no-oxidized
state,1 shows major absorption signal at 314 nm, as wel
shoulder atca. 360 nm.Upon addition of 1 eq. of Fe(Cy)s

signals at 438 nm and 584 nm assigned to *» become
dominant. After addition of an excess of Fe(y)s, a single
absorption maximum at 380 nm, typical to T, is
observed® Chol-TTF 1 could be reduced to its initial stain

MeCN using an excess of ascorbic acid as a reductiont

(Fig. S107).

Redoxactive liposomes were obtained by the hydratioa
lipid film containing a mixture of Chol-TF 1 and DOPC to
afford the final agueous solutiovith 0.06 mM Chc¢-TTF and
0.14 mM DOPC total concentrations. Small unilanre
liposomes with an average diameter of 18® nm were forme
using extrusion through a porous polycarbonate mam. The
liposome size was routinely controlleging DLS. Theredox
behaviour of the liposomes was monitored using -vis
spectroscopy. First, @asurements were performed before
during the addition of Fe(Cl); solution as oxidizing agel
(Fig. 3). After each addition of aaliquot of F*, an incubation
period of several min wasbserved befo the absorption
reached stable valuserving as an indication that neutral T
groups are endzlded in the lipid membranrather than
exposed to the surrounding solutiand not well accessible
the oxidation agent.

This journal is © The Royal Society of Chemistry 2012
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The major absorption signal of r-oxidized TTF at 303 nm
is dominant before the addition of Fe((;); and persists at low
concentrations of Fe(Cly. With increasing amounts
oxidizing agent, the signal at 303 nm decreasesl| ln
disappears completely. Instead, signals at 390520,nm anc
775 nm appear, which, in turn, decline ugfurther addition of
oxidizing agent.

0.5 —— 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

0.4

0.3

1)

0.24mM Fe(CIO,), 30min

absorption

0.2+

0.14

500 600 700 800 900

wavelength / nm

0.0-— T

300 400
Fig. 3 Oxidative titration of TTF on the surface of DOPC liposomes with Fe(ClO,);
monitored by UV-Vis-spectroscopy. After each addition of an aliquot of Fe(ClO,)s,
absorption was measured after the indicated time period. [DOPC] = 0.14 mM,
[Chol-TTF 1] = 0.06 mM, [Fe(ClO4)3] = 0.03-0.24 mM.
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Fig. 4 Schematic representation of the stabilized (TTFe+), dimers formed by the
oxidation of Chol-TTF 1 on the surface of liposomes.

The unexpectedppearance of thrather strong absorption
band at 775 nm was attributed by us to the formaid
(TTF™), dimers. It should be emphasized that this i
metastable oxidatiostate of TTF that is not usually observet
room temperature in dilute solution. Dimer formatiof the
TTF radical cation is common in the solid state aadh be
observed at low temperatsrén a concentrated TTF soluti®®
but only a few examples of the characterizatior{TofF"), at
room temperature in a dilute solution are knowntopdate.
They are limited to bi§-TF derivatives with two close-
aligned TTF units, such as BISFF moleciar clips® and TTF-
substituted calix[4]arenéd,to supramolecular archittures in
which dimers (TTF), are stabilized in the framework
[3]cantenané? and to inclusion complex of two T™ radical
cations within the cavity of cucubit[8Juf® In all these
examples, dimer stabilization was achieved by Iaatibn of
two TTF groups in close proximityln this case, we observe

J. Mater. C, 2012, 00, 1-3 | 3
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0.06 ——0.015mM Fe(CIO,), —— 0.03mM Fe(CIO,)]
——0.03mM Fe(CIO,), 0244 —— 0.06mM Fe(CIO,) ===
0.051 —— 0.06mM Fe(CIO,), 0.20 fﬁﬁ: —— 0.12mM Fe(CIO,),
e | — o),
044 .12mM Fe(CIO,),

S —— 0.18mM Fe(CIO,), g 0161 0.24mM Fe(CIO,),

% 0.034 —— 0.24mM Fe(CIO,), ‘% 0124

o 2
0.024 © 0.084
0.01 0.044 /
0.00 . : : : . 0.00 T T T T T

0 20 40 60 80 100 0 100 200 300 400 500
time/min time / min

Fig. 5 Oxidation of TTF on the surface of DOPC liposomes monitored over time at 775 nm without (left panel) and with CB[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.

stabilization of (TTE), dimers on a liposome surface in @omplex with (TTF"), dimers® Inclusion into CB[8] stabilizes
dilute aqueous solution ([Chol-TTH] = 0.06 mM). Such the (TTF"), dimer on the liposome surfaces and inhibits
unusual stabilization can be explained by the flaat, although oxidation to TTE*. Indeed, in the presence of CB[8], the
the overall concentration df in aqueous solution is very low,absorption at 775 nm quickly reaches a plateau stags
its local concentration in the membrane is highergvthird constant over time and no further oxidation to TTBccurs
molecule within a membrane is a TTF derivative. idt even after addition of excess of the oxidation agéig. 5,
reasonable to assume that upon oxidation such la loical right panel). The solutions turn slightly pink, @ffing
concentration of TTF groups on membrane surfacdsléa the additional evidence for the formation of stable FT), dimers.
formation of stable (TTF), radical dimers (Fig. 4). The comparison between absorption profiles with asttiout

To investigate the oxidation kinetics of TTF onethCB[8] (Fig. 5, left panel) shows a fourfold incream the
liposome surface, we measured the absorbance atni#V5 absorption maxima for the measurements with CB{8an be
characteristic to the (TTH, dimers, over time for liposomesconcluded that the maximum concentration of dinsemiuch
consisting of 0.14 mM DOPC and 0.06 mM Chol-TTRg(F$, higher in the presence of CBJ[8].
left panel). Increasing amounts of oxidation ageate added. Finally, we investigated the oxidation Chol-TTF iPPC
All profiles show a fast increase (i.e. minute tiseale) after liposomes instead of DOPC liposomes (Fig. 6). Wag@OPC
addition of oxidizing agent up to a maximum follalvéy a liposomes have a phase transition below room teatyer and
slower decrease (i.e. hour time scale). The maximuhus have highly fluid membranes, DOPC liposomegeha
absorbance obviously represents the maximum coratiEmt of phase transition temperature of 41 and gel-like membranes.
(TTF™), dimers that is transiently formed and is depenadent Thus, DPPC membranes are expected to inhibit latera
the amount of oxidizing agent added. With time éineount of movement of the imbedded Chol-TTF-derivatives. !~
(TTF™), decreases, since the radical cation is furtheripagd comparison to the experiments with DOPC, the resafitained
and ultimately TTE' is formed. The kinetic profile can thus bavith DPPC show a slightly slower increase to a mmaxn
interpreted as a transient formation of the intetiaie radical concentration of (TTF), dimer after addition of oxidation
cation with a fast oxidation from TTF to TTFand rather slow agent at 775 nm. However, in contrary to the oxataton
oxidation from TTE to TTE*. The DLS data taken before andOPC-liposomes, we obtain a much slower decredse thfe
after the measurement show that the liposomesairaffected maximum is reached, meaning that the oxidation T&>T is
by the oxidation process: the average size ren@instant, and significantly slowed down. We assume that the fafrdéners
hence the liposomes do not aggregate or disinedFag. S71). are more stable due to decreased membrane fluitighould
Moreover, reversibility of the TTF oxidation wasndenstrated be noted that the maximum of the signal at 775 rmm
using ascorbic acid as a reducing reagent. Thetiaddof significantly lower compared to the same signal obtained f--
ascorbic acid to liposomes with fully oxidized TTRits led to the DOPC liposomes, leading to the conclusion it dimers
gradual build up and disappearance of the samer@timo are being formed in total. This is to be expectattes the
bands at 775 nm, indicating the reverse procesghwhcluded decreased movement allowed by DPPC makes it hdoder
the reduction of TTE to TTF* with dimer formation and then monomers to find each other on the membrane. Alsthis
to neutral TTF (Fig. S11%). case, DLS measurements show that the liposomesirsiast
Strikingly, the metastable (TTH, dimers can be stabilized byafter addition of oxidation agent (Fig. S97).
the addition of the supramolecular host cucubitfiB{CB[8]).
The same oxidation experiments were repeated ipthsence
of 0.03 mM of CB[8], which is known to form an indgion

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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0.044 ——0.06mM Fe(CIO,)] 3.
——0.12mM Fe(CIO,),
003 ——0.18mM Fe(CIO,),
. —— 0.24mM Fe(CIO,), 4.
- \
S
g 0.2
3 5.
s
6.
0.01 K\
7.
0.00 ; s.

300 400 500 600

time / min

0 100 200

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)3] = 0.06-0.24 mM.

10.

Conclusions

In conclusion, we have demonstrated successfulrrocation
of redox-active cholesterol-TTF conjugates intoofipmes in
an aqueous solution and have monitored the stepwisiation
of the TTF moiety into TTE and to TTE* on the liposome
surface. We identified a remarkable steady-statth Viast
oxidation from TTF to TTF and slow oxidation from TTF
and to TTE, indicating the formation of stable (TT} dimer
at the membrane surface, which are elusive in isolt room

temperature. The dimers can be further stabilized the 15

addition of the supramolecular host CB[8], whicliyfunhibits

the oxidation of TTF to TTF?*. We contend that these initial16-

findings demonstrate the relevance of a deeperstigation of

redox processes at the surface of biomimetic menasia 17-

including factors such as lateral dynamics #mmflop, charge

transfer across the lipid membrane and/or betwesithes. 18
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