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Bilipidic Membranes

Introduction

Jon transport across cell membranes, as
executed in Nature by ion-channel proteins,
is an essential biological mechanism, being
involved in several critical life processes
such as in energy metabolism or the
excitability of nerves and muscles. In
addition to fundamental studies aimed at
better understanding the molecular aspects
of protein-based ion channels, major efforts
have also been devoted to design synthetic
permeabilizers capable of generating pores
of defined sizes within natural or artificial
lipidic bilayer membranes.'! Synthetic
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Summary: The anionic polymerization of a spiro monomer containing both an ester-
activated cyclopropane moiety and a 1,4,7,10,13-pentaoxacyclohexadecane-14,16-
dione crown ether bislactone unexpectedly yielded a linear alternating poly(ether-
ester) via the ring-opening polymerization of the crown ether cycle. lon conductivity
measurements using black lipid membranes as model systems showed that oligo-
mers of this structure are able to permeabilize bilipidic membranes, with single-ion
channel behaviors being observed. Biological assays on fibroblast cells indicated a
significant cytotoxicity, probably related to the above permeabilization mechanism.
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ion channels and pores designed thus far
are generally based on molecular assem-
blies (e.g., via the stacking of cyclic
peptides®! or using rigid-rod barrels mole-
cules[4]) and on unimolecular architectures,
including non-peptidic macrocycles, that
exhibit ion-complexing ligands in their
structure like crown-ethers.>=¢

Other polymer-based systems are also
able to form pores within lipid bilayer
membranes.”! In particular, some amphilic
polymers have been reported to cause lipid
membrane disruption[g"gl and cell lysis.[Q'H]
Well-defined pore formation induced by
polymers has also been observed in a few
specific cases (e.g., amphipols!'?), using
conductivity measurements! >3 as well as
ion transport activity measurements in
artificial bilayers.'¥

In that context, the original objective of
the presently described project targeted a
highly substituted carbon-chain polymer 6,
whose synthesis could theoretically be
achieved via the living anionic ring-opening
polymerization of 2, a cyclopropane-1,1-
dicarboxylate monomer bearing a crown
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Structure of the low molecular weight molecules (1-3) and oligomers (4-6) described in this report.

ether pendant group as a malonate-contain-
ing spiro subunit. Previous studies had
already demonstrated the excellent poly-
merizability of this family of strained and
ester-activated cyclopropyl rings.'>'7! 1t
was expected that a polymer such as 6, with
lateral substituents located on every third
carbon, could be obtained by this techni-
que, leading to an optimum inter-substitu-
ent distances between next neighbors of
about 0.585nm as suggested by structural
results described elsewhere.['®]

Initial results reported here indicate
that the polymerization of this spiro
monomer proceeds via the previously
unreported ring-opening polymerization
of the crown-ether bislactone (leading to
4) rather than via the normal cyclopropane
ring-opening polymerization (leading to 6).
Interaction of the obtained oligomers with
artificial and biological bilipidic mem-
branes displayed unexpected activities that
will be discussed in this communication.

Experimental Part
Materials

Malonyl dichloride (99%, Fluka), tetra-
ethylene glycol (99,5%, Acros), anhydrous
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dimethyl sulfoxide (> 99.9%, Aldrich), 1,2-
dibromoethane (99%, Aldrich), potassium
carbonate (> 99.9%, Aldrich), methyl
iodide (99%, Acros) and thiophenol (> 99%,
Aldrich) were used as received. Sodium
thiophenolate (PhSNa) was synthesiz-
ed as previously described.[™! 1,4,7,10,13-
Pentaoxacyclohexadecane-14,16-dione (1)
was synthesized according to a procedure
reported in the literature.'”!

Techniques

'H- and "“C-NMR spectra were re-
corded in CDCl; or CD3;COCDj; using
a Bruker 400MHz NMR spectrometer.
Size Exclusion Chromatography (SEC)
experiments were performed in chloroform
(ImL-min~') at room temperature,
using a Spectra Physics P100 pump and
two PLgel Polymer Laboratories columns
(5pm Mixed-C). A Wyatt Technology
Optilab Rex interferometric refractometer
was used as detector. Calibration was
obtained with polystyrene standards. IR
spectra were recorded on a Bruker Tensor
27 instrument. Elemental analysis was
performed by the microanalysis de-
partment of L.C.S.N. (Gif sur Yvette,
France).
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Monomer Synthesis

5,8,11,14,17-Pentaoxaspiro[2,15]octadecane-
4,18-dione (2)

A mixture of 1,4,7,10,13-pentaoxacyclohex-
adecane-14,16-dione (1) (1.00 g, 3.8 mmol),
1,2-dibromoethane (1.504¢g, 8.0 mmol),
anhydrous potassium carbonate (3.162g,
22.9mmol) and DMSO (4mL) was stirred
vigorously for 3 days at room temperature.
15mL of water were added to the resulting
mixture, and the aqueous phase was
extracted with five 10mL ether fractions.
The combined ether extracts were dried
overnight over sodium sulphate and the
ether was evaporated. 2 was recovered after
drying during 3 days under secondary
vacuum (55-60% yield).

'H NMR (CDCl;, 400 MHz): § (ppm)
1.44 (4H, s, CH, cyclopropane), 3.68
(8H, m, O—CH,—-CH,-0), 3.81 (4H, t,
COO—-CH,—-CH,-), 431 (4H, t, COO—
CH,—). C NMR (CDCls, 400 MHz): §
(ppm) 17.01 (CH,, cyclopropane), 28.28
(C, cyclopropane), 65.06 (COOCH,-),
68.92 (COOCH,-CH,-), 70.29, 70.89
(O-CH,—-CH,-0), 17021 (COO). IR
(ATR): 2892, 1712, 1312, 1203, 1130,
938cm L, mp 45.5°C; Anal. Calcd. for
Ci3H2007 (M, =288.29): C, 54.16; H, 6.99;
0, 38.85. Found: C, 54.40; H, 7.12; O, 38.67.

15,15-Dimethyl-1,4,7,10,13-
Pentaoxacyclohexadecane-14,16-dione (3)

A mixture of 1,4,7,10,13-pentaoxacyclohex-
adecane-14,16-dione (1) (1.00 g, 3.8 mmol),
methyl iodide (5.39 g, 38 mmol), anhydrous
potassium carbonate (3.162g, 22.9 mmol)
and DMSO (4mL) was stirred vigorously
for 5 days at room temperature. 15 mL of
water were added to the resulting mixture,
and the aqueous phase was extracted with
five 10mL ether fractions. The combined
ether extracts were dried overnight over
sodium sulphate and the ether was evapo-
rated (25% yield). 3 is recovered as a pale
yellow viscous liquid.

'"H NMR (CDCl;, 400 MHz): § (ppm)
1.44 (CHsj, s), 3.66 (8H, m, O—CH,—
CH,—0), 3.77 (4H, t, COO—CH,—CH,-),
428 (4H, t, COO-CH,—).”C NMR
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(CDCls, 400MHz): § (ppm) 22.89 (CHs),
4972 (C), 64.52 (COOCH,-), 68.73
(COOCH,—CH,—), 7029, 7036, 71.05
(O—CH,—CH,—0), 172.81 (COO).

Polymers 4 Synthesis

Monomer 2 (1.00g, 3.5mmol) was intro-
duced under argon and in a glove-box
into a polymerization tube fitted with a
Rotaflo®. A solution of sodium thiophe-
nolate (9.17mg, 0.069mmol) in DMSO
(0.25mL) was added at room temperature.
The polymerization was then stirred at
a given temperature until the medium
became viscous. The reaction was quench-
ed with a 12mol-L~" HCI solution. Poly-
mers were purified either by precipitation
in cold methanol or by dialysis (membrane
cut-off of 1000 Da). 4 is recovered as a
viscous liquid after drying overnight at
60 °C under vacuum.

(4) "H NMR (CD3;COCDs3, 400 MHz): §
(ppm) 1.28 (4H, s, cylopropane), 3.48
(8H, m, O—CH,—CH,-0), 3.58 (4H, t,
COO-CH,—-CH,-), 4.13 (4H, t, COO—
CH,—). ¥C NMR (CDCls, 400 MHz): §
(ppm) 16.89 (CH,, cyclopropane), 28.07
(C, cyclopropane), 64.37 (COOCH,;-),
68.91 (COOCH,—CH,—), 70.58, 70.63
(O-CH,-CH,-0), 169.49 (COO). IR
(ATR): 2871, 1720, 1316, 1204, 1103,
856cm L.

Polymer 5§ was obtained by the same
procedure, using 3 as the monomer. Puri-
fication was performed by dialysis (membrane
cut-off of 1000 Da).

(5) '"HNMR (CDCls, 400 MHz): § (ppm)
1.43 (4H, s, cylopropane), 3.48 (8H, m,
O-CH,-CH,-0), 3.55 (4H, t, COO-
CH,—CH,—), 4.26 (4H, t, COO—CH,—).
3C NMR (CDCls, 400MHz): 8 (ppm)
22.69 (CHj;), 49.84 (C, malonyl), 64.26
(COOCH,—-), 68.77 (COOCH,—CH,-),
70,52 (O—CH,—CH,—-0), 172.52 (COO).

BLM Conductance Measurements

The bilayer was formed according to
standard techniques, in a hole-perforated
vessel (Warner Instruments, Hamden, CT)
and using a home-made experimental set-
up as previously described.”” The pinhole
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size of about 150 um was coated by care-
fully painting a micro-droplet of 1,2-diphy-
tanoyl-glycero-3-phosphocholine  decane
solution on its external side. Decane
evaporated over 20-30min of drying at
room temperature. The vessel was intro-
duced into a two-chamber apparatus, and
both chambers were filled with 1mL of a
Imol-L™' KCI solution. A pipet was
dipped into the lipid solution and used to
produce an air bubble to brush the coated
aperture. The bilayer formation was mon-
itored by measuring the current between
two Ag-AgCl electrodes, a strong current
variation from the saturation value of the
amplifier to about 0 pA indicating bilayer
formation. From 10 to 50 L of an oligomer
stock solution (10mg-mL~"ina1mol-L~!
KClI solution) were added to both cham-
bers. The original membrane was then
ruptured, and a new one generated by the
above procedure to allow for the oligomer
insertion. The current flow through the
bilayer membrane was measured with a
BLM 120 amplifier. Data are filtered at
10kHz by a five-pole output filter. The
acquisition card is a 16 bit PCI-6014 model
(National Instrument, U.S.A.). The sam-
pling rate is adjusted to 50 kHz.

Crystal Violet Assays

Murine fibroblasts NIH-3T3 cells, culti-
vated in Dulbecco’s Modified Medium
(DMEM) supplemented by 10% of fetal
calf serum (Invitrogen, Cergy Pontoise,
France) were seeded in 24-multiwell plates
(2.10* per well) and incubated in humidified
atmosphere of 7% at 37°C for 24 hours for
adhesion. Cells were then treated with the
tested substance (2 and 4 at respectively
0.087 uM /0.87 pM and 0.1pM / 1pM), and
further incubated at 37°C, 7% CO,. After
72 hours, they were stained by crystal violet
(0.02% solution in 2% v/v ethanol) for 30
minutes at room temperature. Afterward,
they were washed three times with Phos-
phate Buffered Saline (PBS), dried and the
cristal violet was solubilised with 100 L. of
1% Sodium Dodecyl Sulfate (SDS) for 1h
at room temperature. Cell quantification
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was obtained by measuring the absorbance
at 595nm with an ELISA plate reader.

Results and Discussion

Monomers 2 and 3 were synthesized by tech-
niques adapted from the literature!!>-17-1]
and provide a low melting point solid and
a liquid, respectively. 'H and >C NMR
spectra are in full agreement with the
expected structures. Monomer 2 was also
characterized by elemental analysis and
IR spectroscopy. The results confirm the
molecular structure. In particular a band at
1200cm ™!, characteristic of the cyclopro-
pane ring, can be observed in the IR
spectrum.

As mentioned in the introduction, anio-
nic polymerization of 2 using sodium
thiophenolate as an initiator is expected
to yield polymer 6, via the opening of the
cyclopropyl ring during both initiation and
propagation steps. Polymerization accord-
ing to procedures known to open the cycle
cleanly and to provide “living” polymers
led in this case to oligomers of moderate
molecular weights (M, =3.0-19.0 x 10°)
and high polydispersity indices (My/
M, <2.7) (Table 1). The obtained polymers
were pale yellow viscous liquids, soluble in
DMSO and chlorinated solvents, sparingly
soluble in water, and insoluble in alkanes.

The observed signals in the *C-NMR
spectrum reveal a structure incompatible
with the ring-opening of the cyclopropane,

Table 1.

Polymerization of (2); Vpmso = 0.25 mL, (2) 3.5 mmol,
[2] / [PhSNa]=50. Molecular weights M,, and poly-
dispersity index M,,/M, were determined by SEC in
CHCl (IR detector) and using polystyrene standards.
The residual amount of monomer was determined by
'H NMR.

Polymer T(°C) M, My/M; Ymass monomer
POLY1 115 11000 1.8 13
POLY 2 120 7000 2.7 <1
POLY 3 140 6000 1.5 20
POLY 4 140 3500 23 3
POLY 5° 80 11600 1.9 0
POLY 6 80 18900 17 0

“Purified by dialysis.
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and strongly suggest that the cyclopropyl
rings are still part of the polymeric
structure. In particular, a comparison with
polymers obtained from dialkyl cyclopro-
pane-1,1-dicarboxylates!'>'"! indicates that
the three carbons originally part of the
three-membered ring should be signifi-
cantly shifted to higher chemical shifts
when incorporated in the main chain of a
hypothetical structure 6, with a 5y, around
26 ppm (instead of the observed 17 ppm)
and 8¢ around S56ppm (instead of the
observed 28 ppm). On the other hand, the
observed resonances at 17 and 28ppm
are fully compatible with the presence of
an unreacted cyclopropyl ring. In addition a
band at 1200cm ™!, characteristic of the
cyclopropane ring, can still be observed in
the IR spectrum. If we further consider the
'H-NMR data, it can be concluded that
both 'H- and 'C-spectra support the
formation of the linear alternating poly-
(ether-ester) 4 whose structure is schema-
tically depicted in Figure 1, along with
assignments of the peaks observed in the
'H- and "*C-NMR spectra.

This assignment implies that a compe-
titive ring-opening involving the crown-
ether bislactone is taking place. To the best
of our knowledge, such a polymerization
had never been observed before. To test the
above assumption, a monomer 3, similar to
2 but with the cyclopropyl ring replaced by
two methyl groups, was synthesized and
mixed with PhSNa under the same poly-
merization conditions as the ones pre-
viously described. A polymer was obtained
(M, =6.0 x 10>, M/M, =2), whose spec-
troscopic data are compatible with an
alternating poly(ether-ester) 5, confirming
the viability of a ring-opening polymeriza-
tion for the crown-ether macrocycle. It
seems reasonable to assume that the site of
attack during the nucleophilic attack of the
propagating anion is one of the two
carbonyls of the malonate bislactone sub-
structure included in the crown ether ring
(Scheme 2).

Previous studies, based on hydrolysis
kinetic experiments, have demonstrated
that the carbonyl groups in crown ether

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

bislactone cycles such as 1 are significantly
activated by the complexation of the cycle
with metal ions such as Na* and K*.[?1-%2]
This observation suggests that the competi-
tion between the two ring-openings might
be shifted toward the unexpected bislac-
tone ring-opening because of the com-
plexation of the sodium counter-ions. As
the ring-opening of the cyclopropyl unit
should still be possible, polymerization of 2
can be expected to favor the formation of
gels under appropriate conditions. Such an
event was indeed observed in some poly-
merization experiments, but never for
polymerizations of monomer 3 that lacks
the crucial cyclopropyl unit.

BLM Potassium lon Conductance
Experiments

were performed with samples of poLy 3
(M, =6.0 x 10°, M,/M,=1.5) (Table 1).
The experiment provides data on the
permeability induced by the molecules
inserted in a planar bilipidic membrane
by measurement of its conductance. It must
be mentioned that poLy 3 samples were
contaminated by small amounts of mono-
mer 2 (Table 1), explaining why control
experiments were carried out on the
monomer.

In the absence of polymer, no current
was detected. Similarly, no current was
observed even after several hours when the
membrane was built in the presence of
monomer 2. By applying a 100mV poten-
tial, we measure a null average current with
a 10 pA standard deviation due to the
thermal noise with a 10kHz bandwidth
filter (Figure 2A).

No conduction signal could be observed
when oligomer 4 was placed in the presence
of an already built membrane, suggesting
that spontaneous insertion in this type
of membrane is slow or impossible. Never-
theless, when the membrane was built
in presence of oligomers, two general
responses could be observed, a regular
and discrete one corresponding to well-
characterized channels that last for a few
milliseconds to several seconds or even
minutes before closing (Figure 2B-2D) and

www.ms-journal.de
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Figure 1.

NMR data for oligomers 4: (A) 'H NMR spectrum in CD;COCD, (Povy 5); (B) *C NMR spectrum in CDCl; (Poty 6).

a flickering and irregular one (Figure 2E).
The first type of activity was the most
common mode observed, and shows gen-
erally high current levels (up to 300 pA). As
shown in Figure 2C, several well-defined
quantified jumps corresponding to single-
channel openings and closures were also

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

observed. The histogram of the current
value measured at 100mV is plotted in
Figure 2F. The two peaks correspond to the
quantified current jumps. By fitting each
peak with a gaussian function, the unitary
current jump, iyni, Was estimated to 3.5 pA.
This value increases linearly with the
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Proposed mechanism for the propagation step involved in the anionic ring-opening polymerization of
dicarboxylate crown-ether bislactones, as illustrated with monomer 2. P~ is the propagating chain.

applied voltage (—100mV < AV <100 mV)
(Figure 2G). Assuming the validity of
Ohm’s law and the fact the channel is
a homogeneously conducting cylindrical
pore, the channel diameter was estimated
to be 0.15nm according to the follow-

D)

Figure 2.
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ing relationship D = ;‘}és, where & is the

vacuum permittivity (8,854.10 2F-m™ ),
€ is the dielectric constant of a biological
membrane (~2), S is the nominal pinhole
surface, K is the conductivity of a 1M KCl
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BLM conductance measurements (bilayer thickness: ~ 6 nm); (A-F) Current traces of a planar lipid bilayer with an
applied voltage V=100mV. (A) Control experiment with monomer (2) (80 uM); (B-E) Oligomer 80 uM (PoLy
3, M, = 6.10> g/mol, M,,/M,, =1.5). (B-D) Regular and discrete current jumps; (E) flickering and irregular current
fluctuations; (F) Point amplitude histogram analysis of a trace of discrete channel steps; (G) The unit current
versus the applied voltage. The slope of the line corresponds to the channel conductance.
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solution (11,28~m71), C is the membrane
capacitance and g is the channel conductance.

These results demonstrate the channel
behavior induced by the alternating poly-
(ether-ester) PoLy 3 is due to the formation
of conducting pathways by pores rather
than by carriers. Indeed, the smallest single-
channel conductance from Figure 2G
corresponds to a ion flow rate of 2.2 x
107 ion -s~ !, which is much faster than the
ion transfer rate of any known carrier.

It has been shown that simple poly-
(ethylene glycol) (PEG) is not able to
permeabilize bilipidic membranes,?>>*
whereas amphiphilic polyether-based com-
pounds such as Pluronics block-copolymers
are able to induce membrane permeation,
with evidences for well-defined pore for-
mation having been observed by BLM
experiments.”*>] Random amphiphilic
polymers based on hydrophobically-mod-
ified polyacrylic acids (amphipols) have
also been reported to form distinct pores in
bilipidic membranes.['?! The literature in
this area also suggests that usually only a
small fraction of hydrophobic moieties
(afew mol-%) is needed within the polymer
to induce the efficient formation of a
pore.l”)

By analogy, the permeation perfor-
mances of oligomer 2 may be attributed
to the hydrophobic nature of pendant
cyclopropyl rings that induce amphiphily
to the otherwise hydrophilic polymer. In
the presently reported case, pore sizes
ranged from 0.2nm to 6.0nm. The lowest
value corresponds to a single-polymer
molecule inserted into the membrane.
Higher values could be attributed either
to pores formed by supramolecular aggre-
gates of several molecules according to the
so-called “‘barrel-stove” mechanism or to
the generation of transient pores by the
“carpet” mechanism. In the last case,
the pore is induced by a strong change in
the membrane curvature.”!

Cytotoxicity

Cristal violet staining assays were used to
investigate the ability of the oligomers to

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Crystal violet staining assay; Effect of (4) (Pouy
1, M, =11.10% g/mol, M,,/M, = 1.8) on the proliferation

of murine fibroblasts NIH-3T3 cells. Investigated con-
centrations: (2), 0.087 uM and 0.87 uM; (4), 0.1 M
and 1pM. Control experiments with DMSO.
" < p=0.01, by unpaired t-test (probability test).

modulate cell proliferation. In this assay,
cells number after treatment was deter-
mined by cell staining with cristal violet and
quantified by absorbance measurements.
Control experiments were performed with
the solvent (DMSO) needed to initially
dissolve the oligomer and with monomer 2.

As shown in Figure 3, oligomers induce a
significant decrease of cell number as
compared to a control performed with
DMSO alone (polymer solvent). At 3 days
post-seeding, 20% to 30% inhibition of cell
proliferation can be observed, that is
slightly more significant at 1pumol-L™!
than at 0.1 uMol-L™' concentration in
polymer. Interestingly, no significant effect
of monomer 2 could be observed, suggest-
ing that the inhibition of cell proliferation is
due indeed to the macromolecular com-
pound.

Conclusions

An alternating poly(ether-ester) copolymer
containing small PEG-type units in the
backbone was serendipitously obtained
when attempting to polymerize a spiro
monomer containing both an activated
cyclopropane and a crown ether bislactone.
It was discovered that oligomers with this
structure are capable of generating pores
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within bilipidic membranes and of partially
inhibiting cell proliferation at rather low
concentrations. This is the first time that an
alternating hydrophobically modified poly-
ether based compound is reported to induce
bilipidic membrane permeation.

The preliminary results described in this
contribution suggest that interactions of
other oligomers of this type, such as 5,
should also be considered to fully assess the
potentialities of this new class of poly-
(ether-ester)s as membrane permeabilizers.
The occurrence of an alternative route to
the “normal” cyclopropane ring-opening
polymerization, when the attached esters
can competitively react with the attacking
nucleophilic propagating center, prevents
the formation of polymers such as 6 as
precursors to multichannel-like structures.
The observed reactivity pattern implies that
monomers substituted by crown ethers via
an alkyl spacer should be considered as an
alternative route.
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