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Due to its many implications in biological processes, the ionic
transport through double layer lipid membrane has generated a
lot of attention from the supramolecular chemistry community.
In this study, we report the synthesis of modified amino-benzocrown-ethers with linear or optically active alkyl chains, in order
to integrate them, by forming supramolecular structures, into the
double layer lipid membranes. The cationic transport capability
of the synthesized compounds through double layer lipid
membranes was determined on the basis of fluorescence spectra.
Furthermore, an in-silico study of alkyl-benzoureido-crownethers has been performed in order to better understand the
mechanism of transport across a bilayer membrane.

INTRODUCTION*
In living cells, the selective transport of water
and ions through double layer lipid membranes is
essential for maintaining the balance of electrolytes
required for physiological processes.1 This
function is performed by specialized molecules
like aquaporin for water2 or gramicidin3 and KcsA4
for cations. But there are limitations of using
natural molecules for transport of ions and water
due to their cost, instability and difficulty in
integration in different membrane systems.5
Natural occurring ionic channels represented the
starting point for artificial ionic channels integrated
in simpler systems. These can be either modified
*

complex natural molecules,6 single molecule ionic
channels7
or
monomers
which
form
supramolecular structures and cross the double
layer lipid membrane.8 To form ionic channels
within lipid membranes a synthetic molecule
requires three types of constituents: (i) one should
interact with desired ions and has to facilitate their
transport, (ii) one has to assure the formation of
supramolecular structures (by hydrogen bonding
group, π- π stacking units, etc.) and (iii) the third
should be responsible for the integration of the
molecule within the lipid layer (usually a
hydrophobic chain). Ionic channels containing
crown ethers attracted a lot of interest because of
their specific interaction with alkaline metal ions
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Fig. 1 – Structure of the three studied alkyl-benzoureido-crown-ethers.

depending on the ionic radius.9,10 In this context,
alkyl-benzoureido-crown ethers are compounds that
stand out for ionic transport applications, presenting a
crown ether able to complex cations, a urea group,
capable to form intermolecular hydrogen bonds,
facilitating their self-assembling,8 and a hydrophobic
alkyl radical for integration within the lipid layer. The
alkyl-benzoureido-crown ethers have been previously
analyzed with respect to the selectivity of the
transported cations depending on the ionic radius
versus the diameter of the crown ether’s ring.11,12
However, the influence of the alkyl radical structure
on their integration in the lipid membrane and their
influence on the cation transport capacity has gained
little attention. In this work, a series of alkylbenzoureido-crown-ethers was prepared (Figure 1),
by reacting amino-benzo-crown-ethers with different
alkyl-isocyanates presenting either linear or optically
active alkyl groups, to study their cationic transport
capability through double layer lipid membranes.
RESULTS AND DISCUSSION
To facilitate the self-assembling and the
integration of the crown ethers into the lipid
membranes the designed compounds were
synthesized by modifying the amino-benzo-15crown-5-ether with three types of alkyl-isocyanates
according to the Scheme 1. In this way, the amine
group from the crown ether reacts with the isocyanate
to form a urea, a group well known for its ability to
generate hydrogen bonds. The added alkyl radical

confers to the crown ether the hydrophobic character
necessary for the integration in the lipid membrane.
The reactions were carried out at reflux, in
acetonitrile, with the reaction product readily
precipitating out of the reaction solution.
The cationic transport capability of the alkylbenzoureido-15-crown-5-ethers through double
layer lipid membranes was tested by using 8hydroxypyrene-1,3,6-trisulfonic acid (HPTS - a
pH-sensitive dye) loaded large unilamellar vesicles
(LUVs). The internal pH change inside the LUVs
was monitored by the change in the fluorescence
emission of HPTS. Figure 2a depicts a schematic
representation of the HPTS experiment with the
inserted graph presenting an ideal case of the
measured fluorescence during the experiment
(Figure 2b). At the beginning of the experiment
HPTS loaded LUVs are suspended in phosphatebuffered saline (PBS) solution with a pH of 6.4. At
this moment the pH values inside and outside of
the vesicles is 6.4 and the recorded fluorescence
ratio I0/I1 (where I0 is the intensity of the emission
of the HPTS protonated form and I1 is the intensity
of the emission of the HPTS deprotonated form) is
at its minimum due to HPTS being fully
deprotonated, as evidenced in the first region on
the graph (Figure 2b). After 50 s of steering for
homogenization the alkyl-benzoureido-crown-ether
to be studied is added and a week spontaneous
transport is recorded as seen in the second region
on the graph (Figure 2b). This type of transport is
of little interest for our work due to the difficulty
of quantification. Our interest is focused mainly on
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the cation transport under a pH-active gradient. To
achieve this goal, after another 50 s the pH outside
the vesicles was increased with approximately one
unit in order to facilitate the cation migration. This
leads to a gradual increase of the pH inside of the
vesicle that can be seen by the increase of I1 and
the decrease of I0 as seen in the third region of the
spectrum (Figure 2b). This sharp increase in the
intensity ratio is used to calculate the kinetic initial
rates (k) of the cation transport, while the
maximum plateau value allows the calculation of
the fractional activity (Y). Also, in order to record
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the maximum of intensity of the deprotonated form
of HPTS, as seen in the fourth region of the graph,
after 600 seconds, a solution of a detergent is
added for the lysis of the vesicles. The
fluorescence data were used only to calculate k and
Y with all important parameters being included in
the subsequent figures (Figures 3, 4). Figure 2c and
2d represents typically recorded fluorescence
spectra, at different concentration, for the linear
alkyl-benzoureido-crown-ether (15C5n8) for Na+
and K+ cations, respectively.

Acetonitrile, Reflux, 24 h

Scheme 1 – Synthesis of the studied alkyl-benzoureido-15-crown-5-ethers.

Fig. 2 – a) Principle of the HPTS experiment; b) Ideal case of recorded fluorescence ratio I0/I1;
c) Na+ transport activity for 15C5n8; d) K+ transport activity for 15C5n8.
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Fig. 3 – Pseudo-first order initial constant rate as a function of final concentration of alkyl-benzoureido-15-crown-5-ether in the
bilayer membrane for: (a) 15C5n8, (b) 15C5S+8, (c) 15C5R-8.

Fig. 4 – Initial constant rates of various cations as a function of hydration free enthalpy at 100 µM for 15C5n8, 15C5S+8, and
15C5R-8 compounds.

The capacity of ionic transport for all three
synthesized compounds (15C5n8, 15C5S+8, 15C5R8) was tested at different concentrations (from 0 to
200 µM). Generally, an increase of the alkylbenzoureido-crown-ethers concentration induced an
intensification of the transport capacity (Figure 2c
and 2d). Figure 3 shows the pseudo-first order kinetic
initial rates (k) of the cation transport through bilayer
membrane as a function of concentration for all
studied compounds and cations. It can easily be
observed that for compound with the linear alkyl
chain, 15C5n8, (Figure 3a), the smallest cations (Li+
and Na+) present a much lower activity than the
bigger ones (K+, Rb+ and Cs+). Moreover, a
saturation behavior is observed at 100 µM for K+,
Rb+ and Cs+ while for the rest the plateau is not
reached in the experimental concentration domain.
Under the same conditions, the compound 15C5n8 at
100 µM presents significantly higher values of initial

transport rate k, 1.042 s-1 for K+ and 0.448 s-1 for Na+,
with kinetic selectivity of SK+/Na+ ≈ 2. This
observation is consistent with literature data13 where
15-crown-5-ether was shown to slowly transport the
smaller Li+ and Na+ cations while in an unexpected
manner, higher transport rates were noticed for the
K+, Rb+ and Cs+ cations (having a bigger diameter
than 15- crown-5 macrocycle). The same behavior is
observed, also, for the two compounds with optically
active alkyl chains, 15C5S+8 (Figure 3b) and
15C5R-8 (Figure 3c), where, again, for the larger
cations the transport rate k reached a plateau at 100
µM. Comparing the three studied molecules it can be
noticed a small decrease in activity when the alkyl
chain is altered from linear to optically active one.
Also, two sets of activity were observed, with a gap
of conductance states between the smaller (Li+ and
Na+) cations and the bigger (K+, Rb+ and Cs+)
cations.

Cation transport
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Table 1
Effective concentration (EC50) and Hill coefficient (n)
15C5n8

15C5S+8

15C5R-8

EC50 (µM)

n

EC50 (µM)

n

EC50 (µM)

n

Li
Na+

39.43
24.81

2.32
1.27

59.48
68.78

3.75
3.38

41.23
48.60

2.46
2.99

K+
Rb+
Cs+

14.81
9.98
22.26

2.98
1.22
1.98

22.63
43.65
37.54

1.27
1.08
2.70

20.88
23.49
50.25

1.53
1.84
4.46

+

Fig. 5 –Atomistic simulations of compound 15C5S+8 with a) Na+ and b) K+ cations. c) Transversal section of double-layer lipidic
membrane in atomistic simulation in presence of compound 15C5S+8 with Na+. d) Transversal section of double-layer lipidic
membrane in Course-Grain simulation, in presence of compound 15C5n8. The studied molecules have the crown ether colored blue,
the alkyl tail colored yellow, the lipids are represented as thin teal lines and the water by red beads.

At 100 µM the transport activity of all the three
synthesized compounds increases in the order K+ >
Rb+ > Cs+ > Na+ ≥ Li+, corresponding to the Eisenman
sequence IV14 consistent with the energetic penalty
for ions dehydration (Figure 4). This indicates that
the binding to the crown ether is playing a more
important role as compared to that of the dehydration.
A Hill analysis has been carried out to better
understand the cations conductance behaviors.
After determination of fractional activity (Y) at

600 seconds for each concentration, EC50 (the
effective concentration needed to reach 50%
activity), and Hill coefficient (n) were calculated,
as mentioned in the Materials and Methods section.
The results are summarized in Table 1. If the EC50
is smaller, it means that a smaller quantity is
needed to form the supramolecular structures
necessary to transport the cations.15 In our cases,
for all three compounds, the EC50 for K+ is smaller
than for Na+, following the same trend as the initial
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transport rates (k). Despite significant differences
in transport activity, the Hill coefficients for all
cations are higher than 1. The Hill coefficient (n) is
a measure of cooperativity in a binding process. A
Hill coefficient of 1 indicates independent binding,
a value higher than 1 shows positive cooperativity
binding, while a value lower than 1 shows negative
cooperation.15
All the results obtained from the analysis of rate
transport (k), the effective concentration needed to
reach 50% activity (EC50) and Hill coefficient (n)
suggests a complex transport behavior with a
combination of dynamic channels and carrier-type
mechanism. In order to better understand the ion
transport mechanism, an atomistic molecular
dynamic simulation was run for 500 ns. All studied
crown ethers form complexes with Na+ and K+, as
exemplified in Figures 5a for Na+ and 5b for K+. A
main difference between the two cases is the
number of crown ether coordinated by the different
cations: Na+ forms a more stable complex with
one, and K+ with two crown ether molecules.
However, structures with different cation crown
ether ratio were also observed for short periods of
time. Moreover, in the case of 15C5S+8 a transient
channel like structure could be evidenced as
presented in Figure 5c. This was, also, observed
for 15C5n8 and 15C5R-8 compounds but only for
a brief time period, most likely due to the high
mobility of the alkyl chain which is responsible for
a dynamic channel formation. As well, a CourseGrain (CG) model was constructed allowing us to
extend the time of the simulation to 10 µs.
Nevertheless, this did not reveal any channel like
structures (Figure 5d) in the period of the
simulation, either due to the temporal instability of
the formed channels or the CG model selected.
Over the course of the CG simulation, several
crown ether molecules were seen performing a
“flip-flop” action inside the membrane, suggesting
a carrier-type mechanism (figure 5d). These
observations suggest a more complex transport
behavior with a combination of dynamic channels
and carriers, being in some part involved in the
cation transport, which is in a good agreement with
the experimental results.

the other compounds were acquired from Sigma-Aldrich. L-αphosphatidylcholine (egg, chicken – EYPC) was purchased
from Avanti Polar Lipids. All chemicals were used as received
unless specified otherwise.
Electrospray ionization mass spectrometry (ESI-MS) was
performed on an Agilent 6520 Series Accurate-Mass Q-TOF
LC/MS. The NMR spectra were recorded on an ARX 300
MHz Bruker. For the fluorescence experiments, a PerkinElmer LS 55 Fluorescence Spectrofluorimeter was used.
Synthesis of alkyl-ureido-benzo-15-crown-5-ethers
n-Octyl-benzoureido-15-crown-5-ether (15C5n8) was
prepared by refluxing for 24 h 50 mg (0.1766 mmol) of
amino-benzo-15-crown-5-ether with 1.1 equivalents of
n-octyl-isocyanate (0.195 mmol, 30 mg, 36.8 µL) in 2 mL
acetonitrile, under nitrogen atmosphere. The resulting mixture
was cooled for 24 h at -20 °C and then filtered under the
vacuum to collect the precipitate, yield: 80%.
ESI-MS: m/z (%): [M+Na]+ = 461.61. 1H-NMR: ((CD3)2S=O,
ppm) δ = 0.86 (t, 3H, CH3), 1.26 (m, 10H, CH2), 1.40 (m, 2H,
CH2), 3.05 (m, 2H, CH2), 3.60 (m, 8H, -O-CH2-CH2 -Ocrown ether), 3.74 (m, 4H, -O-CH2-CH2-O- crown ether), 3.97
(m, 4H, -O-CH2-CH2-O- crown ether), 6.00 (t, 1H, NHAlkyl), 6.79 (m, 2H, H-Ar), 7.13 (d, 1H, H-Ar), 8.18 (s, 1H,
NH -Ar).
(S)-(+)-2-Octyl-benzoureido-15-crown-5-ether (15C5S+8)
and (R)-(-)-2-Octyl-benzoureido-15-crown-5-ether (15C5R8) were prepared similarly to 15C5N8, but using (S)-(+)-2Octyl-isocyanate and (R)-(-)-2-Octyl-isocyanate respectively,
instead of n-octyl-isocyanate, in the same ratios as for the
15C5n8 synthesis.
15C5S+8, yield: 82%. ESI-MS: m/z (%): [M+Na]+ = 461.16.
1
H-NMR: ((CD3)2S=O, ppm) δ = 0.86 (t, 3H, CH3), 1.06 (d,
3H, =N-CH(CH3)-alkyl), 1.26 (s, 8H, CH2), 1.35 (m, 1H, =NCH(CH3)- alkyl), 3.61 (m, 8H, -O-CH2-CH2 -O- crown ether),
3.75 (m, 4H, -O-CH2-CH2-O- crown ether), 3.97 (m, 4H, -OCH2-CH2-O- crown ether), 5.85 (d, 1H, NH-Alkyl), 6.79 (dd,
2H, H-Ar), 7.15 (s, 1H, H-Ar), 8.08 (s, 1H, NH -Ar).
15C5R-8, yield: 81%. ESI-MS: m/z (%): [M+Na]+ = 461.17.
1
H-NMR: ((CD3)2S=O, ppm) δ = 0.86 (t, 3H, CH3), 1.06 (d,
3H, =N-CH(CH3)-alkyl), 1.26 (s, 8H, CH2 ), 1.36 (m, 1H, =NCH(CH3)- alkyl), 3.60 (m, 8H, -O-CH2-CH2 -O- crown ether),
3.75 (m, 4H, -O-CH2-CH2-O- crown ether), 3.97 (m, 4H, -OCH2-CH2-O- crown ether), 5.85 (d, 1H, NH-Alkyl), 6.79 (dd,
2H, H-Ar), 7.15 (s, 1H, H-Ar), 8.09 (s, 1H, NH -Ar).
Large unilamellar vesicles (LUVs) preparation

EXPERIMENTAL

The LUVs were prepared according with previously
published protocol.13 Briefly, 1 ml solution of 20 mg EYPC in
CHCl3/MeOH 1:1 was dried to form a thin film. The film was
hydrated with 400 µL 10 mM PBS solution (pH = 6.4)
containing HPTS (8-Hydroxypyrene-1,3,6-trisulfonic acid
trisodium salt) (10 µM) and NaCl (100 mM). The completed
hydrated solution was subjected to 7 freeze-thaw cycles, then
to extrusion to form HPTS loaded LUVs, using an Avanti
Mini Extruder (25 times, 100 nm polycarbonate membranes).
The HPTS from external buffer was removed using a Dextran
cross-linked G-50 column, washed with 10 mM PBS (pH=6.4)
with 100 mM NaCl solution.

Materials and methods

Ion transport experiment

Amino-benzo-15-crown-5-ether was acquired from TCI,
n-octyl-isocyanate from Acros Organics, (S)-(+)-2-octylisocyanate and (R)-(-)-2-octyl-isocyanate from Alfa Aesar and

1.85 mL solution of 10 mM PBS/100 mM NaCl and
100 µL solution of the LUVs were added in a cuvette. After
50 s, 20 µL of the alkyl-benzoureido-crown-ether solved in
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DMSO, with concentration ranging between 0 and 20 mM,
depending on the final desired concentration, was added. After
another 50 s the pH outside the vesicles was increased with
approximately one unit by the addition of 20 µL solution of
NaOH 0.5 M. At the moment t = 600 s, 40 µL Triton X100
5%, was added in order to lyse the vesicles and determine the
maximum fluorescence level. During all experiments, the
temperature of the vesicle solution was kept at 20 °C. The
emission at 510 nm was recorded simultaneously with the
excitation at 460 (I0) and 403 nm (I1) throughout the entire
timeline of the experiment.
The pH values inside the vesicles during the assay were
calculated for each point from the emission intensities
according to the equation pH = 1.1684 * log(I0/I1) + 6.980716.
Normalized values of the ratio I0/I1 were calculated using the
following formula: (I0/I1)norm = ((I0/I1) – (I0/I1)initial)/((I0/I1)final
– (I0/I1)initial). In a similar way, the normalized pH was
calculated by the equation: pHnorm = (pH – pHinitial)/(pHfinal –
pHinitial). The rate of the transport (k) in the first moment of
the pH change was calculated as a pseudo-first order rate from
the slope of the linear sector after the moment t = 100 s. The
fractional activity Y was calculated for each curve using the
normalized values of I0/I1, between 0 and 1, where 0 was
considered the I0/I1 ratio of the blank just before lysis of the
vesicles and 1 the highest I0/I1 ratio obtained, i.e. the plateau
value13. EC50 and Hill coefficient (n) were calculated by
expressing log[Y/(1-Y)] = n * log(C) – n * log(EC50) where n
is the slope of the curve and n*log (EC50) is the log(C) = 0
intercept value.
The protocol described is used for analyzing the Na+
transport. For the study of the other alkali cations the PBS
outside the vesicles was prepared using a chloride of the
desired alkali instead of NaCl.

adequate alkyl isocyanates. The cation transport
ability was tested by using HPTS loaded LUVs and
quantified in respect with their kinetic transport
rate (k) and EC50 values. For all studied
compounds the transport activity at 100 µM is
lower for smaller cations (Li+, Na+) and higher for
the bigger ones (K+, Rb+, Cs+), as evidenced by
lower k and higher EC50 values. By replacing the
alkyl chains, from linear to optically active, no
significant difference in ion transport was
observed, with only a small decrease in activity
being noticed. At the selected concentration (100
µM) the 15C5n8, 15C5S+8, and 15C5R-8
compounds can be considered as selective for K+
over Na+ even if the K+ cation has a bigger
diameter than 15-crown-5 macrocycle. This
suggests a complex cation transport mechanism
and in order to elucidate it an in-silico study was
performed. The molecular dynamic simulations
suggest a more intricate transport behavior with a
combination of dynamic channels and carriers
being in some part involved in the cation transport,
which is in a good agreement with the
experimental results. Further investigations are
needed to be able to fully understand how the
cation transport occurs through the double-layer
lipidic membrane.

Molecular dynamics simulations
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Molecular dynamics simulations were performed using the
Gromacs software, in order to study the self-assembly
properties of the studied compounds in a lipid bilayer. Two
methods were chosen: atomistic simulations and Course-Grain
(CG). For the atomistic simulations, two systems were created
where 150 phosphatidylcholine and 40 alkyl-benzoureidocrown-ether molecules were randomly dispersed in a
simulation box. Afterwards, the box was filled with 8940
water molecules and 30 Na+, K+ and Cl- ions. The simulations
were done under the same conditions (temperature 310K,
pressure 1 bar) and using the same forcefield (CHARMM-FF)
for 10 µs. In order to obtain a higher simulation time, a CG
simulation using the Martini force field17 was performed. To
this end, 520 phosphatidylcholine (POPC) and 130 alkylbenzoureido-crown-ether (15C5n8) molecules were randomly
dispersed in a simulation box. Afterwards, the box was filled
with 18000 water molecules. The POPC molecule was built
from 12 beads according to the literature.18 The 15C5n8
molecule was built from 10 beads and beads were chosen
according to Marrink et al.17 The simulation was done under
atmospheric pressure (1 bar) and at a temperature of 310 K.

CONCLUSIONS
Three alkyl-benzoureido-15-crown-5-ethers with
linear or optically active alkyl chains were
prepared from the amino-benzo-crown-ethers and
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