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Metal-organic synthetic transporters (MOST): efficient chloride 
and antibiotic transmembrane transporters  
Julie Kempf,[a] and Andreea R. Schmitzer*[a]

Abstract: We present the synthesis of two functionalized 2,4,7-
triphenylbenzimidazole ligands and demonstrate the formation of 
their respective metal assemblies in phospholipid membranes. 
Anion transport experiments demonstrate the formation of metal-
organic synthetic transporters (MOST) directly in phospholipid 
membranes. The formation of MOST in phospholipid membranes 
results in efficient architectures for chloride transport.  We also 
demonstrate the insertion of these ligands and the formation of 
their metal-organic assemblies in bacterial membranes; the use 
of MOST makes the membranes of resistant bacteria more 
permeable to antibiotics. We also demonstrate that a combination 
of MOST with tetracycline lowers the sensitivity of resistant 
bacteria to tetracycline by 60-fold. 

Introduction 

Metal–organic framework (MOF) materials are one of the most 
exciting, high-profile developments in nanotechnology in the last 
twenty years.[1],[2] Composed of metal nodes (metal ions, clusters, 
chains or layers) connected by organic linkers, they show some 
of the highest porosity known. This property is ideal for gas 
capture or storage[3] and drug delivery[4] applications. In particular, 
nontoxic and biodegradable MOFs have been used for the 
encapsulation and controlled delivery of a large number of 
therapeutic molecules, including several challenging antitumor 
and antiretroviral drugs such as busulfan, cidofovir and 
azidothymidine triphosphate.[5] In addition, metal–ligand 
assemblies (MLAs) are known to be capable of undergoing 
spontaneous reconstitution. This allows for the introduction of 
new functions in specific environments and is very attractive for 
mimicking the behavior of different biological systems involving 
metals.[6]  

Ion transport across cell membranes is one of the most important 
processes in living cells and is regulated by a wide variety of 
transporters such as channels, mobile carriers and pumps.[7] 
There is a growing interest in understanding the mechanism of ion 

transport and this has opened the door to the synthesis of a wide 
variety of synthetic ion transporters.[8] Nevertheless, the design of 
efficient synthetic ion transporters, and precise ion channels, 
remains a challenge. It is essential not only to predict the self-
association of a compound into a pore-forming architecture, but 
also to understand the interactions with the surrounding 
membrane. For example, water or simple ions might interfere with 
and affect the integrity of the supramolecular architecture.[9] For 
this reason, the assembly of well-defined metal-organic channels 
in phospholipid bilayers may be a way to induce transmembrane 
transport.  

Since functionalized platinum complexes have been shown to 
behave as metal-organic anion receptors in solution[10] and many 
anion receptors have been incorporated into the structure of 
transmembrane ion transporters, it is surprising that only a few 
MLAs or MOFs have been studied as ion transport candidates. 
Large MLAs such as Cu2+-based polyhedrons[11], metal-oxide 
capsules[12] and oligo-porphyrins with Rh3+,[13], Pd2+,[14] or Zn2+,[15] 
were studied for their ionophoric properties. The large pores 
formed by the metal oligo-porphyrin assemblies were shown to be 
very effective for the transport of large molecules such as 
carboxyfluorescein or tetrabutylammonium cation across 
phospholipid bilayers. Due to the complexity of the synthetic 
pathway and the poor membrane insertion of these bulky 
assemblies, smaller components were designed to form synthetic 
ion channels by coordination with metals. The formation of the so-
called “Fujita” motif between a bipyridine and an amphiphilic 
palladium derivative was studied by Fyles et al.[16] However, 
multiple unknown assemblies between this ligand and the metal 
were formed and the desired molecular square was not observed 
in the phospholipid membrane. Webb et al. also investigated 
pyridyl-palladium coordination for the formation of a reversible 
metal-organic channel in a phospholipid bilayer.[17] Addition of 
Pd2+ to an amphiphilic cholate derivative resulted in a metal-ligand 
assembly that spanned the phospholipid bilayer and activated the 
proton/sodium transport process.  

The assembly of discrete molecular units into extended networks 
is generally observed during MOF synthesis. Consequently, this 
synthetic approach allows reactions under mild conditions. 
Generally, little is known about the metal- ligand species 
preformed in solution before the assembly process. Therefore, 
MOFs are typically obtained by means of solvothermal synthesis. 
[18], [19] The similar in situ formation of a metal-organic synthetic 
transporter (MOST) in the phospholipid bilayer has yet to be 
demonstrated and exploited in transmembrane ion transport. This 
is presumably due to aqueous/membrane partitioning of the 
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ligand and the metal, as well as the presence of other ions can 
interfere with the assembly of the MOST.  
We have previously demonstrated that 2,4,7-triphenyl-
benzimidazole 1 inserts into phospholipid bilayers and then self-
assembles into rods that promote chloride transport (Figure 1).[20] 
With the addition of supplementary donor atoms (pyridine and 
carboxylate) on to this scaffold, we demonstrate herein how the 
assembly of MOSTs in the phospholipid bilayer, can be used to 
induce the transmembrane transport of ions and other molecules, 
particularly antibiotics. This is particularly important, as infections 
from resistant bacteria have become quite common, as more 
pathogens become resistant to multiple antimicrobials. 
Identification of new antibacterial agents and strategies as 
alternative treatments is crucial to increase our ability to fight 
infectious diseases.[21]  

	
Figure	1.	Structure	of	the	2,4,7-triphenylbenzimidazole	(1)	and	its	two	analogues	

Results and Discussion 

Synthesis 

Ligands 2 and 3 were synthesized according to the previously 
reported procedure for 1.[22] A pyridyl moiety was added in 
position 2 of the benzimidazole unit and two carboxylic acids were 
added in the para position of the aromatic rings to obtain ligands 
2 and 3, respectively. The synthetic pathway is shown in Scheme 
1. 
 

Insertion into the phospholipid membrane 

The insertion of ligands 2 and 3 into the phospholipid membrane, 
as well as the in situ formation of the MOST in a phospholipid 
membrane, were first monitored by fluorescence. Ligands were 
added to egg yolk phosphatidylcholine (EYPC) liposomes in a 
sodium/phosphate buffer (pH = 7.2). 
 
 
 
 
 

 

Scheme	1.		Synthesis	of	the	ligands	1,	2	and	3.	

As shown in Figure 2a, the maximum of fluorescence of 2 (in 
dichloromethane) was shifted from 440 nm to 435 nm when 
incorporated in the phospholipid bilayer, due to the stabilization of 
the excited state by the presence of a more polar environment 
(probably close to the charged groups of the phospholipids).[20] 
After addition of an aliquot of a PdCl2 solution (in MeOH), a 
significant decrease of the fluorescence intensity was observed. 
This is likely the result of a re-organization of 2 in the membrane 
and formation of a metal-ligand complex, where photon transfer 

from one molecule to another one spatially close can occur.[20] 
The same behavior was observed when PdCl2 was added to 
ligand 3, but the fluorescence quenching, induced by the addition 
of Pd2+ ions, was less pronounced in this case suggesting a less 
dramatic structural change in the self-assembly of ligand 3 due to 
metal complexation (Figure 2b). 
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Formation of the metal-ligand complexes 

Evidence for the formation of the metal-ligand complexes and 
their apparent stoichiometry were obtained by UV-vis titration. 
These experiments were performed in DCM in order to mimic the 
hydrophobicity of the phospholipid bilayer. Different amounts of 
PdCl2 were added to the ligand solution to monitor the 
complexation. In the case of ligand 1, a 1:1 complex was formed 
by complexation of Pd2+ by the benzimidazole moiety, as 
indicated by the shift of the absorption band corresponding to the 
n-π* transition, to shorter wavelengths[23] (see ESI, Figure S1). 
When PdCl2 was added to ligand 2 (Figure 3a), coordination of 
the more accessible pyridyl unit occurs, translated into a red shift 
of the band corresponding to the n-π* transition at 318 nm.This is 
characteristic of the formation of pyridine:palladium complexes,[24] 

where the formation of a 2:1 complex is favored (Figure 3a). A 1:1 
complex is formed upon addition of 1 equivalent of PdCl2 to ligand 
3 (Figure 3b). The proposed structures of the palladium 
complexes formed in an apolar environment are shown in Figure 
4.UV-vis titrations were also performed with HAuCl4, AgBF4, 
RuCl3 and Pd(OAc)2 and the stoichiometry of the complexes are 
summarized in Table 1 (UV-vis spectra are provided in Figures 
S2-S9). Ligand 2 forms 2:1 complexes with Pd2+ and Au3+ and 1:1 
complexes with Ru3+ and Ag+. Ligand 3 forms complexes with a 
1:1 general stoichiometry, which may also correspond to higher 
2:2, 3:3 or n:n  stoichiometries, with all the studied metals. 
However, addition of other metals than palladium to ligand 3, 
resulted in the formation of different complexes with the 
benzimidazole unit, as a shift corresponding to the n-π* transition 
band was observed (ESI Figures S3, S5, S7 and S9).  

Formation of metal-ligand assemblies in the presence of 
liposomes was also monitored by UV-vis. The UV-vis spectra of 
both ligands 2 and 3 in the presence of liposomes are 
indistinguishable from those obtained in DCM, confirming their 
insertion in the apolar environment of the phospholipid 
membrane. When 0.5 equivalents of PdCl2 were added to the 
liposomes solution containing ligands 2 or 3, a red shift of the 
band corresponding to the n-π* transition was observed. In the 
case of ligand 2, the increase in the amount of palladium to one 
equivalent did not induce any further change, compared to ligand 
3, where an increase of absorption at 323 nm was observed after 
addition of 0.67 equivalents of PdCl2 (Figure 5). Unfortunately, at 
higher concentrations of PdCl2 precipitation occurred in these 
aqueous conditions, the 1:1 conditions not having been reached. 

 

 

 

 

 

 

a) 

 

b) 

 
Figure	2.	Fluorescence	of	a)	2	and	b)	3	in	dichloromethane	(DCM)	(0.016	mM,	
squares),	in	liposomes	at	25	°C	(15	mol%,	triangle)	and	after	the	addition	of	0.5	
equivalents	 of	 PdCl2	 (relative	 to	 the	 concentration	 of	 2	 and	 3	 respectively,	
crosses).	 Intravesicular	 solution:	 500	 mM	 NaCl,	 5	 mM	 phosphate	 buffer.	
Extravesicular	solution:	500	mM	NaNO3,	5	mM	phosphate	buffer	(pH	=	7.2)	
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Figure	3.	UV-Visible	spectra	of:	a)	2	and	b)	3	(concentration	0.033	mM)	in	CH2Cl2	
in	presence	of	various	concentrations	of	PdCl2	(methanol	solution	at	2.5	mM).	
The	number	of	equivalents	of	PdCl2	reported	in	the	legend	are	relative	to	the	
ligands.	

Table 1. Stoichiometry of the complexes formed by 1, 2 and 3 with different 
metals 

 PdCl2 Pd(OAc)2 RuCl3 HAuCl4 AgBF4 

1 1:1 n.d n.d n.d n.d 

2 2:1 2:1 1:1 2:1 1:1 

3 1:1 1:1 1:1* 1:1* 1:1* 

*Metal complex formed with the benzimidazole moiety  

 

 

 

 
Figure	4.	Schematic	representation	of	the	metal	complexes	of	1,	2	and	3	with	
palladium.	Chloride	ions	and	coordinated	solvents	are	not	shown. 

 

 
Figure	 5.UV-visible	 spectra	 of	 2	 and	 3	 (final	 concentration	 0.05	 mM)	 in	 an	
aqueous	solution	of	liposomes	(5	mM)	in	the	presence	of	different	amounts	of	
PdCl2	

 
The palladium complex obtained upon the addition of 0.5 
equivalent of PdCl2 to ligand 2 in acetonitrile was isolated as a 
dark orange powder and characterized by NMR (Figure S11). 
Upon complexation with PdCl2 a significant change in the 1H NMR 
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spectra was observed, since the signal of the ortho and meta 
protons of the pyridine nitrogen were significantly shifted 
downfield. Due to the lack of solubility of ligand 3 in acetonitrile 
and of PdCl2 in DMSO, the formation of the complex of 3 with 
Pd(OAc)2 was monitored in DMSO. Addition of 0.1 equivalents of 
Pd resulted in the appearance in the 1H NMR spectra of a sharp 
peak corresponding to the carboxylic proton. However, upon 
addition of 0.2 equivalents of Pd(OAc)2 a precipitate was formed 
and surprisingly instant gel formation was observed when a 0.5 
equimolar amount of Pd(OAc)2 was added. Gel formation was 
confirmed by the vial inversion technique. The fast gelation 
process suggests that there is a rapid complexation between the 
palladium and the carboxylates, giving rise to large aggregates. 
Interestingly, ligand 2 gave the same supramolecular gelation 
under the same conditions, upon addition of 0.5 equivalents of 
Pd(OAc)2 in DMSO. The morphological properties of these 
metallogels were studied through scanning electron microscopy 
(SEM) (Figure 6). Both palladium complexes form large fibers that 
exhibit fine structure and appear to be multi-layered. The fibers 
are relatively straight with only slight twisting, which is more 
pronounced in the case of 3. Regular shape indicates that the 
fibers are formed by well-ordered molecular packing. The 
smallest fibers have an approximate width of 40 nm. The small 
fibers are layered together into thicker bundles of long fibers that 
have an approximate width of 0.3 μm. The regular shape and the 
extreme ratio between width and length in this system must arise 
from a strong anisotropic growth process resulting in the possible 
presence of 1-D or 2-D structures in the system.  
 
We previously reported the crystal structure of ligand 1.[20] 
Unfortunately, crystals suitable for X-ray analysis were obtained 
only for ligand 2 by dissolving it in hot acetonitrile and subsequent 
slow evaporation of the solvent (see ESI). The supramolecular 
organization of 2 in the solid state reveals the formation of an 
aromatic channel, where the repeating unit is a dimer (Figure 7a). 
Starting with this structure, models were generated for the 
Pd2+(2), 3 and Pd2+(3) using the PM6/SCF-MO method (Figure 
7a). In a second step, the energy minimized Pd2+(2) and Pd2+(3) 
complexes were placed in a phosphatidylcholine bilayer and a 
200 ps molecular dynamics study was performed. As shown in 
Figure 7b, both resulting palladium complexes possess porous 
structures, compared to the self-assemblies of the ligands alone. 
The p-p interactions observed for 2 in the crystal are no more the 
governing interactions, but CH-p interactions become the major 
interactions in the metal complexes. In the case of ligand 3, 
oligomers are formed through the coordination of palladium to the 
carboxylic acids, compared to the complexed palladium on the 
pyridine groups in the case of 2. Pd2+(2) complex remains 
embedded in the hydrophobic part of the bilayer, while Pd2+(3) 
complex spans the entire bilayer, with the carboxylic acids 
exposed to the hydrophilic portion of the phosphatidylcholine 
layer. 
 

 

 
 
Figure 6. SEM images of hierarchically self-assembled gel 
microstructures (dried samples): a) Pd2+(2) and b) Pd2+(3).  

 
Both palladium complexes form rectangular prism structures in 
the phospholipid bilayer by the self-assembly of several palladium 
dimers (in the case of 2) or oligomers (in the case of 3). Three 
monomers are required in the case of Pd2+(3) to span the entire 
bilayer, while in the case of Pd2+(2) four monomers self-assemble 
to form the length of the rectangular prism. These models can be 
used to interpret the observed self-association of Pd2+(2) and 
Pd2+(3) into long fibers and bundles.  Importantly, the formation of 
these types of self-assembled structures can be seen as the type 
of organized repeating unit that have the potential to produce a 
gel (Figure 7c) and help to rationalize the self-association of 
metal-ligand assemblies in the polarized environment of the 
phospholipid bilayer. 
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Figure	 7.	 Molecular	 modeling:	 a)	 Crystal	 packing	 of	 2	 and	 PM6/SCF-MO	
optimized	geometries	of	3	in	the	gas	phase.	b)	Palladium	complexes	Pd2+(2)	and	
Pd2+(3)	 in	 an	EYPC	bilayer	 after	 a	 200	ps	molecular	dynamics	 simulation.	 The	
resulting	metal-ligand	complexes	were	extracted	from	the	phospholipid	bilayer	
for	 clarity	 and	 only	 a	 partial	 view	 of	 the	 phospholipid	 is	 shown.	 c)	 Proposed	
hierarchical	association	in	the	gel.		

 
 

 

Chloride transport 

Having previously reported the anionophoric properties of 1,[20] we 
investigated the ability of 2, 3 and their respective metal 
complexes to induce anion transport across a synthetic 
phospholipid membrane. Chloride transport studies were 
performed in the same EYPC large unilamellar liposomes (LUVs). 
The intravesicular solution of the liposomes was 5 mM phosphate 
buffer with 500 mM NaCl (pH = 7.2) and the chloride efflux 
mediated outside the liposomes was measured with a chloride-
selective microelectrode. Kinetic experiments were carried out by 
varying the concentration of ligands from 2.5 mol% to 25 mol% 
relative to the EYPC concentration (5 mM). The quantity of 
chloride released in the extravesicular solution (5 mM phosphate 
buffer and 500 mM NaNO3, pH = 7.2) was directly correlated to 
the efficiency of the compound to mediate chloride transport. At 
the end of the experiment, a solution of Triton X was used to lyse 
the liposomes and record the maximum of chloride efflux. Based 
on these kinetic results, a Hill plot analysis was performed to 
determine the half-maximum effective concentration of the 
compounds after 500 seconds (EC50,500s) at 25 °C.  

The structural modifications of the 2,4,7-triphenylbenzimidazole 
scaffold affected the transport efficiency, as the EC50,500s values 
were respectively 0.34 mM (6.9 mol% relative to EYPC 
concentration) for 1, 1 mM (20.0 mol%) for 2 and 0.63 mM (12.6 
mol%) for 3 (See ESI, Figures S14 – S19). In the case of ligand 
1, addition of palladium did not induce any major change in the 
transport properties (see ESI Figure S20), however, a completely 
different scenario occurred when metals were added to ligands 2 
and 3. For example, the addition of 0.5 equivalent of PdCl2 
(relative to the concentration of 2) at 270 s after the chloride efflux 
was initiated by 2, resulted in the assembly of an active MOSTs 
in the phospholipid bilayer and an increase in transport efficiency. 
Initially, metals (0.5 equivalent relative to 2) that were previously 
used to perform UV-vis titrations were studied for their efficiency 
to form MOSTs in the phospholipid bilayer. An increase of chloride 
efflux was observed in presence of the Pd2+ and Ru3+, compared 
to 2 alone. Although HAuCl4 and AgBF4 were able to form a 
complex with 2 in apolar solvents, their solubility in the 
extravesicular aqueous solution limited their insertion in the 
hydrophobic part of the phospholipid membrane and prevented 
the formation of the MOSTs. Consequently, only PdCl2 and RuCl3 
were studied for further transport experiments.  
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Figure	8.		Chloride	efflux	obtained	after	the	addition	of	0.5	equivalents	of	different	metal	sources	(relative	to	the	concentration	of	ligand)	at	270	s	in	the	presence	of	
12.5	mol%	(relative	to	the	EYPC	concentration)	of	2	(left)	and	3	(right)	in	liposomes	at	25	°C.	Triton	X	was	added	at	525	s	to	lyse	the	liposomes.	

The addition of the Pd2+ and Ru3+ to 3 resulted in the same 
increase of the chloride efflux rate, demonstrating the assembly 
of the MOSTs in the phospholipid bilayer (Figure 8). For both 
ligands, the most efficient MOSTs were assembled with 
palladium. Different amounts of PdCl2 were added at 270 s during 
the chloride transport experiment in presence of the three ligands 
and the maximums of chloride efflux at 500 s are reported in Table 
2. Addition of the metals alone only induced a slight chloride efflux 
(Figures S26 and S31). It is important to underline that the 
increase in chloride efflux is not due to the presence of a higher 
concentration of chloride (displaced from the palladium complex 
by the solvent), as only 0.015 mM chloride could be generated 
from the 2.5 mM PdCl2 (the highest concentration used), 
compared to the 500 mM NaCl present in the extravesicular 
solution. 

 

No significant influence of the amount of Pd2+ was observed in the 
case of 1. A maximum of chloride efflux was obtained when 0.5 
equivalents of PdCl2 were added to ligand 2, showing the 
formation of a 2:1 stoichiometry in the MOST. Addition of 1 
equivalent of PdCl2 to 3 (required to form the 1:1 complex 
previously observed by UV-vis) did not increase the chloride 
efflux, suggesting the formation of a 2:1 complex inside the 
phospholipid membrane. Consequently, the same experiment 
was repeated with RuCl3 confirming the formation of the 2:1 
metal-ligand assembly in the phospholipid membrane with 2 and 
3 (see ESI, Figures S32 and S33). Thus, in the phospholipid 
membrane, only 0.5 equivalent of metal (Pd2+ or Ru3+) is 
necessary to assemble active MOSTs. This result, put together 
with the molecular modeling results (where a 3:2 complex was 
formed in the phospholipid bilayer) and the adduct observed by 
mass spectrometry (Figure S13), suggests the formation of stable 
2:1 complexes in solution and oligomers of higher stoichiometry 
in the phospholipid bilayer. 

 

Table 2. Chloride efflux at 500 s obtained after the addition of different 
concentrations of PdCl2 at 270 s in presence of 1, 2 and 3 

Ligand No. of equiv. of PdCl2  

 (added at 270 s) 

% Cl efflux  

(measured at 500 s) 

1 

0 

0.5 

1 

41 ± 3 

50 ± 3 

50 ± 5 

2 

0 

0.25 

0.5 

1 

31 ± 2 

53 ± 2 

74 ± 4 

75 ± 5 

3 

0 

0.25 

0.5 

1 

41 ± 2 

56 ± 4 

69 ± 3 

69 ± 5 

 

Additional kinetic experiments were carried out to extract the 
EC50,500s for each MOST. Transmembrane chloride transport was 
initiated by addition of 1, 2 and 3 and 0.5 equivalent of PdCl2 at 
270 s. The maximum of chloride efflux obtained at 500 s was 
measured and a new Hill analysis was performed. The EC50,500s 
obtained for Pd(1), Pd2+(2) and Pd2+(3) were respectively 0.35 mM 
(7.0 mol%), 0.47 mM (9.5 mol%) and 0.54 mM (10.9 mol%). The 
chloride efflux induced by Pd2+(2) was increased from 31 to 75 %, 
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while that induced by Pd2+(3) was increased from 41 to 69 % (see 
ESI, Figures  S20 – S25). 

We also performed chloride transport experiments with the 
preformed metal-organic complex for ligands 2 and 3. Complexes 
Pd2+(2) and Pd2+(3) were initially prepared in methanol and added 
to the liposome solution. As shown in Table 3, the preformed 
complexes did not induce the same chloride efflux as the MOST 
assembled in situ in the phospholipid bilayer. This suggests that 
the preformed complexes are not stable in the extravesicular 
aqueous solution, as the chloride efflux is very similar to that 
obtained with the ligand alone. To confirm this hypothesis, a new 
aliquot of 0.5 equivalent of PdCl2 was added 270 s after the 
addition of the preformed Pd2+(2). An increased chloride efflux 
was observed, reaching the same maximum as the previous 
ones, confirming that the initially preformed complex 
disassembles in aqueous media; the ligand alone permeates the 
bilayer and when additional PdCl2 is added, the MOST is formed 
directly in the phospholipid bilayer.   

We also confirmed by UV-vis spectroscopy that only 15 % of the 
preformed Pd2+(2) penetrates the phospholipid bilayer. The entire 
formation of the complex can only be achieved through addition 
of an additional aliquot of PdCl2 (see ESI Figure S10). An 
intermediate transport efficiency was obtained with the preformed 
Pd2+(3), which confirms its higher stability in aqueous media.  

Table 3. Chloride efflux at 500s obtained for ligands 2, 3 and their respective 
preformed complex Pd2+(2) and Pd2+(3), with or without the addition of PdCl2 
at 270 s. 

 % Cl- Efflux (at 500 s) 

 Without PdCl2 Upon addition of 0.5 eq. of 
PdCl2 at 270 s 

2 30 ± 1 74 ± 4 

Preformed 
Pd2+(2) 30 ± 2 68 ± 5 

3 41 ± 1 67 ± 3 

Preformed 
Pd2+(3) 53 ± 3 68 ± 2 

 

In order to determine the mechanism of the chloride efflux induced 
by the MOSTs, transport experiments were performed in 7/3 
EYPC/cholesterol liposomes. Cholesterol rigidifies and orders the 
membrane by increasing the energy barrier of the movement of 
phospholipid inside the bilayer (rotation, lateral diffusion or 
phospholipid flip-flop).[25] In the case of a transmembrane 
channel, the transport efficiency is not influenced by the rigidity of 
the membrane, whereas the chloride efflux in the case of a mobile 
carrier is significantly reduced. The chloride efflux obtained in 
EYPC and EYPC/cholesterol liposomes are summarized in Table 

4 (details and graphics for these experiments available in Figures 
S36 - S38). No drastic decrease of the chloride efflux was 
observed in the presence of cholesterol, suggesting the formation 
of porous transmembrane architectures for both ligands. 
A slight decrease of the chloride efflux efficiency in the 
EYPC/cholesterol liposomes for the metal assemblies was 
observed and may be associated to the dynamics of the self-
assembly of the MOST. Indeed, the ligands may have reduced 
mobility inside this rigidified membrane, which may slow down the 
self-association process and thus, the chloride transport. 

Table 4. Chloride efflux at 500 s obtained for ligands 1, 2 and 3, with or without 
addition of PdCl2 at 270 s, in EYPC or EYPC/cholesterol liposomes 

Ligand No. of equiv. 
of PdCl2  

EYPC 

% Cl efflux (at 500s) 

EYPC / 
cholesterol 

% Cl efflux(at 
500s) 

1 
- 

0.5 

41 ± 3 

50 ± 3 

40 ± 2 

40 ± 3 

2 
- 

0.5 

30 ± 3 

74 ± 4 

30 ± 3 

60 ± 3 

3 
- 

0.5 

41 ± 2 

67 ± 3 

42 ± 3 

64 ± 2 

 

The anion selectivity of the MOST was also investigated. Chloride 
transport was conducted in presence of different external buffer 
solutions. The external nitrate ion was replaced by fluoride and 
sulfate. The size and the hydrophilicity of the external anions had 
no influence on the chloride efflux in the presence of Pd2+(3) 
MOST, suggesting that a symport Cl-/cation+ mechanism was 
dominant. However, the symport Cl-/cation+ and the antiport Cl-
/anion- probably occurs at the same time for Pd2+(2) which saw its 
efficiency slightly reduced in presence of fluoride and sulfate 
(Figure 9). 
 
The formation of MOST in the phospholipid membrane to ensure 
anion transport is an important finding and our hypothesis was 
that a MOST could also disrupt ion homeostasis in living 
organisms. As we previously reported that benzimidazolium 
transmembrane transporters possess antimicrobials 
properties,[26] the toxicity of the MOST to Gram-positive wild-type 
and tetracycline-resistant bacteria was investigated. Our 
hypothesis was that if MOST can be formed in the bacterial 
membranes and they possess a porous structure, they could act 
as the hydraphiles reported by Gokel et al.[27], making the 
bacterial membrane more permeable to ions and antibiotics. 
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Figure	9.	Chloride	efflux	obtained	after	the	addition	of	0.5	equivalents	of	PdCl2	(relative	to	the	concentration	of	the	transporter)	at	270	s	in	the	presence	of	12.5	
mol%	(relative	to	the	EYPC	concentration)	of	a)	2	or	b)	3	in	liposomes	bathing	in	different	buffers	at	25°C.	Triton	X	was	added	at	525	s	to	lyse	the	liposomes.

Antimicrobial activity 

The bacterial membrane is a complex environment containing 
different proteins and a peptidoglycan layer in addition to the 
phospholipid bilayer.[28] The ability of a synthetic compound to 
penetrate the artificial phospholipid membrane of a liposome and 
the one of living bacteria can be very different. 

The formation of MOSTs in complex bacterial membranes, their 
ability to disrupt ion homeostasis and the effect on the survival 
rate of living bacteria were investigated. We first determined the 
minimum inhibitory concentration (MIC) for ligands 1, 2 and 3 
alone in Gram-positive wild-type Bacillus thuringiensis (HD73) 
(Table 5). 

The first observation that can be made from this study is that the 
efficiency of the three ligands to transport chloride in liposomes 
(EC50) cannot be correlated to their ability to kill Gram-positive B. 
thuringiensis bacteria. Ligand 3 is the only one possessing a MIC 
of 35 - 40 µM against B. thuringiensis. These experiments were 
also performed with the preformed complex Pd2+(2) and Pd2+(3), 
but no difference was noted in terms of the MIC values. These 
results were not surprising, since we previously observed that the 
metal-ligand complexes were not stable in an aqueous 
environment. However, if 0.5 equivalent of PdCl2 was added after 
1 h of incubation of the bacteria with the ligand 3, the MIC of Pd(3) 
complex was reduced 2-fold. This result demonstrates the 
formation of the MOST in the bacterial membrane and its capacity 
to alter its permeability.  

Intrigued by the lack of antibacterial activity of 2 and its Pd2+ 
complex after 24 h of incubation, we performed a kinetic 
experiment on the bacterial growth (Figure 10). 

Addition of 0.5 equivalent of PdCl2 to 25 µM of 2 results in an 
increase of the doubling time from 82 ± 1 min to 234 ± 1 min in 
the first two hours. 

Table 5. Antimicrobial activity (MIC) and transport chloride efficacy (EC50,500s) 
of 1, 2 and 3* 

Ligand No. of equiv. 
of PdCl2  

Bacteria 

B. thuringiensis  

MIC (µM)** 

Liposomes 

EC50,500s   

(mol %) 

1 
- 

0.5 

> 100 

> 100 

6.9 

7.0 

2 
- 

0.5 

> 100 

> 100 

20.0 

9.5 

3 
- 

0.5 

35 - 40 

15 - 20 

12.6 

10.9 

*PdCl2 was not toxic even at 100 µM (Figure S46) 
**100 µM was the limit of solubility in the bacterial growth media 
 

However, in the following two hours the doubling time decreases 
to 77 ± 1 min, showing the disassembly of the metal-ligand 
complex. A more pronounced effect can be observed after the 
addition of the second aliquot of PdCl2, when a doubling time of 
269 ± 1 min was observed. However, after 24 h of incubation, the 
global bacterial growth was not affected by the presence of 2 and 
Pd2+ in solution. These kinetic experiments suggest that the 
Pd2+(2) MOST forms rapidly in the bacterial membrane but is not 
stable enough to persist and function over a long period of time.  

The higher stability of the Pd2+(3) compared to Pd2+(2) can also 
be inferred from these experiments, as a notable difference in the 
doubling time can be observed upon the addition of the first 
aliquot of PdCl2 to 3. In the presence of ligand 3 alone, despite its 
efficacy at the beginning, bacteria entirely grown after 24 hours of 
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incubation, where a complete inhibition of the bacterial growth 
was observed with the Pd2+(3) complex. 

Antibiotic resistance has become a major problem in the 
treatment of Gram-positive bacterial infections.[29] These 
organisms are able to escape antibiotic activity through several 
mechanisms including β-lactamase production, altered penicillin-
binding proteins, aminoglycoside-modifying enzymes, 
modification of the target site of the antibiotic and active efflux.[29-

30] Therapeutic strategies to kill these resistant Gram-positive 
bacteria include the use of a higher antibiotic dosage, the use of 
alternative, non-conventional drugs, alone or in combination and 
the development of new drugs.[31] Bacteria use natural efflux 
pumps to eject foreign substances such as antibiotics. Based on 
the ability of the MOST to make the membrane permeable, we 
thought interesting to exploit the possibility to facilitate the 
passage of small antibiotic molecules in the porous architectures 

they form in the bacterial membrane. To mimic a resistant strain, 
we used a B. thuringiensis tetracycline-resistant strain, 
possessing a plasmid that expresses an efflux pump in the 
bacterial membrane that limits the access of tetracycline to the 
ribosome.[30] The presence of this plasmid confers a resistance to 
tetracycline up to 670 µM (See ESI, Figure S47).  

Firstly, we determined that 3 and MOST Pd2+(3) at 25 µM were 
non-toxic to this strain (Figure 11). As a reminder, at the same 
concentration, both 3 and MOST Pd2+(3) were toxic to the wild-
type B. thuringiensis, but the presence of the efflux pump affects 
their capacity to remain into the bacterial membrane after 24 h. 

 

 

 

Figure 10. Optical density of B. thuringiensis obtained after several hours of incubation with different concentration of 2 and 3. On the right, 0.5 equivalent of PdCl2 

(relative to the ligand concentration) was added after 1h and 5h of incubation of the ligand with bacteria. Doubling time G was defined as the time taken by bacteria 
to double in number during the exponential phase. G= t/(3.3logb/B) with t= time interval in minutes, b= number of bacteria at the end of the time interval and B= 
number of bacteria at the beginning of the time interval.[32] 
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Figure 11. Tetracycline-resistant B. thuringiensis growth in presence of 5 
µl DMSO (used as a blank to monitor the effect of the DMSO on the 
bacterial growth) and 25 µM of 3 (5 µl in DMSO). The PdCl2 aliquot (2.5 
µl in DMSO) was added after 1 h of incubation with 3. Maximum of bacteria 
growth was measured after 24 h of incubation at 37 °C. 

 
Bacterial growth was monitored in the presence of 3 and Pd2+(3) 
MOST at 25 µM in the presence of different tetracycline 
concentrations, below the MIC (670 µM). For each tetracycline 
concentration, a blank with only DMSO was performed to confirm 
the bacterial growth under these conditions. 

As shown in Figure 11, the presence of 3 and Pd2+(3) MOST 
decreased the tolerance of these resistant bacteria to tetracycline. 
Pd2+(3) MOST appears to be more effective than 3, being more 
permeable and inhibiting the bacterial growth at lower 
concentrations of tetracycline (Figure 11). Even at 11 µM 
tetracycline (60-fold lower than the MIC), the bacterial growth rate 
is surprisingly reduced. The combination of 25 µM of Pd2+(3) 
MOST and tetracycline (110 µM) completely inhibits the bacterial 
growth, whereas the same concentrations of tetracycline alone 
have no influence on the bacterial growth of this resistant strain. 
It may be that formation of the Pd2+(3) MOST in the bacterial 
membrane may compensate for the tetracycline efflux induced by 
the pump, allowing a faster influx or an increased amount of 
tetracycline into the bacteria. This also suggests that MOSTs 
possess a porous architecture, as tetracyclin, which is much 
larger than chloride, can be transported into bacteria. This result 
points to a synergy between MOST and tetracycline, 
demonstrating the importance and potential application of MOST 
as a strategy to fight resistant bacteria. 

 

Conclusions 

We have successfully synthesized two 2,4,7-
triphenylbenzimidazole derivatives and demonstrated the 
formation of their respective metal assemblies in phospholipid 
membranes. Anion transport experiments performed with these 
ligands and their metal complexes allowed us to show their 
efficiency as chloride transporters in liposomes. The formation of 
MOST Pd2+(2) and Pd2+(3) in the phospholipid membrane results 
in efficient assemblies in terms of chloride transport.  We also 
demonstrated the insertion of the ligands and formation of their 
metal-organic assembly in complex bacterial membranes and 
successfully applied MOST to make bacterial membrane more 
permeable to antibiotics. Finally, as a potential strategy to combat 
resistant bacteria, we showed that a combination of 3 and Pd2+(3) 
with tetracycline lowers the sensitivity of resistant bacteria to 
tetracycline by 60-fold. Work is in progress in our group to 
demonstrate the generality and the therapeutic interest to use 
MOST in pathologically relevant resistant strains. 

Experimental Section 

Materials. L-α-phosphatidylcholine was purchased from Avanti Polar 
Lipids and was used without further purification. All chemicals were 
purchased from Aldrich Chemicals in their highest purity and used without 
further purification. CD3OD and DMSO-d6 were purchased from CDN 
Isotopes. 

Instrumentation. NMR experiments were recorded on 400 MHz Brüker 
Avance 400 or Bruker Advance 700 spectrometer at 298 K. Chemical shifts 
are reported in ppm relative to residual coupling constants are given in 
Hertz (Hz). High-resolution mass spectra (HRMS) were recorded on a TSQ 
Quantum Ultra (thermo Scientific) triple quadrupole with accurate mass 
option instrument. Chloride efflux was recorded with a chloride selective 
micro electrode. 

Preparation of EYPC large unilamellar vesicles (LUVs): A phospholipid 
film was formed by evaporating 1 ml chloroform solution containing 25 mg 
of EYPC, under vacuum at 25°C during 2 hours. The lipid film was then 
hydrated with 1 mL of a NaCl (500 mM) and phosphate buffer solution (5 
mM, pH = 7.2). The obtained suspension was subjected to at least 8 
freeze/thaw/vortex cycles (1 cycle = 1 minute at - 78°C followed by 1 
minute at 35°C and 1 minute in vortex). The solution was then extruded 
through a 100 nm polycarbonate membrane 21 times until the solution was 
transparent and passed down a Sephadex G-25 column to remove 
extravesicular NaCl. The liposomes were eluted with a solution containing 
5 mM of phosphate buffer with 500 mM of NaNO3 (pH = 7.2). 4.3 mL of 
liposomes solution were isolated after separation. The stock solution was 
diluted to obtain a 5 mM lipid solution, assuming all EYPC was 
incorporated into the liposomes.  
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Chloride transport assays with EYPC LUVs: A 60 μL aliquot of the 
solution of EYPC LUVs (5 mM) was added to a 1.2 mL gently stirred buffer 
solution containing 5 mM phosphate salt and 500 mM NaNO3 (pH = 7.2). 
The chloride efflux was monitored as function of time by a chloride-
selective electrode. 7.5 µL of a solution of transporter at different 
concentrations in MeOH were added to start the transport. At t = 600 s, 
100 µL of a Triton-X 5% solution were added to lyse all liposomes to obtain 
the maximum of chloride efflux. Experiments were repeated in triplicate 
and all the reported traces are the average of the three independent trials 
 
Minimal inhibitory concentration (MIC): 5 mL of Lysogeny Broth (LB) 
medium were inoculated with Bacillus thuringiensis (HD73 strain). The 
preculture was grown overnight at 37°C under agitation at 230 RPM, and 
resuspended in 75 mL of a fresh LB medium. The culture was grown at 
37°C during 2 more hours. After this time, the culture was rediluted in fresh 
LB medium to obtain an OD600 of 0.1-0.2. Each well was filled with 195 
µL bacterial cultures and 5 µL of DMSO or compounds in DMSO solution, 
as the final volume in each well was 200 µL and the maximum 
concentration of DMSO was 5%. The plates were agitated at 230 RPM in 
a thermostated incubator at 37°C and the solution OD600 was monitored 
over time.Every experiment was repeated in triplicate on independent 
bacterial cultures. The MICs were determined as the minimal 
concentration at which no bacterial growth was detected. 
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