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Structure−Antitumor Activity Relationships of Tripodal 
Imidazolium- Amino Acid Based Salts. Effect of the Nature of the 
Amino Acid, Amide Substitution and Anion 

Adriana Valls,a Belén Altava,*a Vladimir Aseyev,b Israel Carreira-Barral,c Laura Conesa,a Eva Falomir,a 
Eduardo García-Verdugo,a Santiago Vicente Luis,*a Roberto Quesada.c  

The antitumor activity of imidazolium salts is highly dependent upon their lipophilicity that can be tuned by the introduction 

of different hydrophobic substituents on the nitrogen atoms of the imidazolium ring of the molecule. Taking this in 

consideration, we have synthesized and characterized a series of tripodal imidazolium salts derived from L-valine and L-

phenylalanine containing different hydrophobic groups and tested them against four cancer cell lines at physiologic and 

acidic pH. At acidic pH (6.2) the anticancer activity of some of the tripodal compounds changes dramatically, being this 

parameter crucial to control their cytotoxicity and selectivity. Moreover, several of these compounds displayed selectivity 

against the control healthy cell line higher than four. The transmembrane anion transport studies revealed moderate 

transport abilities suggesting that the observed biological activity is likely not the result of just their transport activity. The 

observed trends in biological activity at acidic pH agree well with the results for the CF leakage assay. These results strongly 

suggest that this class of compounds can serve as potent chemotherapeutic agents.

Introduction 

Cancer disease kills yearly millions of people, being the second-

leading cause of death in the world;1,2 therefore, the 

development of potential therapeutic agents to fight against 

this illness using chemotherapy is of great interest.3-6 In this 

regard, one important issue is the selectivity of the drugs used 

in chemotherapy, since most of them show severe toxicities to 

normal cells. Moreover, the solubility, bioavailability and 

polymorphism associated to active pharmaceutical ingredients 

is another problem, restricting their use and application in 

chemotherapy.7,8 In the last decade, ionic liquids have been 

considered of great interest in pharmaceutical and medical 

applications due to their biological activity,9-13 and considerable 

efforts have been made towards the development of 

derivatives of these salts with antimicrobial and anticancer 

properties.14-20  In this context, imidazolium based-ionic liquids 

have been found to be a promising type of compounds showing 

intriguing anticancer activities against different cancer cells.21-25 

Some of the first imidazolium salts displaying high activity 

against a wide panel of cancer cell lines were tested by Malhotra 

et. al. showing that the length of the 3-alkyl substituent is one 

of the main vectors controlling cytotoxicity.26 Later, 4,5-

dichloro-1,3-bis(naphthalen-2-ylmethyl)imidazolium bromide 

was described as a potential anticancer drug, being its activity 

associated to the presence of the imidazolium cation and the 

naphthylmethyl substituent. This compound, however, had 

extremely poor water solubility, which would impair its 

distribution upon systemic administration. The balance 

between water solubility and high anticancer activity has 

represented a major obstacle for the potential clinical use of 

lipophilic imidazolium salts.27 More recently, a series of tripodal 

imidazolium salts have been evaluated as antibacterial and 

anticancer agents providing a new and interesting approach for 

new bioactive systems.28,29 

In this context, our research group has been involved in the 

preparation of imidazolium based compounds derived from 

amino acids.30-34 Therefore, continuing with our previous work 

related with L-valine imidazolium tripodal salts,34 and the 

evaluation of ditopic and monotopic imidazolium salts derived 

from amino acids as antibacterial agents,35 we present here the 

synthesis of different tripodal imidazolium salts derived from 

amino acids and the evaluation of the synergetic effects 

between their lipophobicity and anticancer activity. In order to 

tune their physicochemical and potential antitumor properties, 

we considered different natural amino acids (L-phenylalanine 

and L-valine) as well as different amide substitutions (aliphatic 

and aromatic) and different anions. Furthermore, for the 

amphiphilic tripodal compounds, self-aggregation studies in 

aqueous media have been carried out to determine their critical 

aggregation concentration. In addition, these salts were 

evaluated as transmembrane transporters of anions with the 

aim of deciphering their mechanism of action.36-40 The 
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microenvironment around tumor cells is unusually acidic as 

compared to healthy cells as a result of the altered cancer cell 

metabolism. This acidic microenvironment provides cancer cells 

with adaptative advantages. Moreover, the intracellular pH is 

slightly alkaline, contributing to drug resistance.41-43 

Accordingly, anticancer, self-assembly and anion transport 

studies were performed under physiologic and slightly acidic pH 

condition.44-47 

Results and discussion 

Synthesis 

The imidazole based compounds 1 and 2 were obtained from the 

corresponding -amino amides as described previously.33 Tripodal 

imidazolium salts 2-Br to 8-Br were obtained in >70% yield by 

treatment of the imidazole 1 or 2 with the corresponding (tris-

bromomethyl)aryl compound under Mw at 70oC.34 The anion 

exchange was carried out by reaction of the bromide imidazolium 

salts with LiNTf2 in CH3CN leading to the corresponding NTf2 salts in 

good yields (> 80%) (Scheme 1). The corresponding bromide salts 

were solid at room temperature, while the analogous 

bis(trifluoromethylsulfonyl)amide salts were waxy or liquid 

compounds.  

 

Scheme 1. Synthesis of the tripodal imidazolium salts 

 

Anticancer and toxicity studies 

The in vitro anticancer activities of the synthesized compounds were 

examined against four human cancer cell lines, characterizing tumors 

of different origins. The human lung adenocarcinoma cell line A549, 

the human cervix tumor cell line HeLa, the human colon 

adenocarcinoma cell line HT-29 and the human breast cancer cell line 

MCF-7. Furthermore, human embryonic kidney cell HEK-293 was 

used as control to evaluate the selectivity of the compounds to 

carcinoma cells. All the cells were incubated in culture media with 

varying concentrations of the examined compound and the impact 

of treatment was measured using the MTT assay (Figure S1).49 The 

experiments were performed at different pH values using a standard 

DMEM medium for pH 7.5 and a PIPES buffer to fix the pH to 6.2. The 

IC50 values obtained for the cells under investigation, correspond to 

the average from three experiments and are summarized in Tables 1 

and 2. 

 

Table 1. IC50 and selectivity values for A549, HeLa, HT-29, MCF-7 and HEK-293 cell lines in the presence of tripodal compounds 3-8 at physiological pH. 

Entry Compound H2O 

Solubility 

(0.5 mM) 

IC50 (M)a b c  

A549 HeLa 
HT-29 MCF-7 

HEK-293 

1 3a-Br S 15.0 ± 0.5 12.9 ± 0.2 16.8 ± 1.2 19.4 ± 1.3 13.0 ± 0.9 0.9 1.0 

2 3b-Br S 18.9 ± 1.4 14.2 ± 0.6 16 ± 3 13 ± 3 13.5 ± 0.9 0.7 1 

3 4a-Br S 90 ± 9 93 ± 6 >200 >200 >200 >2.2 >2.1 

4 5b-Br S >200 >200 >100 >200 >200 - - 

5 6a-Br S >100 84 ± 17 >200 >200 >200 - >2.4 

6 7a-Br I 23.5 ± 0.7 2.09 ± 0.03 34.4 ± 1.3 21 ± 3 2.7 ± 0.4 0.1 1.3 

7 8a-Br I 23.6 ± 1.3 11.7 ± 0.8 57 ± 2 27 ± 2 15 ± 3 0.6 1.3 

8 3a-NTf2 I 17.1 ± 0.6 7.3 ± 0.3 99 ± 3 89 ± 3 9.7 ± 1.1 0.6 1.3 

9 6a-NTf2 I 93 ± 5 96 ± 12 >200 >200 42 ± 7 0.5 0.4 

10 7a-NTf2 I 21 ± 4 5.0 ± 0.6 45.8 ± 1.1 22.2 ± 0.6 2.8 ± 0.2 0.1 0.6 

11 8a-NTf2 I 4.8 ± 0.6 13 ± 5 82 ± 7 44 ± 5 12.1 ± 1.9 2.5 0.9 

a) (IC50 (x ± sd) average from three experiments after 48h); b) (α = IC50 (HEK-293) / IC50 (A549)); c) (β = IC50 (HEK-293) / IC50 (HeLa)). S for soluble and I for insoluble 

 

When experiments were run at pH 7.5 (Table 1), the results indicate 

that compounds 3a-Br, 3b-Br, 7a-Br, 8a-Br, 3a-NTf2, 7a-NTf2 and 8a-

NTf2 exhibited considerable cancer cell growth inhibition against the 

examined cancer types with IC50 values in the 20 M range or lower 

on the four cell lines (entries 1, 2, 6, 7, 8, 10 and 11, Table 1). This 

activity can be related to the nature of the substituents. Thus, 

compounds 8a-Br and 8a-NTf2 present six benzyl groups, and the 

aromaticity and planarity of these groups are features shared by 

several other anticancer agents. The intercalation of such groups into 

the base pairs of DNA can introduce structural distortions that inhibit 

transcription and replication.50,51 On the other hand, compounds 3a-

Br, 3b-Br, 7a-Br, 3a-NTf2 and 7a-NTf2 present long alkyl chains 
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facilitating their interaction with the lipidic membrane. In those 

cases, the observed toxicity could be related to their transmembrane 

transport ability or to their alteration of membrane viscoelasticity as 

will be discussed later.52,53 Compounds 4a-Br, 5b-Br, 6a-Br and 6a-

NTf2, the less active ones, fail in the presence of such substituents.  

For the tumoral cell lines HT-29 and MCF-7, none of the studied 

compounds offers good selectivity when comparing with the healthy 

cell line HEK-293 (<1). Nevertheless, for the cell lines A549 and 

HeLa compounds 4a-Br, 6a-Br and 8a-NTf2 presented a selectivity 

higher than 2, having the compound 8a-NTf2 the best antitumor 

properties for the cell line A549 with an IC50 of 4.8 M and  = 2.5 

(entry 11, Table 1).  

 
Figure 1. Plot of IC50 values for A549, HeLa, HT-29, MCF-7 and HEK-293 cell lines for 

tripodal compounds 3a, 6a, 7a, 8a at pH 7.2. 

Regarding the anion nature, as can be observed in Figure 1, the anion 

effect is significantly important for the four cell lines studied specially 

for HT-29 and MCF-7. In general, the bromide anion confers better 

antitumor activities than the analogous compound with NTf2 anion.54 

Table 2 shows the cytotoxicity of the different tripodal compounds 

for the cell line A549 using two different pH values: normal (7.2) and 

acidic (6.2). In general, for bromide salts, the IC50 obtained at an 

acidic pH is not significantly affected by non-active compounds 4a-

Br, 5b-Br and 6a-Br (IC50 >100), and lowered for active ones 3a-Br, 

3b-Br, 7a-Br and 8a-Br (entries 1, 2, 6, 7, Table 2), with IC50 one order 

of magnitude lower at pH 6.2 (entry 6). Similar trends have been 

described in the literature.42¡Error! Marcador no definido. It has to be 

emphasized the increase of the selectivity index at acidic pH for 

compounds 3b-Br and 8a-Br (from S.I. 0.7 and 0.6 to S.I. 4.8 and 3.5 

respectively (entries 2, 7, Table 2)). Moreover, the results obtained 

for NTf2 salts were especially significant, since the cytotoxicity to 

A549 of receptors 3a-NTf2 and 8a-NTf2 decreased dramatically as the 

pH decreased, more than two orders of magnitude for 8a-NTf2 

(entries 8 and 10, Table 2), while the bromide analogous salts 

presented increase of antitumor activity at acidic pH, underscoring 

the role of the anion. 

Optical microscopy images for A549 cell line after 48 h incubation 

with compound 7a-Br at pH 7.2, reveal clear signs of morphological 

changes appearing as irregularities or, even, disruption of the cell 

membrane, swelling and formation of some blebs (Figure 2). These 

are signs of cell death provoked by our compounds. Taking in 

consideration the results obtained, the aggregation and anion 

transport properties of these compounds were studied at different 

pH values to investigate the possible mechanism of action and the 

dependence of their mode of action on aggregation. 

 

Table 2. IC50 and selectivity values for A549 cell line in the presence of tripodal compounds 3-8 at different pH values 

Entry Compound IC50 (M) a b 

A549 

(pH 7.2) 

 c 

A549 

(pH 6.2) 
A549  

(pH 7.2) 

A549  

(pH 6.2) 

HEK-293  

(pH 7.2) 

1 3a-Br 15.0 ± 0.5 5.3  ± 0.4 13.0 ± 0.9 0.9 2.5 

2 3b-Br 18.9 ± 1.4 2.8 ± 0.5 13.5 ± 0.9 0.7 4.8 

3 4a-Br 90 ± 9 >100 >200 >2.2 - 

4 5b-Br >200 >100 >200 - - 

5 6a-Br >100 >100 >200 - - 

6 7a-Br 23.5 ± 0.7 1.4 ± 0.3 2.7 ± 0.4 0.1 1.9 

7 8a-Br 23.6 ± 1.3 4.2 ± 0.3 15 ± 3 0.6 3.5 

8 3a-NTf2 17.1 ± 0.6 >100 9.7 ± 1.1 0.6 <1 

9 7a-NTf2 21 ± 4 3.1 ± 0.6 2.8 ± 0.2 0.1 1 

10 8a-NTf2 4.8 ± 0.6 >100 12.1 ± 1.9 2.5 < 1 

a) IC50 (x ± sd) average from three experiments; b) α = IC50 (HEK-293) / IC50 (A549); c)  = IC50 (HEK-293) / IC50 (A549) at pH 6.2. 
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Figure 2. Microscopic appearance of A549 cell line in DMEM medium: a) control; b) 

incubated with 7a-Br (5 μM) at physiologic pH, after 2 days under white and phase 

contrast (scale bar: 10 μm). 

Aggregation behavior 

The self-assembly behavior of the tripodal compounds in aqueous 

media, including the analysis of the size distributions and the 

morphologies of the aggregates formed, was investigated by 1H-

NMR, light scattering (LS), fluorescence, optical microscopy and SEM. 

Fluorescence: To investigate the microenvironment of the self-

assembly in water by fluorescence the pyrene 1:3 ratio method was 

used.55,56 The plots of the pyrene I1/I3 ratio as a function of the total 

surfactant concentration shows, at the region where self-assembly 

starts to occur, a typical sigmoidal decrease. This allows defining the 

critical aggregation concentration (CAC) at the breaking point of the 

curve. Below the CAC the pyrene I1/I3 ratio value indicates a polar 

environment and as the surfactant concentration increases the 

pyrene I1/I3 ratio decreases rapidly, indicating that the pyrene is 

sensing a more hydrophobic environment. Above the CAC, the 

pyrene I1/I3 ratio reaches a roughly constant value because of the 

incorporation of the probe into the hydrophobic region of the 

aggregates. Different approaches have been used to estimate CAC 

values from I1/I3 ratios.57,58 The most common approach is the use of 

the break points, either directly or by extrapolating the values from 

the intersection of the two straight lines defined at the constant and 

variable regions of the I1/I3 sigmoidal curve.59,60 As CAC represents 

the threshold of concentration at which self-aggregation starts, the 

corresponding value can be estimated from the break point at lower 

concentration.61-64The corresponding CACs obtained by fluorescence 

in water are shown in Table 3. All the compounds presented CAC 

values in the M range, only for compound 4a-Br the CAC was in the 

mM range, being the lower CAC value for compound 3a-Br (entry 1, 

Table 3).  

Table 3. Estimated CACs obtained in aqueous media using fluorescence studies at 25ºC. 

Entry Amphiphilic 

compound 

Solvent CACs a 

(M) 

1 3a-Br H2O 0.6  4.2 

2 3a-Br Buffer pH 7.2 7.1 

3 3a-Br Buffer pH 6.2 16.2 

4 3b-Br H2O 10.5 

5 4a-Br H2O 1387 

6 4a-Br Buffer pH 7.2 1747 

7 4a-Br Buffer pH 6.2 1792 

8 5b-Br H2O 120 

9 6a-Br H2O 41.6 

a values at the break points. 

The plot of the I1/I3 ratio for the corresponding emission spectra vs 

concentrations showed for compounds 3b-Br, 4a-Br, 5b-Br and 6a-

Br one single break point reaching in all cases values of I1/I3 ≈ 1.1 or 

lower after the break point (Figure S1 and S2). However, for 

compound 3a-Br, the plot of the I1/I3 ratios for the corresponding 

emission spectra vs concentration presented two single break point 

suggesting the presence of two different aggregates (Figure 2). The 

first break point was at 0.6M with values of I1/I3 ≈ 1.6, affording 

aggregates with an appreciable pyrene solvent exposed, while the 

second break point was located at higher concentrations (4.2 M) 

reaching I1/I3 values ≈ 1.1 and leading to aggregates with a low 

polarity microenvironment for pyrene. 

Moreover, it has been described that pyrene can show a broad 

excimer emission band around 470 nm in dilute surfactant water 

solutions containing vesicles or bilayer structures.65-67 In this regard, 

compounds 3a-Br and 3b-Br presented a broad emission band (Ie) 

around 470 nm suggesting the formation of vesicles or bilayers. The 

Ie/I1 ratio increased as concentration increased, reaching two 

maxima and decreasing sharply until concentrations where no 

further change in the I1/I3 ratio is observed (Figure 3 and S1). The two 

maxima observed are within the sigmoidal decrease of the I1/I3 ratio.  
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Figure 3. a) Plot of the I1/I3 (circles, right axes) and Ie/I1 (stars, left axes) ratios v log C for 

3a-Br in H2O at 25oC. b) Emission spectra of pyrene in H2O in the presence of different 

amounts of 3a-Br. 

To study the role of the pH in the aggregation behavior, fluorescence 

studies for 3a-Br and 4a-Br were measured in water and at acidic pH 

using the corresponding phosphate buffer solution (10 mM) (Figure 

S3). For the tripodal compound 3a-Br, the acidic pH increased the 

CAC reducing the formation of aggregates (entries 2 and 3, Table 3). 

However, for compound 4a-Br the CAC did not increase significantly 

from pH 7.2 to pH 6.2 (entries 6 and 7, Table 3). It must be mentioned 

that the CAC values increase from water to buffer pH 7.2 for both 4a-

Br and 3a-Br (entries 1-2 and entries 5-6, Table 3). 

Comparing the CAC values in water and the IC50 for the cell line A549 

in the case of the tripodal compounds 3a-Br, 4a-Br, 6a-Br, 3b-Br and 

5b-Br, the IC50 is above the CAC for 3a-Br, 3b-Br, 5b-Br and 6a-Br, 

implying that the compounds are aggregated to some extend at the 

antitumoral response concentration. However, for compounds 4a-

Br, the IC50 is 15 times below the CAC, indicating that the compound 

is not aggregated at the concentration of elicitin antitumoral 

response and that the monomeric species is mainly the responsible 

of its moderate cytotoxicity.68 

Interestingly, for 3a-Br at acidic pH, the CAC value is above the IC50, 

implying that the compound is not aggregated at the antitumoral 

response concentration. This is in accordance with the decrease of 

the IC50 at pH 6.2 (entry 1, Table 2). Thus, the monomeric species 

seems to be the main responsible of the cytotoxic activity, with 

higher concentrations of the monomeric bioactive species available 

at concentrations below the CAC, suggesting higher activities for 

increased values of CAC. 

Proton NMR experiments: Due to the low solubility of some of the 

tripodal compounds in water (< 0.5 mM, see Table 1), 1H-NMR 

aggregation studies were run in D2O/CD3OD (1/1 v/v) for 3a-Br, 3b-

Br, 4a-Br, 5b-Br and 6a-Br from ca. 0.1 to 4 mM, precluding an 

accurate analysis for compounds 7a-Br, 8a-Br and 3, 7, 8 NTf2 

derivatives due solubility problems in aqueous media.  

Figure 4 shows the partial 1H NMR spectra of the compound 3a-Br in 

D2O/CD3OD solvent mixture (1/1, v/v) at concentrations ranging 

from 0.1 to 4 mM at 30 oC. When the concentration was increased, 

the imidazolium signals Hb and Hc, and that of one for the aromatic 

protons (Ha), shifted downfield (= 0.06-0.08), indicating that these 

groups become slightly more involved in hydrogen bonding upon 

concentration. while minor changes were detected for the signals of 

the hydrophobic chains ( ≈ 0.01). However, one of the methylene 

protons of the alkyl chains (NH-CH2) and the methyl protons of the 

valine side chain shifted upfield upon aggregation ( ≈ 0.05 and 0.03 

respectively) (Figure 4b). Similar trend was observed for the 

corresponding protons of 3b-Br (see ESI, Figure S4). However, for the 

tripodal 4a-Br when the concentration increased from 0.2 to 4 mM, 

the imidazolium and aromatic protons signals shifted slightly 

downfield ( = 0.01-0.02) while no significant chemical shift 

variation was observed for signals of the hydrophobic chain and the 

methyl protons of the valine side chain (ESI, Figure S5). Moreover, 

for the tripodal compounds 5b-Br and 6a-Br, when the concentration 

increased from 0.2 to 4 mM, no significant chemical shift variation 

was observed for any of the proton signals, suggesting that probably 

they were strongly aggregated at the lowest concentration. 

 
Figure 4. a) Partial 1H NMR (400 MHz at 30oC) of the compound 3a-Br in CD3OD/D2O (1/1, 

v/v) obtained for various concentrations. b) Δδ vs. concentration plot for several signals. 

Light scattering (LS) measurements: LS intensity measurements 

were also used to study the aggregates. The hydrodynamic size 

distributions of the aggregates were investigated by means of 

dynamic light scattering (DLS) deducing the apparent hydrodynamic 

diameters Dh from the diffusion coefficients. Experiments could not 

be performed in pure water for the 0.01 to 0.5 mM concentration 

range as at such low concentrations no reproducible results could be 

achieved. Thus, the experiments were performed on compounds 3a-

Br, 3b-Br, 5b-Br and 6a-Br in CH3OH/H2O within the 0.1 - 6 mM 

concentration range at 25 oC. For 4a-Br the experiment could not be 

properly achieved in CH3OH/H2O.  

For compounds 3a-Br/3b-Br and 5b-Br/6a-Br the total intensity of 

scattered light as a function of the total surfactant concentration, 

increased almost linearly with concentration, suggesting that the 

aggregates increase in number when concentration increases, 

keeping their average size constant (Figure S6). For 3a-Br the 

hydrodynamic diameter is around 300 nm while it increases to 500 

nm for 3b-Br and 6a-Br, reaching 800 nm for 5b-Br.  

Optical microscopy and SEM: The formation of aggregates in H2O 

and H2O/CH3OH (1/1 v/v) for 3a-Br, 3b-Br, 4a-Br, 5b-Br and 6a-Br 

was studied by optical microscopy and SEM. For compounds 3a-Br, 
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3b-Br, 4a-Br and 6a-Br, optical microscopy in H2O/CH3OH (1/1, v/v), 

allowed to observe the formation of spherical aggregates at 6 mM 

concentrations with sizes between 0.5-5 m (Figure S7). However, 

for tripodal compound 5b-Br only a homogeneous solution was 

observed. Furthermore, in the case of compound 4a-Br dendritic 

structures from spherical aggregates were observed. Moreover, SEM 

images in H2O for 3a-Br (0.1 mM) and 6a-Br (0.4 mM) allowed to 

observe the formation of distorted spherical aggregates with sizes 

lower than 2 m and 0.5 m size respectively (Figure 5). 

 
Figure 5. SEM images for some tripodal compounds in H2O/CH3OH (1/1 v/v): a) 3a-Br and 

b) 6a-Br 

Anion transport studies: In order to investigate the origin of the 

cytotoxicity of these compounds, their transmembrane 

transport activity and their potential to disturb the membrane 

integrity were explored in model POPC liposomes. First, the 

ability of these compounds to facilitate chloride efflux from 

chloride-loaded vesicles was monitored using a chloride-

selective electrode (ISE). The liposome suspension was placed 

in an isotonic, chloride-free medium and the studied tripodal 

imidazolium salts were added as aliquots of stock DMSO 

solutions. Release of all encapsulated chloride by addition of a 

detergent allowed the normalization of the chloride leakage 

and facilitated chloride efflux was monitored over time for each 

compound. For these experiments, NTf2 salts were employed, 

and different external anions tested (Table 4, ESI Figure S8-S19). 

 

Table 4. Chloride affinity in CD3CN/D2O (8/2 v/v) (log K 1:1 , BC50), chloride-efflux rates 
in model liposomes (% Cl s-1, at pHi/pHe 7.2) using different external anions. 

Entry Compound log β[a][b] 
Chloride efflux rate (%Cl·s-1 )c 

NO3
- 

HCO3
-

/SO4 
2- 

SO4 
2- 

1 3a-NTf2 1.76 ± 0.04 13.6±1.2 11.7±1.4 12.8 

2 6a-NTf2 
1.43 ± 
0.03 

16.4±1.1 
21.2±1.4 21.7 

 

3 7a-NTf2 1.74 ± 0.02 17.0±1.9 11.0±0.6 15.5 
4 8a-NTf2 1.62 ± 0.02 25.1±1.4  22.7±2.5 23.4 

a) Obtained by simultaneous non-linear regression fitting of all the available 1H 
NMR signals, b) log β is defined as the formation constant for the 1:1 
receptor/substrate complex in M-1; c) 10% imidazolium salt to POPC molar ratio. 
Each value represents the average of at least three trials, carried out with three 
batches of vesicles, except those obtained with sulfate, which correspond to 
one experiment. 

 

To provide the appropriate basic data for chloride transport studies, 
1H NMR anion-binding studies were also conducted for the NTf2 salts 

in aqueous acetonitrile (Table 4, ESI Figures S20-S23). The 

corresponding stability constants, Ka, were determined, by following 

the shift of the 1H NMR signals of five protons of the receptor and 

fitting the data to 1:1 and 1:2 receptor:anion binding isotherms using 

HypNMR (ESI, Figures S24-27). Interestingly, as shown in Table 4, we 

observed their ability to bind only one chloride anion with very 

different binding constants for the corresponding 1:1 complex 

(entries 1-4, Table 4). The highest binding constants were obtained 

for compounds 3a-NTf2 and 7a-NTf2 both containing dodecyl alkyl 

chains (entries 1 and 3). 

 

The NTf2 salts showed moderate chloride-transport abilities, being 

compounds 6a-NTf2 and 8a-NTf2 the most active ones (Table 4, 

entries 2 and 4). Little differences were observed in the chloride 

efflux activity when different anions such as nitrate or 

bicarbonate/sulfate were used as the external anions (Table 4 and 

ESI Figures S8-S19). These results suggested the possibility of these 

compounds promoting an unspecific transmembrane transport and 

acting as membrane-disrupting agents. To check this possibility, 

carboxyfluorescein (CF) release assays were carried out. In this assay, 

CF is loaded at high concentration inside the liposomes. At this 

concentration, CF is non-emissive because of self-quenching 

processes. Leakage from the interior of the vesicles result in an 

immediate dilution and recovering of the CF fluorescence. Addition 

of detergent at the end of the experiment lyse the vesicles and allows 

normalization of the data for comparison purposes. The results at pH 

= 7.2 and pH = 6.2 are shown in Table 5 (ESI Figures S28-S49, where 

the normalized intensity at  = 520 nm is represented over time). 

Table 5. Carboxyfluorescein leakage observed upon addition of the studied compounds 
to POPC vesicles (0.05 mM) at different external pH. 

Entry Compound 
CF efflux ratea 

(%CF·s-1 ), pHi/pHe 
7.2/7.2 7.2/6.2 

1 3a-Br 1.7 ± 0.6 6.5 ± 3.3 

2 3b-Br 2.8 ± 1.0 6.8 ± 3.6 
3 4a-Br 21.6 ± 2.1 8.6 ± 3.5 
4 5b-Br 3.1 ± 0.6 0 
5 6a-Br 12.3 ± 0.3 15.1 ± 1.8 
6 7a-Br 1.7 ± 0.7 0 
7 8a-Br 24.6 ± 0.7 32.0 ± 4.0 
8 3a-NTf2 4.7 ± 0.6 -- 
9 6a-NTf2 28.1 ± 3.1 -- 

10 7a-NTf2 6.9 ± 0.9 -- 
11 8a-NTf2 35.7 ± 0.2 -- 

a)10% imidazolium salt to POPC molar ratio. Each value represents the average of 
at least three individual experiments, carried out with different batches of vesicles. 

The most active derivative in all assays was compound 8a-Br/NTf2. 

Compounds 4a-Br and 6a-Br/NTf2 were also found to form large non-

selective pores in the lipid membrane. The maximum leakage 

detected for these compounds was 25%/36%, 22% and 12%/28% 

respectively, being NTf2 salts more active in these assays. When 

these experiments were carried out at pH = 6.2 using the bromide 

salts, the main difference was the lack of activity showed by 

compound 4a-Br under these conditions, whereas the leakage of CF 

promoted by 8a-Br increased to 32% in the time frame of these 

experiments. 

These assays suggested that the observed biological activity is likely 

not the result of just their transport activity. For instance, 
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compounds 3a-Br/NTf2, 3b-Br, 7a-Br/NTf2 and 5b-Br did not act as 

detergents although 3a-Br/NTf2, 3b-Br, 7a-Br/NTf2 presented high 

cytotoxic activities (Table 1). On the other hand, compound 8a-

Br/NTf2, the most active in liposomes, displays a significant 

cytotoxicity which is enhanced at acidic pH. This behavior agrees with 

the results of 8a-Br in the CF leakage assay. Loss of activity of 4a-Br 

at acidic pH is also in agreement with the results discussed in 

cytotoxicity studies. 

Conclusions 

A series of novel tripodal pseudopeptides derived from L-valine and 

L-phenylalanine containing different hydrophobic groups have been 

synthetized, showing good cancer cell growth inhibition against 

different cancer cell lines, with IC50 values in the 20 μM range or 

lower. Results demonstrate that an optimum lipophilicity of the tail 

is needed for an efficient cytotoxicity, being compound 3a-Br the 

most bioactive. Moreover, when the anticancer activity is studied at 

pH 6.2 the cell growth inhibition and selectivity against HEK-293 

changes dramatically, increasing the inhibition in some cases more 

than one order of magnitude. Interestingly, compounds 3a-NTf2 and 

8a-NTf2 presented loss of antitumor activity at acidic pH, decreasing 

the cell growth inhibition more than two orders of magnitude for 8a-

NTf2. The transmembrane anion transport studies at physiologic pH 

revealed compound 8a-NTf2 as the most active for chloride and 

carboxyfluorescein (CF) release assays with a leakage of 25% and 

36% respectively. When carboxyfluorescein (CF) release assays were 

carried out at external pHe = 6.2 using the bromide salts, the main 

difference is the lack of activity showed by compound 4a-Br which is 

in agreement with the decrease in its cytotoxic activity at this acidic 

pH. 

Finally, aggregation studies have been carried out using different 

techniques and the results have revealed that spherical aggregates 

are formed in aqueous media. Furthermore, compounds with long 

alkyl chains have CAC values in the μM range being aggregated to 

some extent at their cytotoxicity concentration. The observed 

increase of the CAC at acidic pH suggests the presence of a higher 

amount of active monomeric species, which is in accordance with the 

increase of the antitumoral activity at acidic pH for 3a-Br, suggesting 

that the monomeric species is mainly the responsible for the 

antitumoral activity. 

Experimental 

Materials and methods 

Reagents and solvents, including NMR solvents, were 

purchased from commercial suppliers, and were used without 

further purification. Deionized water was obtained from a 

MilliQ® equipment. Imidazoles 1 and 2 were obtained as 

previously described.33 Tripodal compounds were prepared 

through a slight modification of the procedure reported 

elsewhere.34  
 

Anticancer and toxicity studies 

A549, HeLa, HT-29, MCF-7 and HEK-293 cell lines were provided by 

ATCC®. Cell culture media were purchased from Gibco (Grand Island, 

NY). Fetal bovine serum (FBS) was obtained from HyClone (Utah, 

USA). Supplements and other chemicals not listed in this section 

were obtained from Sigma Chemical Co. (St. Louis, MO). Plastics for 

cell culture were supplied by Thermo Scientific BioLite (Madrid, 

Spain). All tested compounds were dissolved in DMSO at a 

concentration of 10 mM and stored at −20 °C until use. 

A549, HeLa, HT-29, MCF-7 and HEK-293 cell lines were maintained in 

Dulbecco’s modified Eagle’s medium (DMEM) containing glucose (1 

g/L), glutamine (2 mM), penicillin (50 μg/mL), streptomycin (50 

μg/mL), and amphotericin B (1.25 μg/mL), supplemented with 10% 

FBS. All pH 6.2 media were prepared replacing the carbonate by 

PIPES buffer (10 mM) and adjusting the pH with 1M HCl or 1M NaOH.  

Cell proliferation assay 

In 96-well plates, 3 × 103 (A549, HeLa, HT-29, MCF-7 and HEK-293) 

cells per well were incubated with serial dilutions of the tested 

compounds (from 200 M to 0,2 M) in a total volume of 100 μL of 

their growth media. The 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT; Sigma Chemical Co.) dye 

reduction assay in 96-well microplates was used as previously 

described.[48] After 2 days of incubation (37 °C, 5% CO2 in a humid 

atmosphere), 10 μL of MTT (5 mg/mL in phosphate-buffered saline, 

PBS) was added to each well, and the plate was incubated for a 

further 3 h (37 °C). The supernatant was discarded and replaced by 

100 µL of DMSO to dissolve formazan crystals. The absorbance was 

then read at 540 nm by MultiskanTM FC microplate reader. For all 

concentrations of compound, cell viability was expressed as the 

percentage of the ratio between the mean absorbance of treated 

cells and the mean absorbance of untreated cells. Three independent 

experiments were performed, and the IC50 values (i.e., concentration 

half inhibiting cell proliferation) were graphically determined using 

GraphPad Prism 4 software. 

Statistical analysis: GraphPad Prism v4.0 software (GraphPad 

Software Inc., La Jolla, USA) was used for statistical analysis. For all 

experiments, the obtained results of the triplicates were represented 

as means with standard deviation (SD). 

1H NMR studies 

The NMR experiments were carried out on a Varian INOVA 500 

spectrometer (500 MHz for 1H and 125 MHz for 13C), on a Bruker 

Avance III HD 400 spectrometer (400 MHz for 1H and 100 MHz for 
13C) or on a Bruker Avance III HD 300 spectrometer (300 MHz for 1H 

and 75 MHz for 13C). Chemical shifts are reported in ppm using TMS 

as the reference. Titration experiments followed by 1H NMR 

spectroscopy were performed in CD3CN/D2O 8/2 v/v at 303 K and 

data fitting was carried out with the HypNMR 2008 version 4.0.71 

software. For each 1H NMR titration, the signals of the protons Ha, 

Hb, Hf, Hg, NH, were monitored for changes in chemical shift, which 

provided several data sets that were employed in the determination 

of the association constants Ka. Data for chloride anion were fitted 

satisfactorily to the 1:1 binding model. For CAC determination, 
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different solutions of the compounds with concentrations ranging 

from 0.1 to 4 mM in CD3OD/D2O were introduced in NMR tubes and 

the spectra taken at 30 ºC. CAC values were estimated at the cross 

point of the two straight lines extrapolated from the changes in 

chemical shifts as a function of the inverse of the concentration. 

Fluorescence spectroscopy measurements 

Fluorescence measurements were performed with a Spex Fluorolog 

3-11 instrument equipped with a 450 W xenon lamp (right angle 

mode). Pyrene was used as a fluorescence probe to determine the 

CAC of the bromide salts of 3a, 3b, 4a, 5b and 6a in aqueous media 

at 25±1 °C. Firstly, a stock pyrene solution (1.98×10−4 mol/L) was 

prepared in ultrapure methanol. Then, different solutions of the 

bromide salts (ranging from 1×10−3 to 1×10−6 mol/L) were prepared 

in different vials (1 mL) and 5 μL of the pyrene solution were added 

to each vial, achieving a final pyrene concentration of 9.89×10−7 

mol/L. The fluorescence spectra of pyrene were recorded for all the 

samples from 350 to 550 nm after excitation at 337 nm. The slit width 

was set at 5 nm for both excitation and emission. The peak intensities 

at 373 and 383 nm were determined as I1 and I3, respectively. The 

ratios of the peak intensities at 373 and 383 nm (I1/I3) of the emission 

spectra were recorded as a function of the logarithm of 

concentration. The CAC values were taken from the break point using 

the intersection of the best fit straight lines. The CAC was obtained 

from the average of three measurements for each compound. 

Light scattering (LS) measurements 

Light scattering measurements were performed using a Brookhaven 

Instruments BI-200SM goniometer, a BI-9000AT digital correlator, 

and a red laser operating at wavelength of 633 nm. Scattering angle 

was 45°. The round measurement cell was thermostated at 25 °C. A 

0.6 mM solution of the compounds 3a-Br and 3b-Br was prepared in 

Milli-Q water. The solvent was filtered through a Millipore Millex 

syringe filter (0.22 m). Before each measurement, the scattering 

cell was rinsed several times with the solution. The LS measurements 

started 5-10 min after the sample solutions were placed in the LS 

optical system to allow the sample to equilibrate. The data 

acquisition was carried out for 10 min and each experiment was 

repeated three times. The data were analyzed with the cumulant 

method using the software provided by the manufacturer. 

Optical images 

Images were recorded with a OLYMPUS COVER-018 microscope, 

BX51TF model, at 25 ºC. 

SEM images 

Scanning Electron Microscopy was performed in a JEOL 7001F 

microscope with a digital camera. Samples were obtained by slow 

evaporation of a solution of the compounds (1 to 2 mg/mL) directly 

onto the sample aluminum holder, and were conventionally coated 

before the measurement, using the sputtering technique in which 

microscopic particles of platinum are rejected from the surface after 

the material is itself bombarded by energetic particles of a plasma or 

gas. 

Membrane transport assays 

Preparation of Phospholipid Vesicles: A chloroform solution of 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocoline (POPC) (20 mg/mL) 

(Sigma Aldrich) was evaporated to dryness using a rotary evaporator 

and the resulting film was dried under high vacuum for, at least, two 

hours. A sodium chloride aqueous solution (489 mM and 5 mM 

phosphate buffer, pH 7.2, or 451 mM and 20 mM phosphate buffer, 

pH 7.2) was added to rehydrate the lipid film. The resulting 

suspension was vortexed and subjected to nine freeze-thaw cycles; 

subsequently, it was extruded twenty-nine times through a 

polycarbonate membrane (200 nm) employing a LiposoFast basic 

extruder (Avestin, Inc.). The resulting unilamellar vesicles were 

dialysed against a sodium nitrate (489 mM and 5 mM phosphate 

buffer, pH 7.2) or a sodium sulphate (150 mM and 20 mM phosphate 

buffer, pH 7.2) aqueous solutions, to remove unencapsulated 

chloride. 

Ion selective electrode (ISE) transport assays. Chloride/Nitrate 

Transport Assays: Unilamellar vesicles (average diameter: 200 nm) 

made of POPC and containing a sodium chloride aqueous solution 

(489 mM and 5 mM phosphate buffer, pH 7.2, for chloride/nitrate 

exchange assays, or 451 mM and 20 mM phosphate buffer, pH 7.2, 

for chloride/bicarbonate exchange assays) were suspended in a 

sodium nitrate (489 mM and 5 mM phosphate buffer, pH 7.2) or a 

sodium sulphate (150 mM and 20 mM phosphate buffer, pH 7.2) 

aqueous solution, respectively, the final lipid concentration being 0.5 

mM and the final volume 5 mL. A solution of the carrier in DMSO, 

usually 5 µL to avoid the influence of the organic solvent during the 

experiments, was added, and the chloride released was monitored 

employing a chloride-selective electrode (HACH 9652C). Once the 

experiment was finished, a surfactant (Triton-X, 10% dispersion in 

water, 20 µL) was added to lyse the vesicles and release all the 

encapsulated chloride. This value was regarded as 100% release and 

used as such. For the chloride/bicarbonate exchange assays, a 

sodium bicarbonate aqueous solution was added to the vesicles 

suspended in the sodium sulphate one (150 mM and 20 mM 

phosphate buffer, pH 7.2), the final bicarbonate concentration 

during the experiment being 40 mM. The chloride efflux was 

monitored for another five minutes, until the vesicles were lysed 

with the surfactant. Replication experiments were performed with 

three batches of vesicles. 

Carboxyfluorescein-based assays: POPC vesicles were loaded with a 

sodium chloride aqueous solution (451 mM NaCl and 20 mM 

phosphate buffer, 50 mM carboxyfluorescein, pH 7.2) and treated 

according to the procedure described above. After being subjected 

to extrusion, liposomes were suspended in a sodium sulphate 

aqueous solution (150 mM Na2SO4 and 20 mM phosphate buffer, pH 

7.2). The unencapsulated carboxyfluorescein was removed by size-

exclusion chromatography, using Sephadex G-25 as the stationary 

phase and the external solution as the mobile phase. The 

experiments were performed in 1-cm disposable cells, the final POPC 

concentration in the cuvette being 0.05 mM and the total volume 2.5 

mL. For those experiments in which pHout = 6.2, the corresponding 
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volume of the vesicles stock solution was suspended in a sodium 

sulphate aqueous solution at pH 6.2 immediately before starting the 

assay. At t = 60 s the anion carrier was added, and the emission 

changes were recorded during five minutes. At t = 360 s a pulse of 

the detergent Triton-X (10%) was added to lyse the vesicles and 

release all the entrapped carboxyfluorescein. This value was 

regarded as 100% release and used to normalize the data. 

Replication experiments were performed with three batches of 

vesicles 

DSC measurements 

Samples were placed in a 40 mL, hermetically sealed aluminum pan 

with a pinhole in the top. An empty aluminum pan was used as the 

reference. Samples were exposed to a flowing N2 atmosphere. 

Before the DSC test, each sample was dried at 60 °C in a vacuum oven 

for 12 h. Transition temperatures were determined by using multiple 

cycles (typically three) involving heating the sample from –40 to 150-

200 °C followed by cooling from 150-200 to –40 °C, both at a rate of 

5 °C/min. Transition temperatures were determined at the second 

cycle. 

Synthetic procedures 

Synthesis of imidazolim salts: 4a-Br: (S)-N-butyl-2-(1H-imidazol-1-

yl)-3-methylbutanamide (0.201 g, 0.914 mmol, 3.3 equiv) and 1,3,5-

tris(bromomethyl)benzene (0.097 g, 0.273 mmol, 1 equiv) were 

dissolved in acetronitrile (2.65 mL) in a microwave vial. The 

conditions of this reaction in the microwave instrument were: 150 

ºC, 1 h and 120 W. The resulting solution was vacuum evaporated, 

and the residue washed with diethyl ether and then with ethyl 

acetate. The solid obtained was vacuum dried to give a brown solid 

product (0.274 g, 97.7%): Tg 98 ºC; [α] D
25 = 10.8 deg cm3 g−1 dm−1 (c 

= 0.011 g cm−3, MeOH). 1H NMR (400 MHz, methanol-d4, δ ppm): 9.30 

(s, 3H), 8.67 (s, NH), 7.74 (t, J = 1.8 Hz, 3H), 7.65 (t, J = 1.8 Hz, 3H), 

7.60 (s, 3H), 5.55 (s, 6H), 4.69 (d, J = 10.0 Hz, 3H), 3.40-3.24 (m, 6H), 

2.44 (m, J = 9.7, 6.5 Hz, 3H), 1.51 (m, 6H), 1.33 (m, 6H), 1.06 (m, 9H), 

0.97-0.82 (m, 18H); 13C NMR (101 MHz, methanol-d4, δ ppm): 167.2, 

167.1, 136.3, 129.7, 122.6, 122.5, 122.4, 68.9, 68.9, 52.1, 39.3, 39.1, 

31.8, 31.8, 30.8, 30.8, 19.7, 17.9, 17.5, 12.6; IR (ATR): ῦmax (cm–1) =  

3228, 3067, 2961, 2933, 2872, 1672, 1549, 1463, 1369, 1154. MS 

(TOF MS ES+): m/z (%) = 433.75 (100) [C45H72N9O3Br]2+, 946.42 (45) 

[C45H72N9O3Br2]+, 262.19 (70) [C45H72N9O3]3+. Anal. calcd for 

C45H72N9O3Br3: C 52.6, H 7.1, N 12.3 found C 52.8, H 7.0, N 12.5.  

 

6a-Br. Prepared as described for compound 4a-Br from 0.273 g of (S)-

N-benzyl-2-(1H-imidazol-1-yl)-3-methylbutanamide (1.06 mmol, 4 

equiv) and 0.977 g of 1,3,5-tris(bromomethyl)benzene (0.265 mmol, 

1 equiv). The reaction gave a brown solid product (0.27 g, 98.9%): Tg 

103 ºC; [α] D
25 = 26.5 deg cm3 g−1 dm−1 (c = 0.011 g cm−3, MeOH). 1H 

NMR (500 MHz, CDCl3, δ ppm):10.00 (s, 3H), 8.60 (s, 3H), 8.31 (s, 6H), 

7.29 (s, 3H), 7.24-7.04 (m, 15H), 5.65 (d, J = 14.3 Hz, 3H), 5.28 (d, J = 

14.1 Hz, 3H), 5.12 (d, J = 10.8 Hz, 3H), 4.44 (dd, J=15.0, 6.6 Hz, 3H), 

4.07 (dd, J=15.0, 5.2 Hz, 3H), 2.48-2.29 (m, 3H), 0.97 (d, J=6.4 Hz, 9H), 

0.70 (d, J=6.6 Hz, 9H); 13C NMR (75 MHz, 30 °C, CDCl3, δ ppm): 166.4, 

137.3, 135.8, 135.5, 131.5, 128.5, 127.5, 127.3, 124.2, 119.4, 68.3, 

52.0, 43.5, 30.8, 18.8, 18.3; IR (ATR): ῦmax (cm–1) = 3225, 3056, 2967, 

1676, 1548. MS (ESI+): m/z (%) = 296.4 (100) [C54H66N9O3]3+, 484.9 

(20) [C54H66N9O3Br]2+. Anal. calcd for C54H66N9O3Br3: C 57.5, H 5.9, N 

11.2; found C 57.9, H 6.0, N 11.1. 

7a-Br: Prepared as described for compound 4a-Br from 0.245 g of (S)-

N-dodecyl-2-(1H-imidazol-1-yl)-3-phenylpropanamide (0.639 mmol, 

3.3 equiv) and 0.069 g of 1,3,5-tris(bromomethyl)benzene (0.193 

mmol, 1 equiv). The reaction gave a brown solid product (0.253 g, 

86.8%): Tg 106 ºC m.p. 173 oC; [α] D
25 = 2.3 deg cm3 g−1 dm−1 (c = 0.011 

g cm−3, MeOH). 1H NMR (400 MHz, CDCl3, δ ppm): 9.35 (s, 3H), 8.35 

(s, 3H), 8.10 (s, 3H), 8.09 (s, 3H), 7.43 (s, 3H), 7.23 – 6.97 (m, 30H), 

5.74 (t, J = 8.2 Hz, 3H), 5.52 (d, J = 14.1 Hz, 3H), 4.98 (d, J = 13.9 Hz, 

3H), 3.31 – 3.11 (m, 6H), 2.80 (d, J = 8.4 Hz, 3H), 1.60 (s, 6H),1.42– 

1.02 (m, 42H), 0.85 – 0.76 (m, 9H); 13C NMR (101 MHz, CDCl3, δ ppm): 

165.8, 135.8, 135.2, 134.3, 131.4, 129.1, 128.9, 127.7, 124.1, 119.4, 

63.1, 51.8, 39.9, 38.9, 31.9, 29.7, 29.4, 29.0, 26.9, 22.7, 14.1. IR (ATR): 

ῦmax (cm–1)= 3398, 3289, 3063, 2955, 2922, 2852, 1656, 1556, 1466, 

1156. MS (TOF MS ESI+): m/z (%) = 673.93 (100) [C81H120N9O3Br]2+, 

422.31 (70) [C81H120N9O3]3+, 1426.78 (80) [C81H120N9O3Br2]+. Anal. 

calcd for C81H120N9O3Br3·2H2O: C 63.0, H 8.1, N 8.2 found C 63.2, H 

8.4, N 8.0. 

8a-Br. Prepared as described for compound 4a-Br from (S)-N-benzyl-

2-(1H-imidazol-1-yl)-3-phenylpropanamide (0.192 g, 0.63 mmol, 4 

equiv) and 1,3,5-tris(bromomethyl)benzene (0.056 g, 0.157 mmol, 1 

equiv) dissolved in acetronitrile (1.57 mL). The yellow liquid obtained 

was evaporated to dryness and washed with ethyl acetate to give a 

brown waxy product (0.141 g, 70.3%); m.p. 138 oC, [α] D
25 = 2.1 deg 

cm3 g−1 dm−1 (c = 0.013 g cm−3, MeOH). 1H NMR (400 MHz, methanol-

d4/CDCl3, δ ppm): 9.37 (s, 3H), 7.68-7.52 (m, 6H), 7.41 (s, 3H), 7.23-

6.95 (m, 30H), 5.40-5.29 (m, 9H), 4.33 (d, J = 14.9 Hz, 3H), 4.15 (d, J = 

14.9 Hz, 3H), 3.45 (dd, J = 13.7, 7.1 Hz, 3H), 3.38-3.24 (m, 3H); 13C 

NMR (75 MHz, methanol-d4/CDCl3, δ ppm): 166.9, 135.7, 135.5, 

134.0, 131.1, 128.9, 128.8, 127.6, 123.4, 120.6, 63.0, 51.9, 39.1, 26.1; 

IR (ATR): ῦmax (cm–1) = 3216, 3058, 2968, 1679, 1549. MS (ESI+): m/z 

(%) = 344.5 (100) [C66H66N9O3]3+, 556.8 (20) [C66H66BrN9O3]2+. Anal. 

calcd for C66H66N9O3Br3·4H2O: C 58.9, H 5.6, N 9.4; found C 58.5, H 

5.7, N 9.0. 

3a-NTf2. 3,3’,3’’-(Benzene-1,3,5-triyltris(methylene))tris(1-((S)-1-

(dodecylamino)-3-methyl-1-oxobutan-2-yl)-1H-imidazol-3-ium) 

bromide (0.091 g, 6.64·10-2mmol, 1 equiv) and lithium 

bis((trifluoromethyl)sulfonyl)amide (0.0636 g, 0.221 mmol, 3.3 

equiv) were dissolved in methanol in a round bottom flask (50 mL). 

The reaction mixture was stirred at room temperature for 24 h. The 

solvent was evaporated under reduced pressure and the resulting 

residue was extracted with CH2Cl2 (3x), dried with anhydrous MgSO4, 

filtered, and vacuum concentrated. The reaction gave a yellow liquid 

product (0.086 g, 66%): Tg 7 ºC; [α] D
25 = 10.4 deg cm3 g−1 dm−1 (c = 

0.021 g cm−3, MeOH). 1H NMR (500 MHz, CDCl3, δ ppm): 8.95 (s, 3H), 

7.77 (s, 6H), 7.70 (s, 3H), 6.84-6.74 (m, NH), 5.48-5.30 (m, 6H), 4.53 

(d, J = 10.3 Hz, 3H), 3.36 (m, 3H), 3.04 (m, 3H), 2.39 (m, 3H), 1.49 (m, 

6H), 1.36-1.16 (m, 54H), 1.05 (d, J = 6.6 Hz, 9H), 0.88 (t, J = 6.9 Hz, 
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9H), 0.75 (d, J = 6.7 Hz, 9H);13C NMR (126 MHz, CDCl3, δ ppm): 166.1, 

135.7, 135.0, 131.4, 123.4, 121.7, 120.9 (CF3), 118.3 (CF3), 69.0, 52.7, 

40.0, 31.9, 29.6, 29.5, 29.4, 29.3, 29.1, 28.8, 26.8, 22.6, 18.7, 18.2, 

14.1; IR (ATR): ῦmax (cm–1)= 3379, 3147, 2924, 2855, 1679, 1186. MS 

(TOF MS ESI+): m/z (%) = 701.4 (100) [C71H120F6N10O7S2]2+, 374.3 (48) 

[C69H120N9O3]3+, 1682.8 (20) [C73H120F12N11O11S4]+. Anal. calcd for 

C75H120N12O15F18S6·H2O: C 45.5, H 6.2, N 8.5, S 9.7; found C 45.0, H 

6.4, N 8.7, S 10.0. 

6a-NTf2. Prepared as described for compound 3a-NTf2 from 0.070 g 

of 3,3’,3’’-(benzene-1,3,5-triyltris(methylene))tris(1-((S)-1-

(benzylamino)-3-methyl-1-oxobutan-2-yl)-1H-imidazol-3-ium) 

bromide (6.16·10-2mmol, 1 equiv) and 0.059 g of lithium 

bis((trifluoromethyl)sulfonyl)amide (0.205 mmol, 3.3 equiv). The 

reaction gave a waxy product (0.0957 g, 90.0%): Tg 30 ºC; [α] D
25 = 

17.9 deg cm3 g−1 dm−1 (c = 0.032 g cm−3, MeOH). 1H NMR (400 MHz, 

ACN-d3, δ ppm): 8.97 (s, 3H), 7.55 (s, 3H), 7.37 (m, 6H), 7.32-7.20 (m, 

15H), 5.36 (s, 6H), 4.56 (d, J = 9.6 Hz, 3H), 4.40 (d, J = 14.9 Hz, 3H), 

4.25 (d, J = 14.9 Hz, 3H), 2.31 (m, 3H), 0.92 (d, J = 6.6 Hz, 9H), 0.75 (d, 

J = 6.6 Hz, 9H); 13C NMR (75 MHz, CDCl3, δ ppm): 166.3, 137.0, 135.5, 

135.1, 131.1, 128.7, 127.8, 127.7, 123.2, 121.6 (CF3), 117.5 (CF3), 

68.8, 52.6, 43.9, 31.9, 18.6, 18.1; IR (ATR): ῦmax (cm–1) = 3373, 3146, 

2972, 1679, 1181. MS (ESI+): m/z (%) = 296.4 (100) [C54H66N9O3]3+, 

584.8 (55) [C56H66F6N10O7S2]2+. Anal. calcd for 

C60H66N12O15F18S6·3H2O: C 40.4, H 4.1, N 9.4, S 10.8; found C 40.9, H 

4.3, N 9.1, S 10.6. 

7a-NTf2. Prepared as described for compound 3a-NTf2 from 0.097 g 

of 3,3’,3’’-(benzene-1,3,5-triyltris(methylene))tris(1-((S)-1-

(dodecylamino)-1-oxo-3-phenylpropan-2-yl)-1H-imidazol-3-ium) 

bromide (6.44·10-2 mmol, 1 equiv) and 0.0616 g of lithium 

bis((trifluoromethyl)sulfonyl)amide (0.215 mmol, 3.3 equiv). The 

reaction gave a yellow waxy product (0.107 g, 79%): Tg 21 ºC; [α] D
25 

= -1.3 deg cm3 g−1 dm−1 (c = 0.011 g cm−3, MeOH). 1H NMR (400 MHz, 

CDCl3, δ): 8.54 (s, 3H), 7.75 (s, 3H), 7.56 (s, 3H), 7.49 (s, 3H), 7.22-7.10 

(m, 12H), 7.08-6.97 (m, 3H), 6.47 (m, NH), 5.13 (d, J = 9.7 Hz, 6H), 

3.30 (dd, J = 13.6, 7.3 Hz, 3H), 3.16 (m, 6H), 2.91 (m, 3H), 1.17 (m, 

64H), 0.81 (t, J = 6.7 Hz, 9H); 13C NMR (101 MHz, CDCl3, δ): 165.6, 

135.4, 134.8, 133.7, 131.0, 129.0, 128.9, 127.8, 123.1, 121.5, 121.2 

(CF3), 118.0 (CF3), 63.8, 52.3, 40.0, 39.9, 31.9, 29.6, 29.4, 29.3, 29.1, 

28.7, 26.6, 22.7, 14.1; IR (ATR): ῦmax (cm–1) = 3378, 3148, 2925, 2856, 

1678, 1551, 1457, 1346, 1187, 1137, 1054. MS (TOF MS ES+): m/z (%) 

= 773.44 (100) [C83H120F6N10O7S2]2+, 422.31 (20) [C81H120N9O3]3+. 

Anal. calcd for C87H120N12O15F18S6: C 49.6, H 5.7, N 8.0, S 9.1; found C 

49.4, H 6.0, N 7.5, S 9.7. 

8a-NTf2. Prepared as described for compound 3a-NTf2 from 0.045 g 

of 3,3’,3’’-(benzene-1,3,5-triyltris(methylene))tris(1-((S)-1-

(benzylamino)-1-oxo-3-phenylpropan-2-yl)-1H-imidazol-3-ium) 

bromide (3.5·10-2mmol, 1 equiv) and 0.0339 g of lithium 

bis((trifluoromethyl)sulfonyl)amide (0.118 mmol, 3.3 equiv). The 

reaction gave a waxy product (0.047 g, 70.2%): Tg 43ºC; [α] D
25 = -1.9 

deg cm3 g−1 dm−1 (c = 0.013 g cm−3, MeOH). 1H NMR (400 MHz, CDCl3, 

δ ppm): 8.53 (s, 3H), 7.68 (s, 3H), 7.48 (s, 3H), 7.42 (s, 3H), 7.24-6.79 

(m, 33H), 5.29-5.05 (m, 9H), 4.38 (dd, J = 14.7, 6.6 Hz, 3H), 4.05 (dt, J 

= 15.8, 5.8 Hz, 3H), 3.31 (dd, J = 13.5, 7.6 Hz, 3H), 3.14 (dd, J = 13.6, 

8.0 Hz, 3H); 13C NMR (126 MHz, CDCl3, δ ppm): 165.8, 136.6, 135.4, 

135.0, 133.6, 130.9, 129.1, 128.9, 128.6, 127.8, 127.6, 123.2, 121.6, 

120.9 (CF3), 118.3 (CF3), 63.7, 52.4, 43.8, 39.7; IR (ATR): ῦmax (cm–1) = 

3371, 3147, 2926, 1679, 1182. MS (ESI+): m/z (%) = 344.5 (35) 

[C66H66N9O3]3+, 656.4 (100) [C68H66F6N10O7S2]2+, 1592.6 (10) 

[C70H66F12N11O11S4]+. Anal. calcd for C72H66N12O15F18S6: C 46.2, H 3.6, 

N 9.0, S 10.3; found C 46.3, H 3.4, N 8.8, S 9.7.  
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1) Microscopic appearance of A549 cell line 

 

Figure S1. Microscopic appearance of A549 cell line in DMEM medium a) control; b) 

incubated with 7a-Br (5 M) at physiologic external pH, after 2 days under white and phase 

contrast (scale bar 10 m). 

 

 

  

a)

b)



2) Fluorescence experiments 

 
Figure S2. a) Plot of polarity ratio I1/I3 (orange, left axes) and Ie/I1 (blue, right axes) vs log C 

(mM) for 3b-Br in H2O at 25 oC, b) Emission spectra of pyrene in H2O in the presence of 

different amounts of 3b-Br. 

 

a) 

b) 

 

 
Figure S3. a) Plot of polarity ratio I1/I3 vs log C (C mM) in H2O at 25oC for: 4a-Br, 6a-Br and 

5b-Br. b) Emission spectra of pyrene in H2O in the presence of different amounts of 6a-Br. 
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Figure S4. Plot of polarity ratio I1/I3 vs log C (C mM) in buffer at different pHs at 25 oC for: 

a) 3a-Br and b) 4a-Br 
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3) 1H NMR experiments for aggregation studies 

a)  

 

b) 

 

Figure S5 Partial 1H NMR of tripodal compounds at different concentrations in CD3OD/D2O 

1/1 v/v (400 MHz): a) 3b-Br b) 4a-Br 

  



4) LS experiments

 

 

Figure S6. Hydrodynamic diameter (green circles, right axes) and intensity of the scattered 

light in absolute units (1/cm-1) (blue circles, left axes) obtained with DLS for 3a-Br, 3b-Br, 5b-

Br and 6a-Br in CH3OH/H2O (1/1 v/v) and presented as a function of the surfactant 

concentration. 
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5)  Optical microcopy and SEM images 

 

Figure S7. Optical microscopy images for some tripodal compounds (6 mM in H2O/CH3OH 

1/1) 
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Figure S8. SEM images for some tripodal compounds in H2O/CH3OH 1/1: a) 3a-Br and b) 

6a-Br 
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6) Chloride transport studies 

 
Nitrate outside the vesicles 

3a-NTf2 

 
Figure S9. Chloride efflux promoted by 3a-NTf2 (50 µM - 10%; 25 µM - 5% mol carrier to 

lipid concentration) in unilamellar POPC vesicles. Vesicles loaded with 489 mM NaCl were 

buffered at pH 7.2 with 5 mM phosphate and dispersed in 489 mM NaNO3 buffered at pH 7.2. 

Each trace represents the average of at least three trials. 

 

6a-NTf2 

 
Figure S10. Chloride efflux promoted by 6a-NTf2 (50 µM - 10%; 25 µM - 5% mol carrier to 

lipid concentration) in unilamellar POPC vesicles. Vesicles loaded with 489 mM NaCl were 

buffered at pH 7.2 with 5 mM phosphate and dispersed in 489 mM NaNO3 buffered at pH 7.2. 

Each trace represents the average of at least three trials. 
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7a-NTf2 

 
Figure S11. Chloride efflux promoted by 7a-NTf2 (50 µM - 10%; 25 µM - 5% mol carrier to 

lipid concentration) in unilamellar POPC vesicles. Vesicles loaded with 489 mM NaCl were 

buffered at pH 7.2 with 5 mM phosphate and dispersed in 489 mM NaNO3 buffered at pH 7.2. 

Each trace represents the average of at least three trials. 

 

8a-NTf2 

 
Figure S12. Chloride efflux promoted by 8a-NTf2 (50 µM - 10%; 25 µM - 5% mol carrier to 

lipid concentration) in unilamellar POPC vesicles. Vesicles loaded with 489 mM NaCl were 

buffered at pH 7.2 with 5 mM phosphate and dispersed in 489 mM NaNO3 buffered at pH 7.2. 

Each trace represents the average of at least three trials. 
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Sulfate and bicarbonate outside the vesicles 
 

3a-NTf2 

 
Figure S13. Chloride efflux promoted by 3a-NTf2 (50 µM - 10%; 25 µM - 5% mol carrier to 

lipid concentration) in unilamellar POPC vesicles. The vesicles, which contained NaCl (451 

mM NaCl and 20 mM phosphate buffer, pH 7.2), were immersed in Na2SO4 (150 mM Na2SO4, 

40 mM HCO3
– and 20 mM phosphate buffer, pH 7.2). Each trace represents an average of at 

least three different experiments. 

 

 

6a-NTf2 

 
Figure S14. Chloride efflux promoted by 6a-NTf2 (50 µM - 10%; 25 µM - 5% mol carrier to 

lipid concentration) in unilamellar POPC vesicles. The vesicles, which contained NaCl (451 

mM NaCl and 20 mM phosphate buffer, pH 7.2), were immersed in Na2SO4 (150 mM Na2SO4, 

40 mM HCO3
– and 20 mM phosphate buffer, pH 7.2). Each trace represents an average of at 

least three different experiments. 
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7a-NTf2 

 
Figure S15. Chloride efflux promoted by 7a-NTf2 (50 µM - 10%; 25 µM - 5% mol carrier to 

lipid concentration) in unilamellar POPC vesicles. The vesicles, which contained NaCl (451 

mM NaCl and 20 mM phosphate buffer, pH 7.2), were immersed in Na2SO4 (150 mM Na2SO4, 

40 mM HCO3
– and 20 mM phosphate buffer, pH 7.2). Each trace represents an average of at 

least three different experiments. 

 

8a-NTf2 

 
Figure S16. Chloride efflux promoted by 8a-NTf2 (50 µM - 10%; 25 µM - 5% mol carrier to 

lipid concentration) in unilamellar POPC vesicles. The vesicles, which contained NaCl (451 

mM NaCl and 20 mM phosphate buffer, pH 7.2), were immersed in Na2SO4 (150 mM Na2SO4, 

40 mM HCO3
– and 20 mM phosphate buffer, pH 7.2). Each trace represents an average of at 

least three different experiments. 
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Sulfate outside the vesicles 
3a-NTf2 

 
Figure S17. Chloride efflux promoted by 3a-NTf2 (50 µM - 10%; 25 µM - 5% mol carrier to 

lipid concentration) in unilamellar POPC vesicles. The vesicles, which contained NaCl (451 

mM NaCl and 20 mM phosphate buffer, pH 7.2), were immersed in Na2SO4 (150 mM Na2SO4 

and 20 mM phosphate buffer, pH 7.2). Each trace corresponds to one experiment. 

 

6a-NTf2 

 
Figure S18. Chloride efflux promoted by 6a-NTf2 (50 µM - 10%; 25 µM - 5% mol carrier to 

lipid concentration) in unilamellar POPC vesicles. The vesicles, which contained NaCl (451 

mM NaCl and 20 mM phosphate buffer, pH 7.2), were immersed in Na2SO4 (150 mM Na2SO4 

and 20 mM phosphate buffer, pH 7.2). Each trace corresponds to one experiment. 
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7a-NTf2 

 
Figure S19. Chloride efflux promoted by 7a-NTf2 (50 µM - 10%; 25 µM - 5% mol carrier to 

lipid concentration) in unilamellar POPC vesicles. The vesicles, which contained NaCl (451 

mM NaCl and 20 mM phosphate buffer, pH 7.2), were immersed in Na2SO4 (150 mM Na2SO4 

and 20 mM phosphate buffer, pH 7.2). Each trace corresponds to one experiment. 

 

8a-NTf2 

 
Figure S20. Chloride efflux promoted by 8a-NTf2 (50 µM - 10%; 25 µM - 5% mol carrier to 

lipid concentration) in unilamellar POPC vesicles. The vesicles, which contained NaCl (451 

mM NaCl and 20 mM phosphate buffer, pH 7.2), were immersed in Na2SO4 (150 mM Na2SO4 

and 20 mM phosphate buffer, pH 7.2). Each trace corresponds to one experiment. 

  

0 50 100 150 200 250 300

0

20

40

60

80

100

 10%

 5%

C
h

lo
ri

d
e

 e
ff
lu

x
 (

%
)

t (s)

0 50 100 150 200 250 300

0

20

40

60

80

100

 10%

 5%

C
h

lo
ri

d
e

 e
ff
lu

x
 (

%
)

t (s)



7) Chloride 1H NMR titration experiments 

 

 
Figure S21. Partial 1H NMR spectra (400 MHz, CD3CN/D2O 8/2) for 3a-NTf2 (6 mM) obtained 

upon addition of different aliquots of a 60 mM solution of TBACl 
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Figure S22. Partial 1H NMR spectra (300 MHz, CD3CN/D2O 8/2) for 6a-NTf2 (6 mM) obtained 

upon addition of different aliquots of a 60 mM solution of TBACl 

 

 

 
Figure S23. Partial 1H NMR spectra (400 MHz, CD3CN/D2O 8/2) for 7a-NTf2 (6 mM) obtained 

upon addition of different aliquots of a 60 mM solution of TBACl 
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Figure S24. Partial 1H NMR spectra (300 MHz, CD3CN/D2O 8/2) for 8a-NTf2 (6 mM) obtained 

upon addition of different aliquots of a 60 mM solution of TBACl  
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8) Fitted binding isotherms 

 

 

 

 
Figure S25. Fitted binding isotherms obtained for the titration of a 6 mM solution of compound 

3a-NTf2 with a 60 mM solution of TBACl (CD3CN/D2O 8/2). In order to avoid the dilution 

effect, the latter was prepared with the former. The graph shows the change in chemical shift 

of the signals corresponding to imidazolium Hg, Hf, Hb protons of the molecule, fitted to the 1:1 

binding model. 
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Figure S26. Fitted binding isotherms obtained for the titration of a 6 mM solution of compound 

6a-NTf2 with a 60 mM solution of TBACl (CD3CN/D2O 8/2). In order to avoid the dilution 

effect, the latter was prepared with the former. The graph shows the change in chemical shift 

of the signals corresponding to Hg, Hf, NH, Hb, Ha protons of the molecule, fitted to the 1:1 

binding model. 
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Figure S27. Fitted binding isotherms obtained for the titration of a 6 mM solution of compound 

7a-NTf2 with a 60 mM solution of TBACl (CD3CN/D2O 8/2). In order to avoid the dilution 

effect, the latter was prepared with the former. The graph shows the change in chemical shift 

of the signals corresponding to Hg, Hf, NH, Hb, Ha protons of the molecule, fitted to the 1:1 

binding model. 
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Figure S28. Fitted binding isotherms obtained for the titration of a 6 mM solution of compound 

8a-NTf2 with a 60 mM solution of TBACl (CD3CN/D2O 8/2). In order to avoid the dilution 

effect, the latter was prepared with the former. The graph shows the change in chemical shift 

of the signals corresponding to Hg, Hf, NH, Hb, Ha protons of the molecule, fitted to the 1:1 

binding model. 
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9) Carboxyfluorescein transport studies 

 

 
Figure S29. Carboxyfluorescein normalized fluorescence intensity recorded upon addition of 

DMSO, the blank, to POPC vesicles (0.05 mM). Vesicles (loaded with 451 mM NaCl buffered 

at pH 7.2 with 20 mM phosphate and containing 50 mM CF; I.S. 500 mM) were suspended in 

Na2SO4 (150 mM, buffered at pH 7.2 with 20 mM phosphate; I.S. 500 mM). At t = 60 s DMSO 

was added (10 L), while at t = 360 s the detergent (20 L) was added. Each spectrum 

represents the average of six trials, carried out with three different batches of vesicles. 
 

 

 

 
Figure S30. Carboxyfluorescein normalized fluorescence intensity recorded upon addition of 

3a-NTf2 to POPC vesicles (0.05 mM). Vesicles (loaded with 451 mM NaCl buffered at pH 7.2 

with 20 mM phosphate, and containing 50 mM CF; I.S. 500 mM) were suspended in Na2SO4 

(150 mM, buffered at pH 7.2 with 20 mM phosphate; I.S. 500 mM). At t = 60 s the compound 

was added (10% mol carrier to lipid), while at t = 360 s the detergent (20 L) was added. Each 

spectrum represents the average of three trials. 
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Figure S31. Carboxyfluorescein normalized fluorescence intensity recorded upon addition of 

6a-NTf2 to POPC vesicles (0.05 mM). Vesicles (loaded with 451 mM NaCl buffered at pH 7.2 

with 20 mM phosphate, and containing 50 mM CF; I.S. 500 mM) were suspended in Na2SO4 

(150 mM, buffered at pH 7.2 with 20 mM phosphate; I.S. 500 mM). At t = 60 s the compound 

was added (10% mol carrier to lipid), while at t = 360 s the detergent (20 L) was added. Each 

spectrum represents the average of three trials. 
 

 

 

 
Figure S32. Carboxyfluorescein normalized fluorescence intensity recorded upon addition of 

7a-NTf2 to POPC vesicles (0.05 mM). Vesicles (loaded with 451 mM NaCl buffered at pH 7.2 

with 20 mM phosphate, and containing 50 mM CF; I.S. 500 mM) were suspended in Na2SO4 

(150 mM, buffered at pH 7.2 with 20 mM phosphate; I.S. 500 mM). At t = 60 s the compound 

was added (10% mol carrier to lipid), while at t = 360 s the detergent (20 L) was added. Each 

spectrum represents the average of three trials. 
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Figure S33. Carboxyfluorescein normalized fluorescence intensity recorded upon addition of 

8a-NTf2 to POPC vesicles (0.05 mM). Vesicles (loaded with 451 mM NaCl buffered at pH 7.2 

with 20 mM phosphate, and containing 50 mM CF; I.S. 500 mM) were suspended in Na2SO4 

(150 mM, buffered at pH 7.2 with 20 mM phosphate; I.S. 500 mM). At t = 60 s the compound 

was added (10% mol carrier to lipid), while at t = 360 s the detergent (20 L) was added. Each 

spectrum represents the average of three trials. 

 

 

 
Figure S34. Carboxyfluorescein normalized fluorescence intensity recorded upon addition of 

3a-Br to POPC vesicles (0.05 mM). Vesicles (loaded with 451 mM NaCl buffered at pH 7.2 

with 20 mM phosphate and containing 50 mM CF; I.S. 500 mM) were suspended in Na2SO4 

(150 mM, buffered at pH 7.2 with 20 mM phosphate; I.S. 500 mM). At t = 60 s the compound 

was added (10% mol carrier to lipid), while at t = 360 s the detergent (20 L) was added. Each 

spectrum represents the average of six trials, carried out with three different batches of vesicles. 
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Figure S35. Carboxyfluorescein normalized fluorescence intensity recorded upon addition of 

3b-Br to POPC vesicles (0.05 mM). Vesicles (loaded with 451 mM NaCl buffered at pH 7.2 

with 20 mM phosphate and containing 50 mM CF; I.S. 500 mM) were suspended in Na2SO4 

(150 mM, buffered at pH 7.2 with 20 mM phosphate; I.S. 500 mM). At t = 60 s the compound 

was added (10% mol carrier to lipid), while at t = 360 s the detergent (20 L) was added. Each 

spectrum represents the average of six trials, carried out with three different batches of vesicles. 
 

 

 

 
Figure S36. Carboxyfluorescein normalized fluorescence intensity recorded upon addition of 

4a-Br to POPC vesicles (0.05 mM). Vesicles (loaded with 451 mM NaCl buffered at pH 7.2 

with 20 mM phosphate and containing 50 mM CF; I.S. 500 mM) were suspended in Na2SO4 

(150 mM, buffered at pH 7.2 with 20 mM phosphate; I.S. 500 mM). At t = 60 s the compound 

was added (10% mol carrier to lipid), while at t = 360 s the detergent (20 L) was added. Each 

spectrum represents the average of six trials, carried out with three different batches of vesicles. 
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Figure S37. Carboxyfluorescein normalized fluorescence intensity recorded upon addition of 

5a-Br to POPC vesicles (0.05 mM). Vesicles (loaded with 451 mM NaCl buffered at pH 7.2 

with 20 mM phosphate and containing 50 mM CF; I.S. 500 mM) were suspended in Na2SO4 

(150 mM, buffered at pH 7.2 with 20 mM phosphate; I.S. 500 mM). At t = 60 s the compound 

was added (10% mol carrier to lipid), while at t = 360 s the detergent (20 L) was added. Each 

spectrum represents the average of six trials, carried out with three different batches of vesicles. 

 
 

 

 
Figure S38. Carboxyfluorescein normalized fluorescence intensity recorded upon addition of 

6a-Br to POPC vesicles (0.05 mM). Vesicles (loaded with 451 mM NaCl buffered at pH 7.2 

with 20 mM phosphate and containing 50 mM CF; I.S. 500 mM) were suspended in Na2SO4 

(150 mM, buffered at pH 7.2 with 20 mM phosphate; I.S. 500 mM). At t = 60 s the compound 

was added (10% mol carrier to lipid), while at t = 360 s the detergent (20 L) was added. Each 

spectrum represents the average of six trials, carried out with three different batches of vesicles. 
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Figure S39. Carboxyfluorescein normalized fluorescence intensity recorded upon addition of 

7a-Br to POPC vesicles (0.05 mM). Vesicles (loaded with 451 mM NaCl buffered at pH 7.2 

with 20 mM phosphate and containing 50 mM CF; I.S. 500 mM) were suspended in Na2SO4 

(150 mM, buffered at pH 7.2 with 20 mM phosphate; I.S. 500 mM). At t = 60 s the compound 

was added (10% mol carrier to lipid), while at t = 360 s the detergent (20 L) was added. Each 

spectrum represents the average of six trials, carried out with three different batches of vesicles. 

 

 

 
Figure S40. Carboxyfluorescein normalized fluorescence intensity recorded upon addition of 

8a-Br to POPC vesicles (0.05 mM). Vesicles (loaded with 451 mM NaCl buffered at pH 7.2 

with 20 mM phosphate and containing 50 mM CF; I.S. 500 mM) were suspended in Na2SO4 

(150 mM, buffered at pH 7.2 with 20 mM phosphate; I.S. 500 mM). At t = 60 s the compound 

was added (10% mol carrier to lipid), while at t = 360 s the detergent (20 L) was added. Each 

spectrum represents the average of six trials, carried out with three different batches of vesicles. 
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Figure S41. Carboxyfluorescein leakage observed upon addition of the studied compounds to 

POPC vesicles (0.05 mM). Vesicles (loaded with 451 mM NaCl buffered at pH 7.2 with 20 

mM phosphate and containing 50 mM CF; I.S. 500 mM) were suspended in Na2SO4 (150 mM, 

buffered at pH 7.2 with 20 mM phosphate; I.S. 500 mM). At t = 60 s the compound was added 

(10% mol carrier to lipid), while at t = 360 s the detergent (20 L) was added. The blank is 

DMSO (10 L). Each trace represents the average of six trials, carried out with three different 

batches of vesicles  

  



 

 

Figure S42. Carboxyfluorescein leakage observed upon addition of 3a-Br (red trace), 

3b-Br (light blue trace), 4a-Br (pink trace), 5b-Br (green trace), 6a-Br (dark blue trace), 

7a-Br (gold trace) and 8a-Br (purple trace) to POPC vesicles (0.05 mM). Vesicles 

(loaded with 451 mM NaCl buffered at pH 7.2 with 20 mM phosphate and containing 

50 mM CF; I.S. 500 mM) were suspended in Na2SO4 (150 mM, buffered at pH 6.2 with 

20 mM phosphate; I.S. 500 mM). At t = 60 s the compound was added (10% mol carrier 

to lipid), while at t = 360 s the detergent (20 L) was added. The blank is DMSO (10 

L). Each trace represents the average of six trials, carried out with three different 

batches of vesicles.  

 

  



 

 

 
 

 
 
Figure S43. 1H NMR (400 MHz, Methanol-d4,) and 13C-NMR (101 MHz, Methanol-d4) of 

compound 4a-Br 

 



 

 
Figure S44. ESI-MS (+) and DSC (second heating and cooling cycle) of compound 4a-Br. 
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Figure S45. 1H NMR (500 MHz, CDCl3) and 13C-NMR (75 MHz, CDCl3) of compound 6a-Br 

 
 



 
 
 
 

  
Figure S46. ESI-MS (+) and DSC (second heating and cooling cycle) of compound 6a-Br. 
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Figure S47. 1H NMR (400 MHz, CDCl3) and 13C-NMR (101 MHz, CDCl3) of compound 7a-

Br 

 



 

 

 
 

Figure S48. ESI-MS (+) and DSC (second heating and cooling cycle) of compound 7a-Br. 
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Figure S49. 1H NMR (400 MHz, methanol-d4/CDCl3) and 13C-NMR (75 MHz, methanol-

d4/CDCl3) of compound 8a-Br. 

 

 



 
 
 
 Figure S50. ESI-MS (+) of compound 8a-Br. 
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Figure S51. 1H NMR (500 MHz, CDCl3) and 13C-NMR (126 MHz, CDCl3) of compound 3a-

NTf2. 

 



 
 

 
Figure S52. ESI-MS (+) and DSC (second heating and cooling cycle) of compound 3a-NTf2.  
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Figure S53. 1H NMR (400 MHz, ACN-d3) and 13C-NMR (75 MHz, CDCl3) of compound 6a-

NTf2. 

 
 



 
 
 
 

  

Figure S54. ESI-MS (+) and DSC (second heating and cooling cycle) of compound 6a-NTf2. 
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Figure S55. 1H NMR (400 MHz, CDCl3) and 13C-NMR (101 MHz, CDCl3) of compound 7a-

NTf2. 

 



 

 
 

Figure S56. ESI-MS (+) and DSC (second heating and cooling cycle) of compound 7a-NTf2. 
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Figure S57. 1H NMR (400 MHz, CDCl3) and 13C-NMR (126 MHz, CDCl3) of compound 8a-

NTf2. 

 
 



 
 
 

 

 

Figure S56. ESI-MS (+) and DSC (second heating and cooling cycle) of compound 8a-NTf2. 
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