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Abstract 

Tripodal anion receptors can be developed as synthetic anion carriers for transmembrane 

transport of anions if they fulfil specific structural requirements. 1,3,5-tris(-ethyl)-phenylene 

(TEP) and Tris(2-aminoethyl)amine (TREN) scaffolds, functionalized with anion recognition 

modules, originally designed for anion recognition, where shown to be effective in promoting 

transport across lipid membranes. Using Large Unilamellar Vesicles (LUVs) as model systems 

it was further shown that they can facilitate the transport of more challenging anions, 

including strongly hydrated phosphate esters. The transmembrane transport activity was also 

evaluated for Cl−, PhHPO4
−, SO42−, and H2PO4

−. The efflux of anions was monitored by 

fluorescence and 31P-NMR assays. In addition, the binding affinities were assessed via NMR 

titration studies obtain quantitative data regarding the interaction between the receptor and 

anion. 
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1 Introduction 

1.1 Ions in biology 
Living organisms contain dissolved ions at varied concentrations (Fig. 1), which differ between 

intracellular and extracellular environment. These ionic concentrations play a critical role in 

maintaining the homeostasis of the organism, and thus the proper functioning of biological 

mechanisms.  

 
Figure 1: Ion concentration in extracellular and intracellular environment 1 

The hydrophobic interior of the lipid bilayer in the membranes acts as a barrier, preventing 

charged substances from diffusing through it. Thus, ions cannot freely cross cellular 

membranes. In nature, ion transport across the membranes has to be mediated by membrane 

proteins, which not only regulate ionic concentrations, but also maintain the electrochemical 

gradient. These transmembrane transport proteins facilitate the movement of ions across 

membranes through two main modalities (Fig. 2). In passive transport, ions move along their 

concentration gradient, a process often mediated by channel proteins but also possible via 

carriers. In contrast, active transport requires energy consumption, with carrier proteins 

undergoing conformational changes to pump ions against their gradient and establish new 

concentration differences. 
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Figure 2: Visual representation of transport across membranes 2 

Transmembrane transport proteins mediate different mechanisms depending on their 

function: antiporters exchange two ions bearing charges of the same sign in opposite 

directions; symporters co-transport two ions of opposite charge in the same direction; 

uniporters facilitate the movement of a single ion across the membrane, contributing to the 

establishment or maintenance of electrochemical and concentration gradients (Fig. 3). 

 
Figure 3: Uniport, symport and antiport visual representation 

Genetic mutations can result in dysfunction of these proteins, causing channelopathies, that 

are disorders associated with ion channel malfunctions. 3 One of the most well-known 

channelopathies is cystic fibrosis, which is the most common autosomal recessive disease 

among people of Caucasian ethnicity. 3  This disease is caused by mutations in the CFTR gene, 

which encodes a chloride/bicarbonate channel in epithelial cells. Loss of CFTR function impairs 

chloride and bicarbonate secretion into the airway surface liquid. Reduced chloride and water 

transport leads to dehydrated, more viscous mucus, while defective bicarbonate secretion 

lowers the pH of the airway surface liquid, further aggravating mucus dehydration and 
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impairing clearance.4 Cystic fibrosis is among the most prevalent life-shortening genetic 

disorders, with a mean life expectancy of 47.7 years. 5 Despite its clinical importance and the 

drastic progress made in therapies over the past 20 years, no general cure currently exists. 

Available medications have been developed only recently and are effective for specific 

mutations, making a universal treatment for all patients still unattainable. The numerous 

genetic mutations (about 2000) responsible for this disease also make gene therapy extremely 

challenging. 

1.2 Synthetic ion carriers 
A potential strategy to combat cystic fibrosis is the use of synthetic ion carriers, that can be 

used to help counteract the effects of channelopathies by compensating for defective proteins 

and directly transporting the desired ions across membranes. This approach is called ‘channel 

replacement therapy’. 6 The use of this approach is not yet well established, but it appears 

promising. Synthetic ion carriers have also been developed and are currently being studied 

with the aim of becoming therapeutic drugs. 7 

A synthetic ion carrier is a small molecule that is able to transport ions across the membrane, 

mimicking the action of natural ion channels. A synthetic ion carrier is a receptor for the ion 

of interest that is soluble in the lipophilic domain of the membrane, 8 and  it can extract the 

ion from the aqueous phase, shuttle it across the membrane, and then release it on the other 

side (Fig. 4a). 

 
Figure 4: a) Schematic representation of the operating mechanism of a synthetic ion carrier.  
b) 9 and c) 10 Examples of synthetic anion carriers. 

1.3 Model System: Liposomes 
Studying the efficiency in cells is generally difficult due to multiple factors including 

reproducibility, additional variables influencing carrier behaviour, cost, and the complexity of 

monitoring ion transport. One simpler way to test the functioning of a synthetic anion carrier 

is by using liposomes as model systems. In aqueous solution, lipids spontaneously self-

assemble into spherical vesicles known as liposomes. Each liposome is formed by a bilayer of 

natural or synthetic lipids, with polar head groups exposed to the surrounding aqueous 

environment and hydrophobic tails forming the interior of the membrane, thereby 

encapsulating an aqueous compartment. One of the advantages of using liposomes as model 

system is the possibility to prepare lipid films together with the synthetic anion carrier. The 

so-called pre-incorporation method allows to test also poorly deliverable synthetic anion 

carriers. In this study, large unilamellar vesicles (LUVs) with diameters ranging from 100 to 200 
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nm were employed. These vesicles are below the resolution limit of optical microscopy and 

smaller than most biological cells; for comparison, a typical human epithelial cell measures 

approximately 10 μm. 11 LUVs were preferred over larger vesicles, such as Giant Unilamellar 

Vesicles (GUVs diameter > 1 μm), due to their relative ease of preparation in the laboratory 

without requiring specific machinery. The liposomes were composed of POPC (1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine) as the constituent lipid (Fig. 5). Since research on 

synthetic anion carriers ultimately aims at therapeutic applications in human medicine, the 

lipid composition of model liposomes should resemble mammalian cells. For this reason, 

POPC is widely employed in anion transport studies, as it closely mimics epithelial 

membranes. Moreover, it forms stable vesicles, is chemically robust, commercially available, 

and, being a well-established standard lipid, enables reliable comparison of data across 

different laboratories. 

 
Figure 5: Visual representation of liposomes and bilayer made of POPC 

1.4 Liposomes preparation 
LUVs are prepared following an established method. 12 Minor modifications to the procedure 

may be applied depending on the specific assay requirements and the target anion. 

A lipid solution in organic solvents such as chloroform, optionally supplemented with the 

synthetic anion carrier, is prepared and subjected to solvent evaporation to form a thin lipid 

film. The lipid film is then hydrated by adding an aqueous solution containing: a salt having an 

anion different from the one investigated, to allow for antiport; the pH buffer; an emissive 

probe for transport monitoring when required. The hydration step results in vesicles with 

broad size distribution, as well as the presence of multilamellar vesicles, containing multiple 

concentric lipid bilayers, and multivesicular vesicles, which consist of numerous smaller 

vesicles encapsulated within a larger one (Fig. 6). To obtain unilamellar vesicles, the lipid 

suspension is subjected to freeze-thaw cycles. This process involves rapid freezing at low 

temperatures followed by thawing at mild temperatures, effectively disrupting multilamellar 

and multivesicular vesicles and reforming as unilamellar. To achieve a narrow size distribution, 

the lipid suspension is repeatedly extruded through a porous membrane. During this process, 

larger liposomes break apart under the applied force, and their lipids are redistributed into 

smaller vesicles, resulting in a more homogeneous size distribution. Finally, if the method 
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requires the liposomes to contain an internal probe, it is necessary to remove the external 

probe added during the hydration step. This is achieved by size exclusion chromatography, 

facilitating effective separation of liposomes from unencapsulated probe molecules.  

 

Figure 6: Visual representation of different types of vesicles. 13 

1.5 Design of a synthetic anion carrier 
1.5.1 Synthetic anion carriers as receptors  

Because this master thesis project focuses only on anion transport, an overview is provided 

regarding the requirements for synthetic anion carriers. The carrier has to be a lipophilic 

receptor for the desired anion, non-covalent, reversible interactions for anion binding. Mainly 

hydrogen bonds but also halogen bonds can be employed. Some of the most common 

recognition motifs used as H-bond donors are ureas, thioureas, amides, squaramides and 

others. 

The affinity between the synthetic anion carrier (host) and the anion (guest) can be measured 

by the binding constant Ka, that for a 1:1 complex is defined as: 

𝐻 + 𝐺 ⇌ 𝐻𝐺 (1) 

𝐾𝑎(𝑀−1) =
[𝐻𝐺]

[𝐻][𝐺] 
 (2) 

To determine the Ka, several methods can be employed. In this thesis, a 1H-NMR titration was 

used. In a 1H-NMR titration, aliquots of the guest were added to a solution of the host at a 

known concentration, if complexation occurs between host and guest, this interaction can be 

detected in the 1H-NMR spectrum. In ¹H-NMR binding studies, the observed behaviour 

depends on the relative speed of complex formation and dissociation compared to the NMR 

timescale, which reflects the characteristic time over which NMR can detect changes in the 

chemical environment of nuclei. In ¹H-NMR titrations, two typical cases can be observed: 

-slow exchange regime, the formation and dissociation of the complex are slow on the 1H-

NMR timescale, and consequently, both the free and bound species are observed as distinct 

signals in the spectrum. The Ka can be obtained from the integrals of the peaks corresponding 

to the free and complexed species and calculating their relative ratios at each titration point, 

using the appropriate binding model; 
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-fast exchange regime, the formation and dissociation of the complex is fast on than the 1H-

NMR timescale, the observed signals correspond to a weighted average between the free and 

bound states. The Ka is determined by fitting the difference of the chemical shift as a function 

of the guest concentration, using the appropriate binding model.  

The 1H-NMR titration is a technique that can be applied to measure Ka in the range from 10 to 

104 M−1 for a 1:1 complex. 

An excessively high Ka can limit the functionality of synthetic anion carriers, as overly strong 

binding may prevent efficient release of the anion, reducing transport efficiency across the 

membrane, although only a handful of cases exhibiting this issue have been reported. 14 For a 

series of closely related compounds, stronger binding generally leads to better transport. 

To increase H-bond strength, electron-withdrawing substituents are typically introduced in the 

receptors. By adding electron-withdrawing groups, the acidity of groups such as urea or 

thiourea is increased, making the receptor a better H-bond donor. 14  Some examples of the 

most common electron-withdrawing groups used are 3,5-bis(trifluoromethyl)phenyl, 4-

trifluoromethylphenyl, pentafluorophenyl, 4-nitrophenyl and 4-trifluoromethylthiophenyl 

(Fig. 7). 

 
Figure 7: a) 3,5-bis(trifluoromethyl)phenyl, b) 4-trifluoromethylphenyl, c) pentafluorophenyl, d) 

4-nitrophenyl, e) 4-trifluoromethylthiophenyl. 

As previously mentioned, ureas and thioureas are commonly used hydrogen bond donor 

groups.  Despite their similar chemical properties and geometry, thioureas are usually 

preferred over ureas. The oxygen atom in the urea functional group is highly electronegative 

and can act as a hydrogen bond acceptor, which enhances the carrier’s affinity for the water 

at the water-membrane interface (Fig. 8). 15 The interaction with water molecules hampers 

the carrier’s ability to cross the membrane, consequently reducing its lipophilicity and leading 

to a decrease in anion transport efficiency. 
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Figure 8: Visual representation of H-bond acceptor property of urea and thiourea. 

1.5.2 Synthetic anion carrier deliverability to liposomes 

As mentioned previously, a synthetic anion carrier has to be lipophilic. 8 For this reason most 

of the reported synthetic anion carriers are neutral molecules. 16 Ensuring the deliverability of 

a synthetic anion carrier is a major challenge in developing functional transporters for 

biological applications, since a carrier cannot be pre-incorporated into cellular membranes.  

Thus, it is advantageous to be able to incorporate the carrier into the membranes even after 

the formation of liposomes. 17 In liposomes, various strategies exist to incorporate synthetic 

carriers into the lipid bilayer, such as membrane fusion. 18 A simpler approach involves post-

inserting the carrier into an already prepared liposome suspension by adding a small volume 

of a water-miscible organic solvent containing the carrier. For effective integration, the carrier 

must exhibit sufficient lipophilicity to partition into and remain in the membranes, without 

leaking out. At the same time, the transporter should not be too hydrophobic, which could 

lead to immediate precipitation upon addition to the aqueous liposome suspension.  

The clogP parameter is commonly employed to quantify the lipophilicity of a compound. It is 

defined as the logarithm of the octanol–water partition coefficient, reflecting the relative 

distribution of the molecule between the two phases: 

𝑐𝑙𝑜𝑔𝑃 = 𝑙𝑜𝑔 10 (
𝑐𝑜𝑐𝑡𝑎𝑛𝑜𝑙

𝑐𝑤𝑎𝑡𝑒𝑟
) (3) 

The clogP value used in this thesis was not experimentally measured but it was predicted 

based on the molecular structure and its functional groups using ChemDraw 23.1.2. Although 

not an absolute rule, empirical observations suggest that synthetic anion carriers require a 

clogP value greater than 5 to prevent leakage from liposomes, and lower than 12 to enable 

effective post-insertion into liposomes. 15,16  

1.6 Transport differences among anions 
Research groups engaged in anion transport focus on different anions, and their research 

interest varies depending on the functional roles these anions may play. Although the 

fundamental principles that govern the function of synthetic anion carriers remain 

unchanged, the choice of structural features often depends on the specific anion to be 

transported. Each anion presents distinct characteristics, such as size, geometry, and charge 
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distribution, which must be considered when designing the binding site. For instance, halides 

share a simple spherical symmetry, yet their ionic radii vary considerably (Table 1), requiring 

carriers with binding cavities appropriately matched to ensure efficient recognition and 

transport. 

Table 1: Ionic radii of halides 19 
 

 
Oxoanions represent a significant class of anions the field of anion transport; they can have 

various symmetry and sizes depending on the elements, and behaviour that depends on the 

protonation state. A critical factor influencing the difficulty of anion transport is the hydration 

enthalpy ΔH°hyd, defined as is the enthalpy change when one mole of gaseous ions becomes 

surrounded by water molecules. ΔH°hyd is a measure that quantifies the interaction strength 

between an anion and surrounding water molecules. 20 Successful translocation across 

membranes necessitates the extraction of anions from the aqueous environment. 

Consequently, less hydrated anions, such as nitrate, are generally easier to transport 

compared to more strongly hydrated anions like sulphate or phosphate (Table 2) which require 

receptors equipped with multiple hydrogen bond donor groups in order to effectively extract 

the anion from aqueous environment. It is important to underline that the lower ΔH°hyd of the 

anion is, the stronger the hydrogen bonds it forms with the receptors. 

Table 2: ΔH°hyd of anions 21 

Anions ΔH°hyd (kJ/mol) 
F⁻ −505 

Cl⁻ −367 

Br⁻ −335 

I⁻ −298 

NO₃⁻ −312 

H₂PO₄⁻ −522 

SO₄²⁻ −1145 

The importance of the hydration enthalpy is further highlighted by the experimental 

conditions used to evaluate synthetic anion carriers. For moderately hydrated anions, as 

chloride, the carrier-to-lipid molar ratio can reach values as small as 1:1000 000. 14 In contrast, 

Halide Ionic radius (Å) 
F⁻ 1.33 

Cl⁻ 1.81 
Br⁻ 1.96 
I⁻ 2.20 
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for more strongly hydrated anions, such as phosphate esters, a thousand-fold higher carrier 

concentrations is required to achieve detectable transport. 22 

1.7 Transport experiments 
A variety of anions are of interest for transmembrane transport, and the selection of 

appropriate assays depends both on the specific anion and on the experimental conditions 

under which it is evaluated. This requirement represents a challenge in developing synthetic 

anion carriers, as it necessitates not only designing and synthesizing the carriers themselves 

but also establishing reliable methods to evaluate their performance. 

Transport assays are designed to provide a measurable readout that reflects the concentration 

and movement of anions across the membranes, while also allowing a clear distinction 

between those located inside and outside the liposomes. Different approaches are possible, 

fluorescence-based techniques were chosen as the main experimental strategy in this thesis. 

These methods combine ease of use with high sensitivity, enabling the detection of anion 

transport even at low concentrations, and can be performed without the need for highly 

specialized instrumentation.  

In a typical transport experiment, the process relies on establishing a concentration gradient 

between the interior and exterior of the liposomes. This gradient represents the driving force 

for transport, which, however, can only take place if a synthetic anion carrier is present to 

facilitate the passage of anions across the lipid membrane. 

In general, when performing a transport experiment aimed at studying an anion via an 

antiport mechanism, the exchanged anion in the antiport process is chosen to have a less 

negative ΔH°hyd than the target anion. This ensures, in most cases, that it does not represent 

the rate-limiting step of the transport process. 

For post-insertion measurements, the carrier is added to the lipid suspension after liposomes 

preparation and before the pulse, and then the lipid suspension is stirred for a few minutes to 

ensure its uniform distribution within the membranes. When performing transport 

experiments in post-insertion mode, a blank measurement can be recorded by adding an 

anion pulse in the absence of the carrier; this control verifies that the liposomes are not 

leaking and that no passive diffusion of the probe occurs in the absence of the carrier. 

In this introduction, only the assays employed are described in detail; other assays exist that, 

although not employed in this work, are important to mention due to their relevance in 

related studies: the ion-selective electrode (ISE) technique, which detects ions released by 

transporters; and selective probes such as [Eu.pBOH₂]⁺, a fluorescent probe developed by J. 

Butler et al. can be employed to monitor selective anion transport, including inorganic 

phosphate transport. 23  

1.8 SPBA assay 
Bis(3-sulfopropyl)-9,9’-biacridine (SPBA) is a fluorescent molecule soluble in water that can be 

used to study anion transport processes. This compound was first synthesized by Werner et 

al. as a derivative of lucigenin (Fig. 9). 24, 25 
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Figure 9: a) Lucigenin and b) SPBA structure 

SPBA serves as a probe in certain anion transport studies due to its fluorescence being 

quenched by various anions. The quenching mechanism proposed involves charge transfer 

from SPBA to the anion: 

(𝑃)∗ + 𝑋− → 𝑃∙ + 𝑋 ∙ → 𝑃 + 𝑋− 

Where P is the probe and X⁻ is the quencher anion. 

Quenching can be described by the Stern–Volmer equation: 

𝐹0

𝐹
= 1 + 𝐾𝑠𝑣[𝑋−] (4) 

where F0 is the fluorescence intensity without the quencher, F is the fluorescence intensity in 

the presence of a quencher, KSV is the Stern–Volmer constant and [𝑋−] is the quencher 

concentration. SPBA is quenched only by certain anions, depending on the specific KSV value 

of each species (Table 3). Moreover, some phosphate esters like PhHPO4
− or Ph2PO4

− are able 

to quench SPBA fluorescence. 12 

Table 3: KSV values for anions 25 

Anion KSV (M⁻1) 

Cl⁻ 129 

Br⁻ 181 

I⁻ 333 

NO₃⁻ 3 

SO₄²⁻ 4 

CH₃COO⁻ 19 

HCO₃⁻ 13 

OH⁻ 80 
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Figure 10: Emission spectrum (λexc=435 nm) of SPBA in water in the presence of NaCl 12 

Anions such as NO₃⁻ or SO₄²⁻ have very low KSV values, meaning that they produce almost 
no quenching of the SPBA fluorescence. This property makes them particularly suitable 
for use in antiport experiments with chloride. For example, the exchange between 
external Cl⁻ and internal NO₃⁻ can be effectively monitored by SPBA, since the entry of 
chloride into the liposomes decreases the fluorescence intensity. 
In a standard SPBA transport assay, liposomes are prepared with an internal concentration of 

the probe and an anion that does not quench it, such as nitrate, in the presence of a synthetic 

anion carrier embedded in the membrane (either pre-incorporated or post-inserted). 

Fluorescence is recorded, and after 30 s a sample of the target anion is added to the solution 

(pulse), which upon crossing the membrane aided by the transporter quenches the probe. 

After 600 s from the sample addiction, the addition of a surfactant agent (typically Triton-X) 

induces lipid membrane lysis, showing the lowest possible fluorescence intensity given the 

external anion concentration. 12 

It should be noted that SPBA is a temperature-sensitive fluorophore, so the temperature must 

be carefully controlled during experiments. 

SPBA can also be employed for indirect measurements of anions that do not directly quench 

its fluorescence. For example, the transport of SO₄²⁻ can be studied via Cl⁻/SO₄²⁻ antiport, 

since chloride has a lower ΔH°hyd, the rate-limiting step of the transport is unlikely to be 

chloride transport. If the synthetic anion carrier is active, the exchange alters the internal 

chloride concentration, which in turn produces a detectable change in fluorescence emission. 

SPBA has only recently gained attention as a superior alternative to the traditional lucigenin 

assay in transport studies that is still more commonly used in this field. Lucigenin has higher 

lipophilicity, compared to SPBA, which promotes membrane partitioning and subsequent 

leakage, limiting assay stability over longer periods of time. Liposomes loaded with lucigenin 

must be used within hours of preparation and requires cholesterol (usually 7:3 lipid to 

cholesterol ratio) to reduce the leakage. In contrast, SPBA-loaded liposomes retain integrity 
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for at least a day without detectable leakage, representing a significant improvement in assay 

reliability and amount of liposomes solution that can be tested in one batch.  

1.9 HPTS assay 
8-Hydroxypyrene-1,3,6-trisulfonic acid (HPTS) is a water-soluble, pH-sensitive fluorophore 

that can be used as a probe to monitor anion transport processes. 26 

 

Figure 11: HPTS protonated and de-protonated structure 

HPTS has a hydroxyl group with a pKₐ ~7.3, close to physiological pH, which makes it a useful 

probe for monitoring pH variations in systems that mimic biological environments. The 

protonated and deprotonated species of HPTS exhibit distinct absorption and emission 

spectra (Fig. 12). 

 
Figure 12: Excitation spectra of HPTS at different pH emission = 511 nm 27 

By exciting the molecule at two different wavelengths, 403 nm for the protonated form and 

455 nm for the deprotonated form, and recording the emission intensity at 511 nm, it is 

possible to monitor internal pH in real time using ratiometric analysis with a single probe. 

Since, unlike the SPBA assay, we do not monitor a single fluorescence intensity, the transport 

curve is obtained from the time-dependent ratio of normalized fluorescence intensities. 

𝑅 =
𝐹455

𝐹403
 (5) 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑐𝑢𝑟𝑣𝑒𝑠 =
𝑅𝑡−𝑅0

𝑅𝑓−𝑅0
 (6) 

8 
EMNS – ULB  L. Martínez-Crespo 

 
Figure 2. (left) Excitation spectra of HPTS@LUVs at different pH (emission at 511 nm). (right) Representation of the 

fluorescence ratio ex(455nm)/ex(403nm) against external pH (measured with a pHmeter). Vesicles: POPC:Chol 7:3, 0.4 mM 

lipids, 200nm LUVs (out: NaCl 225mM, Hepes 5mM; in: NaCl 225mM, Hepes 5mM, HPTS 0.1 mM). Experiment LL71. 
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In which R is the ratio of fluorescence intensity from two different excitation wavelengths: 

λexc=455 nm and λexc=403 nm. Rt is the fluorescent ratio at time t, R0 is the fluorescent ratio at 

time t=0, and Rf is the fluorescent ratio measured after the lysis of the liposomes. 

The ratiometric analysis minimizes errors associated with probe concentration, instrumental 

variability, and photobleaching.  

The experiment relies on establishing a pH gradient, with a more acidic internal environment 

and a more basic external one, this gradient is generated by applying a basic pulse. This 

gradient can be dissipated by a synthetic anion carrier capable of performing OH⁻/X⁻ antiport 

or H+/X⁻ symport. To ensure that OH⁻  and H+ transport are not the rate-limiting steps, carbonyl 

cyanide m-chlorophenyl hydrazone (CCCP) is added to the liposomes at a 1:1000 CCCP-to-lipid 

ratio. By facilitating proton transport across the membrane, CCCP enables the experiment to 

study the carrier’s anion transport activity without potential limitation arising form OH⁻  and 

H+ transport. The protocol for this assay is similar to that previously described for SPBA, 

consisting of a baseline measurement  for 30 s before the base pulse is applied, followed by 

10 min of transport monitoring, and finally liposome lysis using Triton-X. 

1.10 31P-NMR assay 
The 31P-NMR assay does not require the use of an internal fluorescent probe, instead, the 

experimental setup can be designed to differentiate phosphorus nuclei located inside the 

vesicles from those outside. Other protocols that use heteronuclear NMR spectroscopy exist 

to monitor anion transport, such as ³⁵Cl, ³³S, and ¹³C, 10, 28, 29  given the growing interest in 

inorganic phosphate transport; this assay was also developed by the EMNS group. 30 

This assay is particularly valuable as it enables the investigation of species that cannot be 

directly measured using the SPBA assay or as additional method to confirm transport activity, 

and can be used to study transport of inorganic phosphate. 

Liposomes are prepared with an internal buffer containing chloride ions and incorporate the 

synthetic anion carrier. To differentiate between the phosphate located outside and inside the 

liposomes, a Mn(II) salt is added to the liposome suspension. The Mn(II) ions, present only in 

the external solution, are paramagnetic species capable of inducing relaxation of the 

phosphorus nuclei, resulting in broadening of the peaks in the ³¹P-NMR spectrum. As a result, 

the external phosphate signal is not detected. If the synthetic carrier is active, phosphate is 

transported into the liposomes, where Mn(II) is absent. The internal phosphate is therefore 

not subject to paramagnetic relaxation and can be observed in the ³¹P-NMR spectrum. To 

ensure a quantitative measurement of the transport, the NMR tube has a coaxial tube 

containing a solution of a known concentration of a reference phosphate species, usually 

trimethylphosphate. 

The 31P-NMR signal of phospholipid headgroups in liposomes is broad due to restricted, 

anisotropic motions within the bilayer and slow overall tumbling of large vesicles, which cause 

incomplete averaging of magnetic interactions. 31 Since inorganic phosphate is a strongly 

hydrated anion (Tab. 2), these experiments took longer times, often multiple hours. 
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An alternative assay to monitor inorganic phosphate transport is by using an europium(III)-

based phosphate-sensitive probe, which exhibits enhanced fluorescence in the presence of 

phosphate species. 17, 24 
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2 Aim 
This thesis focuses on the use of tripodal receptors as synthetic carriers for transmembrane 

anion transport, with a particular attention to phosphate esters.  

The transport of phosphate and phosphate esters is particularly challenging, as these species 

possess a considerable hydration energy, especially in the case of inorganic phosphate. 

Therefore, the receptors employed should provide multiple binding sites capable of 

interacting with the several oxygen atoms that can act as hydrogen-bond acceptors.  

Tripodal receptors constitute a class of acyclic ligands characterized by a C3v symmetry and 

possess 3 arms that can be employed to bind the anion. Tripodal receptors are utilized in 

various fields due to their ability to sense both anions and cations. 32 Importantly, tripodal 

receptors are especially suitable for the recognition and transport of oxoanions such as 

phosphate esters, since they provide multiple binding sites that can simultaneously engage 

the substrate through hydrogen bonding from different directions (Fig. 13); this makes them 

effective receptors and synthetic carriers for this class of anions. 

 

Figure 13: Visual representation of the binding between a tripodal receptor and an oxoanion 
such as HPO4

2- 

Tripodal receptors have already been investigated as synthetic anion carriers, and their ability 

to mediate transmembrane transport has been demonstrated. They are effective not only for 

anions with moderate hydration energies, such as chloride, but also for more demanding 

substrates like phosphate esters, including phenylphosphate and bisphenylphosphate. 22 

Given their proven functionality, this thesis aims to investigate how specific structural 

modifications could improve both the transport efficiency and the deliverability of these 

receptors. 

An important advantage of this class of receptors is their relative ease of synthesis, especially 

when compared to other receptors often employed in anion transport, such as cholapods and 

diureidodecalins 15. A potential risk of a synthetic anion carrier that has multiple binding sites 

is that if one binding arm is not used to bind the anion during transport, it may interact with 

the polar head group of membrane lipids. Such an interaction can prevent the carrier from 

successfully transporting the anion across the membrane. 33 

Among the most notable scaffolds for tripodal receptors, tris(2-aminoethyl)amine (TREN)-

based receptors (Fig. 14) are among the most widely utilized. 34 A TREN-based receptor 
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features a flexible core capable of forming a cavity, and binding moieties are present on the 

three arms, also, in this class of receptor, intramolecular H-bond is often possible. The TREN 

scaffold allows the introduction of multiple binding moieties, enabling the construction of 

receptors with several potential anion binding sites. 

 

Figure 14: TREN scaffold 

To date, no hexa-urea-based compound has been reported as synthetic anion carrier in 

liposomes. In this thesis, we decided to investigate a hexa-urea receptor to evaluate whether 

increasing the number of hydrogen-bond donors could enhance anion binding. Our interest is 

particularly focused on oxoanions, which possess multiple potential hydrogen-bond acceptor 

sites. We turned our attention to a reported tripodal receptor for SO₄²⁻ based on six urea 

groups and a TREN scaffold Fig. 15. developed by Biao Wu and co-authors, 35 This research 

group has developed a variety of hexa-urea receptors, which have been primarily employed 

in the field of ion recognition. This receptor was chosen because it fulfils the structural 

requirements for a synthetic anion carrier: it is a neutral anion receptor bearing multiple 

binding sites, incorporates an electron-withdrawing group, and is based on a TREN scaffold 

that has already proven effective in other synthetic anion carriers. By increasing the number 

of hydrogen-bond donors, we aim to strengthen the interaction between the receptor and the 

anion and retain its functionality as synthetic anion carrier. 

 

 

Figure 15: Tren-Hex-U 

In Fig. 15, the electron-withdrawing group in TREN-Hex-U is a nitro substituent. However, 

alternative electron-withdrawing groups such as -CF3 could be employed. It is therefore of 

interest to compare the performance of structurally related hexa-ureas, particularly those 

bearing para-CF₃ and meta-CF₃ substituents. 22 Since hexa-ureas have not yet been 
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investigated as anion transporters, one of the aims of this thesis is to explore their potential 

as synthetic carriers for different anions (Table 4). 

 
General Reaction Scheme  1 

Table 4 

 Investigated anion 

TREN-Hex-U Cl⁻ PhHPO₄⁻ SO₄²⁻ H₂PO₄⁻ 

assay SPBA, HPTS SPBA SPBA 31P-NMR 

The 1,3,5-trisphenylene scaffold can also be employed to synthesize tripodal receptors that 

function as synthetic anion carriers. These receptors feature three substituents on the 

aromatic rings that serve as binding sites (Fig. 16). 36, 37 
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Figure 16: a) 1,3,5-trisphenylene-based scaffold and b) 1,3,5-tris(-ethyl)-phenylen-based 
scaffold  

The nature of the three R substituents may vary; however, they are frequently ethyl groups. 

Tris(-ethyl)-phenylene (TEP)-based receptors are extensively employed due to the role of the 

ethyl substituents, especially the –CH₂– units, controlling pre-organization. 

The alternating spatial arrangement (“up/down”) of the ethyl groups and binding sites 

effectively positions all binding moieties on the same side of the molecule, creating a cone-

shaped cavity that favours the cooperative binding of an anion by the tree arms36. 

It could be possible to achieve this type of pre-organization through other groups as well. 

There are examples of receptors that remain pre-organized even without –Et groups, thanks 

to intramolecular interactions. 37 Other substituents, such as methoxy and methyl groups, 

have also been reported as viable alternatives, although it is generally more difficult for these 

to reproduce the same effect of pre-organization as ethyl groups.37, 38  

Tripodal receptors have already been employed as synthetic anion carriers using both TREN 

and TEP scaffolds, proving to be highly effective chloride carriers. Comparative studies among 

various designs indicate that the optimal performance is achieved using thiourea 

functionalities (S) rather than ureas, coupled with the presence of meta-CF₃-phenyl (F2) 

groups as electron-withdrawing substituents: 

 

Figure 17: TEP-SF2 36 (left) and TREN-SF2 39 (right) 

The presence of multiple binding sites within these receptors can enhances their ability to 

transport oxoanions. The synthetic anion carriers shown in Fig. 17 are also able to transport 

phosphate esters such as phenylphosphate and bisphenylphosphate across membranes. 22 

TEP-SF2 is an effective synthetic anion carrier, ranking among the best tripodal receptor for 

transport both  Cl⁻ and organic phosphates such as phenyl phosphate. 28, 32   However, its clogP 

value may be too high to allow efficient post-insertion into liposomes (Fig. 18a). Thus, another 

aim of this thesis is study and modulate the deliverability of TEP-SF2 by lowering the clogP 

values, while maintaining its promising transport properties for phosphate esters. To reduce 

its lipophilicity, we designed an analogue compound lacking the ethyl groups, (1,3,5-tris(3-

(3,5-bis(trifluoromethyl)phenyl)thioureidomethyl)-benzene) THP-SF2 (Fig. 18b). 
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Figure 18: a) TEP-SF2 structure and b) THP-SF2 structure 

The role of ethyl groups in receptor pre-organization and their influence on binding and 

transport is difficult to predict. Examples of THP-based receptors that undergo pre-

organization are reported, and even without pre-organization, THP-SF2 may still represent a 

valid synthetic anion carrier. 

 
General Reaction Scheme  2 
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We will test and compare the two analogues, TEP-SF2 and THP-SF2 for anion transport, in both 

pre-incorporation and post-insertion, in order to evaluate the influence of the ethyl groups on 

transport and their effect on the deliverability of the synthetic anion carrier in membranes 

(Table 5). 

Table 5 

Synthetic anion carrier 
Transport activity (pre-

incorporated) 
Transport activity (post 

inserted) 

TEP-SF2 Cl⁻ Cl⁻ 

THP-SF2 Cl⁻ Cl⁻ 

All transport experiments will be performed using liposomes as the reference model, 

specifically LUVs composed of 100% POPC as the constituent lipid. Experimental conditions 

varied depending on the assay employed and are detailed in the experimental section. 

Whenever possible, we will simplify reported synthetic procedures to make them more 

feasible in our laboratory setting and to reduce costs by employing more affordable reagents. 
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3 Results and discussion 

3.1 TREN-Hex-U synthesis 
To synthesize the desired TREN-Hex-U, we started from commercially available tris(2-

aminoethyl)amine 1. Reaction with the corresponding isocyanate afforded TREN-ON 

(Reaction Scheme 1). Upon mixing, a yellow precipitate formed, which was isolated by 

filtration and obtained as a yellow solid in excellent yield (94%). 

 
Reaction Scheme 1 

The subsequent step involves the reduction of the nitro group to an amine. Literature 

procedures employ hydrazine (N₂H₄) as the reducing agent and palladium on carbon (Pd/C) as 

catalyst (Reaction Scheme 2a). 35 To avoid using such a large amount (10 mol%) of relative 

expensive catalyst, alternative reactions were explored.  

An initial attempt employing SnCl₂, a reported reducing agent for nitro groups in similar 

compounds,  40 resulted in partial reduction accompanied by the formation of side products 

(Reaction Scheme 2b).  For this reason, we tested an alternative reduction using iron powder, 

which is also reported as an effective reagent for nitro group reduction in nitrophenyl 

derivatives (Reaction Scheme 2c). 41 The reaction, carried out under reflux in ethanol 

(EtOH)/H₂O, led to the formation of a dark suspension, which was filtered and after solvent 

removal, the desired product was isolated. 
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Reaction Scheme 2  

The reduction was successfully carried out without Pd/C, used in the original procedure, 

yielding the product efficiently and without requiring column chromatography during work-

up. Although, as previously discussed (Section 1.5.1), thiourea moieties generally outperform 

ureas as binding units in synthetic anion carriers, the thiourea analogue of this molecule was 

not pursued, because, in an analogous synthetic route, the resulting intermediate would 

contain both an amine and a thiourea group in the ortho position. This configuration of 

functional groups would likely promote an intramolecular reaction, thereby preventing the 

successful synthesis of the hexa-thiourea (Reaction Scheme 3). 

 
Reaction Scheme 3 

TREN-Hex-U was obtained by reacting the resulting amine 2 with the corresponding 

isocyanate (Reaction Scheme 5). After refluxing the mixture, a yellow precipitate was formed, 

which was collected by filtration and washed. The crude product was subsequently purified 

by flash column chromatography, affording TREN-Hex-U as a yellow powder in moderate yield. 
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Reaction Scheme 4 

We tested other isocyanates to obtain different hexa-ureas, but none of the reactions 

succeeded, despite several attempts and variations in reaction conditions including solvent, 

temperature, equivalent of isocyanate, and even in the presence of a template 

(tetrabutylammonium sulfate). Table 6 summarizes the explored conditions. 
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Table 6 

 

Isocyanate 
Reaction solven

t 
Eq. 

of isocyanate 
Temperature Template 

(a) 
THF:Tol = 1:4 3,5 Reflux no 

 
THF:Tol = 1:4 3,5 Room temperature no 

(b) 
ACN 3,5 Room temperature no 

(c) 
ACN 6 60°C no 

 

THF:Tol = 1:4 3,5 Reflux no 

 

THF:Tol = 1:4 7 Room temperature no 

 

THF:Tol = 1:4 5,5 Room temperature 
Tetrabutylammonium 

sulfate 

 
THF:Tol = 1:4 3,5 Room temperature no 
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Figure 19: Aromatic region of 1H-NMR spectra of failed attempts of Table 6 (a, b, c) and TREN-
Hex-U (d) in DMSO-d6 

Thin-layer chromatography (TLC) analysis revealed the presence of multiple species. The 

aromatic region of the ¹H-NMR spectrum indicated the formation of several different 

products. In the case of reagents bearing p-CF₃ substituents, no aromatic signals matching the 

expected similar pattern of TREN-Hex-U (Fig. 19). The ethyl signals of the TREN scaffold in the 

¹H-NMR spectrum were also examined as potential indicators of the desired product, as they 

are easily recognizable and generally little affected by electron-withdrawing substituents. 

Their disappearance provides additional evidence that the reaction did not proceed as 

intended. Mass spectrometry was also employed to analyze the products of reactions (b) and 

(c); in both cases, no signals corresponding to the target compound were found. 

3.2 Transport experiment for hexa-urea 
We evaluated the transport properties of TREN-Hex-U through a series of experiments 

involving different assays and anions, aiming to assess its potential as a synthetic anion carrier. 

In the SPBA assay, we tested Cl⁻/NO₃⁻ and PhHPO₄⁻/NO₃⁻ antiport mechanisms (Fig. 20).  
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Figure 20: a) Transport activity of TREN-Hex-U (1 mol% carrier/lipid ratio) in the SPBA assay 
monitoring  Cl⁻/NO₃⁻  (brown curve) and PhHPO4⁻/NO₃⁻ (orange curve) antiport mechanisms. b) 
Schematic representation of Cl⁻/NO₃⁻ or PhHPO4⁻/NO₃⁻ antiport using SPBA assay. 

As shown in Fig. 20, TREN-Hex-U receptors are capable of functioning as anion carriers, as 

evidenced by a clear decrease in fluorescence corresponding to chloride transport. However, 

their performance is poor: many other TREN-based carriers, such as TREN-SF2, can mediate 

chloride transport at lower concentrations than 1 mol%, and overall TREN-Hex-U exhibits 

lower transport efficiency. Transport of PhHPO₄⁻ is even more challenging, with only a slight 

decrease in fluorescence observed, indicating a clearly inferior transport efficiency compared 

to other TREN-based carriers. 22 In TREN-Hex-U, increasing the number of hydrogen-bond 

donors (compared to tris ureas receptors as TREN-SF2) was therefore not effective in 

enhancing the transport rate.  

Sulphate transport can be studied using SPBA assay, even if SO4
2⁻ does not quench SPBA 

fluorescence (Tab. 3), so we cannot directly monitor its concentration, but Cl⁻/SO4
2⁻ and 

PhHPO₄⁻/SO4
2⁻ can be followed by monitoring the influx of Cl⁻ or PhHPO₄⁻ in the SPBA assay. 



30 
 

 

Figure 21: a) Transport activity of TREN-Hex-U (1 mol% carrier/lipid ratio) in SPBA assay monitoring  
Cl⁻/SO4

2⁻ (brown curve) and PhHPO4⁻/ SO4
2⁻  (orange curve) antiport mechanisms. b) Schematic 

representation of Cl⁻/ SO4
2⁻ or PhHPO4⁻/ SO4

2⁻ antiport using SPBA assay. 

As shown in Fig. 21, almost no transport is observed. Unlike the Cl⁻/NO₃⁻ antiport, TREN-Hex-

U fails to mediate SO₄²⁻ transport, despite its known affinity for sulphate. This result highlights 

the difficulty in transporting strongly hydrated anions, which require more sophisticated 

receptor designs to be efficiently extracted from the aqueous phase. 

Since TREN-Hex-U is a receptor that exhibits binding selectivity for sulphate over other anions, 

including NO₃⁻, 35 we performed an experiment using the HPTS assay in which nitrate does 

not need to be transported. In this assay we monitored either Cl⁻/OH⁻ antiport or Cl⁻/H⁺ 

uniport mechanisms. 
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Figure 22: a) Transport activity of TREN-Hex-U (1 mol% carrier/lipid ratio) in HPTS assay 
monitoring  Cl⁻/OH⁻ antiport, Cl⁻/H+ symport mechanisms, Cl⁻/H+ symport mechanisms 
assisted by CCCP, b) Schematic representation of Cl⁻/OH⁻ antiport or Cl⁻/ H+  symport antiport 
using SPBA assay. 

Although a direct comparison of chloride transport rates across different assays is not feasible, 

the experiments presented in Fig. 20 and Fig. 22 both show chloride transport and, in both 

cases, the internal and external environments of the liposomes do not immediately reach 

concentration equilibrium. These observations suggest no apparent limitation due to nitrate. 

Di-hydrogen phosphate transport was assessed via ³¹P-NMR spectroscopy over 13 hours. 

Inorganic phosphate at pH 7 exists as a mixture of two species, HPO₄²⁻ and H₂PO₄⁻ and H₂PO₄⁻ 

is more easily transported across lipid membranes compared to HPO₄²⁻ due to the lower 

ΔH°hyd. 30 For this reason, the experiment was conducted at pH 5, where the protonated 

species (H₂PO₄⁻) is predominant. 
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Figure 23: a) ³¹P-NMR spectra recorded at time 0 (blue) and after 13 h (red) from the addition of 
NaH₂PO₄ with TREN-Hex-U as carrier (1 mol% carrier/lipid ratio), H₂PO₄⁻/Cl⁻ antiport 
mechanism. b) Schematic representation of the ³¹P-NMR assay for H₂PO₄⁻. 

It is difficult to determine whether the observed peak (see blue mark) is due to actual 

transport or simply noise. If the carrier was capable of transporting inorganic phosphate 

efficiently, a distinct and clearly observable peak would be expected at in the spectra. 

appearing at around 1.2 ppm. 30 The inorganic phosphate transport is very difficult to achieve, 

and not many compounds are reported as inorganic phosphate carriers. 22  

3.3 TEP-SF2 and THP-SF2 synthesis 
TEP-SF2 is a known compound, the synthesis of TEP-SF2 starts from commercially available 

1,3,5-tris(bromomethyl)-2,4,6-triethylbenzene. We explored different synthetic strategies to 

obtain the corresponding amine (4), going through the azide intermediate following the 

reported procedure (Reaction Scheme 7). 36  The azide intermediate was never purified and 

collected as a solid but was always kept in solution due to the potential explosiveness of 

azides.  
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Reaction Scheme 5 

The product was obtained containing trimethylphosphine oxide (O=PMe₃) as an impurity. The 

molar ratio between compound 4 (33%) and O=PMe₃ (67%), determined by ¹H-NMR. The need 

to remove N,N-dimethylformamide (DMF) and the amount of inert gas needed to remove the 

trimethylphosphine presented some practical issues for us, thus we decided to adopt a 

different procedure (Reaction Scheme 8) 42. 

 
Reaction Scheme 6 

While the new procedure addresses the previous limitations, the excess triphenylphosphine  

(PPh₃) could not be removed by evaporation under a stream of inert gas, unlike 

trimethylphosphine (PMe₃), which is more volatile. In this case the purity by molar ratio was 

compound 4 (9%) and O=PPh₃ (91%), also in this case was calculated by 1H-NMR. As O=PMe₃ 

or O=PPh3 had no influence in the next step (reaction Scheme 7 and 11), the amine 4 was 

used without further purification. The obtained amine 4 was reacted with the appropriate 

isothiocyanate to synthesize TEP-SF2 (Reaction Scheme 9). The product was purified via flash 

column chromatography, which also allowed the removal of excess O=PPh₃.  
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Reaction Scheme 7 

To synthesize the analogous molecule lacking ethyl groups THP-SF2, compound 5 first reacted 

with sodium azide and then with PPh₃. 

 
Reaction Scheme 8 

In this case, the purity of compound 6 was 7% by molar ratio and 93% of O=PPh₃, as 

determined by ¹H-NMR, and it was used directly in the synthesis for the next step without 

further purification (Reaction Scheme 10 and 12). Compound 6 was reacted with 3,5-

bis(trifluoromethyl)phenyl isothiocyanate to synthesize THP-SF2 (Reaction Scheme 12). The 

product was purified by flash column chromatography to afford the pure compound in 37% 

yield. 
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Reaction Scheme 9  

3.4 TEP-SF2 and THP-SF2: Comparison of Cl⁻ Transport Activity 
Anion transport capability of TEP-SF2 was tested in the SPBA assay at a 1:100 TEP-SF2 to lipid 

ratio in pre-incorporation (Fig 24). The exchange that we monitored was Cl⁻/NO₃⁻ and 

PhHPO4⁻/NO₃⁻ antiport. 

 
Figure 24: a) Transport activity of TEP-SF2 (1 mol% carrier/lipid ratio) in SPBA assay monitoring  
Cl⁻/NO3⁻  (dark red curve) and PhHPO4⁻/ NO3⁻  (yellow curve) antiport mechanisms. b) Schematic 
representation of Cl⁻/NO₃⁻ or PhHPO4⁻/NO₃⁻ antiport using SPBA assay. 
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The transport experiments reported in Fig. 24 indicate that pre-incorporated TEP-SF2, at a 1 

mol% ratio, transports Cl⁻ rapidly, reaching nearly immediately the equilibrium between 

internal and external concentration of chloride (dark red curve) and it shows fast transport 

also for PhHPO₄⁻ (yellow curve). 

To assess the post-insertion capability of TEP-SF2 (Fig. 25), the compound was introduced into 

pre-formed liposomes at the same carrier-to-lipid ratio used in Fig. 24. Comparing the 

transport rates of pre-incorporated and post-inserted samples allowed evaluation of its ability 

to undergo post-insertion. THP-SF2 was also tested in pre-incorporation and post-insertion, to 

evaluate the transport and deliverability. 

 
Figure 25: a) Transport activity of TEP-SF2 and THP-SF2 (1 mol% carrier/lipid ratio) in SPBA assay 
monitoring  Cl⁻/NO3⁻  antiport mechanisms for TEP-SF2 pre-incorp. (dark red curve), TEP-SF2 post-
insert. (light red curve), THP-SF2 pre-incorp. (blue curve), THP-SF2 post-insert. (light blue curve). b) 
Schematic representation of Cl⁻/NO₃⁻ antiport using SPBA assay. 

As shown in Fig. 25, pre-incorporated TEP-SF2 ensures a very rapid chloride transport (dark 

red curve), whereas post-inserted TEP-SF2 exhibits a drastic loss of activity (light red curve), 

highlighting its poor post-insertability. THP-SF2, on the other hand, is a less efficient carrier 

when pre-incorporated, clearly underperforming compared to TEP-SF2 at 1 mol% ratio. 

However, its behaviour upon post-insertion reveals the opposite trend: due to its slightly 

higher hydrophilicity, THP-SF2 can be effectively post-inserted, showing only a moderate 

decrease in activity and ultimately surpassing TEP-SF2 in this context. This indicates that the 

removal of the ethyl substituents, while detrimental to intrinsic transport ability, provides a 

sufficient increase in hydrophilicity to enable post-insertion without a dramatic loss of 

performance. 
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In addition, both carriers were also tested as pre-incorporated at lower carrier-to-lipid ratios 

(1:10000). Even at this reduced concentration, TEP-SF2 remains an efficient chloride carrier, 

whereas THP-SF2 shows no evidence of transport. These results once again highlight the 

excellent performance of TEP-SF2 as a chloride carrier, in sharp contrast with the poor 

efficiency of THP-SF2 (Fig. 26). 

 
Figure 26: a) Transport activity of TEP-SF2 and THP-SF2 (1:10000 carrier/lipid ratio) in SPBA assay 
monitoring  Cl⁻/NO3⁻ antiport for TEP-SF2 (red curve) and THP-SF2 (blue curve). b) Schematic 
representation of Cl⁻/NO₃⁻ antiport using SPBA assay. 

To investigate the reason for the drastic decrease in performance of THP-SF2 as a chloride 

carrier, a ¹H-NMR titration was carried out to determine its binding constant with chloride. 

Since the Ka for the TEP-SF2/Cl⁻ complex is already reported to be 450 M-1 in DMSO-d6 (with 

0.5% of D2O), 36 the experiment with THP-SF2 was performed under the same conditions to 

enable direct comparison.  
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Figure 27: a) THP-SF2 structure, the green dots indicate the proton monitored. b) THP-SF2 binding 
curve obtained by fitting the shift of the signal at 10.2. c) 1H-NMR (600MHz) titration of THP-SF2 (1mM) 
with TBACl (to 100.0 eq.) in DMSO-d6 (with 0.5% of D2O). The Ka value was obtained by fitting the shift 
indicated by green dots.  

The obtained Ka value for THP-SF2, fitted for a 1:1 complex (Fig. 27), was calculated to be 11 

M⁻¹, significantly lower than the previously reported Ka (TEP-SF2) = 450 M⁻¹. 36 This marked 

difference, nearly a 40-fold weaker chloride affinity, explaining the weak transport activity 

observed with THP-SF2. The absence of ethyl groups compromises the structural 

preorganization necessary for effective anion binding and transport. 

3.5 TEP-ON and THP-ON: Comparison of Cl⁻ Transport Activity 
We also synthesized two more compounds bearing TEP and THP scaffolds, as part of our initial 

attempt to develop hexa-urea receptors with an alternative scaffold to TREN. Tris-Ureas 

compounds TEP-OP and THP-OP were obtained starting from the previously described amines 

5 and 7, in both cases, the product was obtained as a yellow precipitate, and isolated by 

filtration. 
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Reaction Scheme 10 

 
Reaction Scheme 11 

To obtain the hexa-urea from TEP or THP scaffold, we attempted to reduce the nitro group to 

an amine, as previously done for the TREN-based 2. However, none of the tested reducing 

agents (tin(II) chloride, iron powder, sodium dithionite) showed evidence of reduction. 

Nevertheless, other approaches may still be pursued to access TEP- or THP-based hexa-ureas, 

for example by using H2 or N2H4 as reducing agent and Pd/C as catalyst. 

TEP-ON and THP-ON were tested for Cl⁻ transport using the SPBA assay, offering a further 

comparison between TEP- and THP-derived receptors applied for anion transport and helping 

determine if the presence of ethyl groups again plays a critical role. Also, TREN-ON was tested 

for Cl⁻ transport using the SPBA assay, showing no transport activity (Fig. ES22). 
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Figure 28: a) Transport activity of TEP-ON and THP-ON (1 mol% carrier/lipid ratio) in SPBA assay 
monitoring  Cl⁻/NO3⁻ and PhHPO4⁻/ NO3⁻  antiport mechanisms. b) Schematic representation of 
Cl⁻/NO₃⁻ or PhHPO4⁻/NO₃⁻ antiport using SPBA assay. 

The chloride transport rates of TEP-ON and THP-ON (Fig. 28) exhibit a similar trend to the 

observed one for TEP-SF2 and THP-SF2 (Fig. 25). The receptor TEP-ON bearing ethyl groups 

acts as an active chloride carrier, while the compound THP-ON did not show any Cl⁻/NO₃⁻  

antiport transport activity. These results further demonstrate the critical role played by the 

ethyl groups in enabling tripodal phenylene-based receptors to interact effectively with anions 

and act as transmembrane carriers. The comparison between TEP-SF2 and TEP-ON clearly 

shows that 3,5-bis(trifluoromethyl)phenyl is a highly effective electron-withdrawing group for 

transport applications and further supports the preference for thioureas over ureas. 
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4 Conclusion 

In this thesis, tripodal receptors for anion transmembrane transport were synthesized (Fig. 

29) with the aim of exploring new structural designs and evaluate their transport efficiency 

and deliverability. 

 
Figure 29: Receptor tested for anion carrier 

In this work, a hexa-urea anion receptor featuring a TREN scaffold and ortho-nitro phenylene 

electron-withdrawing groups. Despite the potential for multiple hydrogen-bonding 

interactions offered by the TREN-Hex-U receptor, the compound did not demonstrate high 

transport efficiency. This limited performance can be generally explained by the presence of 

urea groups as binding sites, which may hinder the carrier’s ability to traverse the lipid bilayer. 

Moreover, the presence of multiple binding sites increases the likelihood that unengaged 

functional groups interact with the polar head groups of the lipids, further reducing the 

transport rate. While it is capable of mediating chloride (Cl⁻) transport, the observed transport 

rates are relatively mediocre, since even at high concentration (1:100 carrier to lipid ratio) it 

does not show fast transport. Its performance toward more challenging oxoanions is even 

more limited: phenylphosphate (PhHPO₄⁻) is transported only to a minor extent, sulphate 

(SO₄²⁻) transport is not observed, and dihydrogen phosphate (H₂PO₄⁻) is practically not 

transported. Another limitation of the tested TREN hexa- ureas is the difficulty in generating 

structurally related analogues to improve performance: synthetic attempts bearing alternative 

electron-withdrawing groups were unsuccessful, while thiourea analogues face potential 

intramolecular side reactions that hinder their practical preparation. To overcome these 

challenges, hexa-ureas could be designed on alternative scaffolds like TEP, for example 

different reduction strategies to those used for TEP-ON, such as Pd/C reduction, may be 
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explored to enhance the transport properties of the receptor. Table 7 summarizes the 

transport capabilities of TREN-Hex-U for the various anions tested. 

Table 7 

Synthetic anion 
carrier 

Investigated anion 

TREN-Hex-U Cl⁻ PhHPO₄⁻ SO₄²⁻ H₂PO₄⁻ 

Transport 
activity 

Mediocre Weak None 
Extremely 

weak/None 

TEP-SF2 is a well-known synthetic anion carrier and ranks among the most effective tripodal 

receptors. Its calculated clogP value is relatively high, and comparison of transport 

experiments performed with pre-incorporation versus post-insertion clearly highlights a 

marked decrease in activity. These results demonstrate that the high lipophilicity of TEP-SF2 

prevents efficient post-insertion into liposomal membranes. 

To reduce the clogP value, an analogue lacking the ethyl groups, THP-SF2, was synthesized 

and tested as a synthetic anion carrier. When pre-incorporated, THP-SF2 was capable of 

functioning as a carrier. However, a direct comparison with pre-incorporated TEP-SF2 

highlights a substantial difference in performance; THP-SF2 transports chloride significantly 

less efficiently, moreover, it does not work at lower concentration (1:10000 carrier to lipid 

ratio). Unlike TEP-SF2, THP-SF2 can be delivered via post-insertion with only a modest 

reduction in transport rate. This makins it a comparatively better carrier than the post-inserted 

TEP-SF2 setup (Table 8). To investigate the cause of its reduced activity compared to TEP-SF2, 

the binding constant Ka, between THP-SF2 and chloride was determined. THP-SF2 exhibits a 

markedly lower Ka for chloride compared to TEP-SF2, and this low binding affinity can account 

for its limited ability to act effectively as a synthetic anion carrier. 

Table 8 

Synthetic anion carrier 
Cl⁻ Transport activity (pre-

incorporated) 
Cl⁻ Transport activity (post 

inserted) 

TEP-SF2 Excellent Extremely weak 

THP-SF2 Weak Weak 

To harness the excellent anion transport properties of TEP-SF2 while also ensuring its efficient 

delivery into liposomal membranes, alternative strategies are necessary. Approaches such as 

membrane fusion could allow incorporation of the carrier without relying on post-insertion, 
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thus overcoming limitations imposed by its high clogP value and preserving its superior 

transport performance. 

The importance of ethyl groups was observed also for the TEP-ON/THP-ON pair. The TEP-

based receptor acted as an active synthetic anion carrier, whereas the THP-based receptor 

proved inactive. These results further confirm that the presence of ethyl groups is necessary 

in both receptor pairs in order to function as synthetic anion carrier. 
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5 Experimental Section 

5.1 General procedures for synthesis 
All reagents and solvents were obtained from Sigma Aldrich, Fluorochem, Alfa Aesar and VWR, 

and were used without further purification. For the compounds evaluated in transport 

experiments, 1H- and 13C-NMR spectra were recorded on a 400MHz Jeol JNM-ECZ400R/S3 

spectrometer, while ¹H-NMR spectra of the intermediates were recorded on a 300 MHz Bruker 

Avance 300 spectrometer. High-resolution mass spectra (HRMS) were obtained on an Agilent 

QTOF 6520 instrument using electrospray ionisation (ESI). Infrared (IR) measurements were 

recorded on a Shimadzu IRSpirit spectrometer equipped with the single-reflection ATR 

measurement attachment (QATR-S). Reaction progress was monitored by thin-layer 

chromatography (TLC) on silica gel 60 F254-coated aluminium sheets and visualised under UV 

irradiation at 254 nm. Purification, when required, was performed by column chromatography 

on silica gel (VWR Chemicals, particle size 35–70 µm). 

5.2 Synthetic procedures 
 TREN-ON, N,N′,N′′-tris[N′-(1-nitrophenyl)ureidoethyl]nitrilotriethane 

 

In a round-bottom flask, a solution of o-nitrophenyl isocyanate (2.00 g, 12.19 mmol) in toluene 

(50 mL) was treated with a solution of compound 1 (608 μL, 4.06 mmol) in anhydrous 

tetrahydrofuran (THF, 10 mL). Upon addition, a yellow suspension formed immediately. The 

reaction mixture was stirred at room temperature for 4 h, after which the precipitate was 

collected by filtration and washed with toluene (10 mL) and diethyl ether (Et₂O, 10 mL). The 

product was obtained as a yellow solid (2.10 g, 3.81 mmol). Yield 94%. 

1H-NMR (400 MHz, DMSO-d6) δ 9.34 (s, 3H, NHCH2), 8.24 (dd, J = 8.6, 1.3 Hz, 3H, ArH), 8.00 

(dd, J = 8.4, 1.7 Hz, 3H, ArH), 7.57 (ddd, J = 8.6, 7.2, 1.5 Hz, 3H, ArH), 7.49 (s, 3H,  NHAr), 

7.08 (ddd, J = 8.6, 7.2, 1.4 Hz, 3H, ArH), 3.25 – 3.16 (m, 6H, CH2N), 2.63 (t, J = 7.0 Hz, 6H, 

CH2N). 

13C-NMR (400 MHz, DMSO-d6) δ 154.44 (CO), 136.36 (C), 135.55 (C), 133.07 (CH), 125.87 

(CH), 122.61 (CH), 121.95 (CH), 37.96 (CH2), 23.06 (CH2). 

IR (v/cm ⁻1) 3391; 3270; 1670; 1541; 1273; 1379; 1335; 1121; 888; 680; 773. 

HR-MS (ESI) to be acquired. 
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3, N,N′,N′′-tris[N′-(1-aminophenyl)ureidoethyl]nitrilotriethane 

 

A mixture of TREN-ON (2.03 g, 3.13mmol), ammonium chloride (0.30 g, 5.54mmol) and iron 

fine powder (2.62mg, 46.95 mmol) are added to EtOH/H2O = 4:1 (50 mL) in a round bottom 

flask, the suspension was refluxed at 95°C and stirred for 2h. After the reaction was 

completed, the suspension was filtered over Celite while hot, and the product was obtained 

by evaporating the solvent under reduced pressure, obtaining 3 as a pale-yellow solid (1.36 g, 

2.59 mmol). Yield 83%. 

1H-NMR (300 MHz, DMSO-d6) δ 7.71 (s, 3H, NHCH2), 7.23 (dd, J = 7.9, 1.5 Hz, 3H, ArH), 6.78 

(td, J = 7.5, 1.6 Hz, 3H, ArH), 6.67 (dd, J = 8.0, 1.7 Hz, 3H, ArH), 6.50 (td, J = 7.2, 1.7 Hz, 3H, 

ArH), 6.31 (s, 3H, NHAr), 4.70 (s, 6H, NH2), 3.17 (dd, J = 5.5 Hz, 6H, CH2NH), 2.56 (s, 6H, 

NCH2CH2). 

TREN-Hex-U, N,N′,N′′-tris[N′-(4-nitrophenyl)-N-(phenyl)bis(ureidoethyl)]nitrilotriethane 

 

A solution of compound 3 (109.0 mg, 0.152 mmol) in toluene/anhydrous THF=4:1 (10mL) was 

treated with p-nitrophenyl isocyanate (100.0 mg, 0.61 mmol). The reaction mixture was 

refluxed at 90 °C for 18 h. The resulting precipitate was collected by filtration and washed with 

toluene (10 mL), Et₂O (10 mL). The crude product was further purified by flash column 

chromatography, using a eluent of increasing polarity combining: dichloromethane (DCM), 

acetone, and methanol (MeOH). The appropriate fractions were combined, and the solvent 

was removed under reduced pressure to afford TREN-Hex-U as a yellow solid (31.3 mg, 25.4 

µmol). Yield 17%. 

1H-NMR (400 MHz, DMSO-d6) δ 9.86 (s, 3H, NHAr), 8.26 (s, 3H, NHAr), 8.14 (d, J = 9.2 Hz, 

6H, ArH), 8.01 (s, 3H, NHAr), 7.65(d, J = 9.3 Hz, 3H, ArH), 7.61 – 7.50 (m, 6H, ArH), 7.48 – 
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7.41 (m, 3H, ArH), 7.07 – 6.98 (m, 6H, ArH), 6.57 (s, 3H, NHCH2), 3.19 (d, J = 7.0 Hz, 6H, 

CH2CH2NH), 2.60 (t, J = 6.4 Hz, 6H, NCH2CH2). 

13C-NMR (400 MHz, DMSO-d6) δ 156.75 (CO), 153.09 (CO), 141.40 (C), 132.48 (C), 131.08 

(C), 125.63 (CH), 124,95 (CH), 124.19 (CH), 117.86 (CH), 54.46 (CH2), 38.36 (CH2). 

The IR spectrum of TREN-Hex-U was not recorded because not enough compound was left 

after testing. 

HR-MS (ESI) to be acquired. 

5, (2,4,6-triethyl-1,3,5-trimethylamine)benzene 

 
In a 50 mL round-bottom flask, 4 (700 mg, 1.58 mmol), sodium azide (512 mg, 7.9 mmol), and 

anhydrous DMF (20 mL) were combined and the mixture heated at 60 °C under stirring 

overnight.  

To the mixture was then added EtOAc (30 mL) and washed with H₂O (3 x 20 mL). The organic 

phase was separated, dried over MgSO₄, filtered, and concentrated at to 4 mL after the 

addition of dry DMF (4 mL). The solution was transferred to a 250 mL round-bottom flask and 

combined with anhydrous, N₂-saturated THF (70 mL). A solution of PMe₃, 1 M in THF (9.48 mL, 

9.48 mmol) was added, and the mixture was stirred for 40 min. N₂-saturated H₂O (16 mL) was 

then introduced, and the reaction was allowed to stir overnight. The solvent was removed by 

passing a gentle stream of Ar through the mixture. Compound 5 (585.6 mg, 1.16 mmol) was 

obtained as a white solid containing 67% of O=PMe₃ by molar ratio, as determined by 1H-NMR. 

Compound was used without further purification. Yield 74%. 

1H-NMR (300 MHz, CDCl3) δ 3.87 (s, 6H, NH2), 2.82 (q, J = 7.5 Hz, 6H, CH2), 1.43 (s, 6H, 

CH2NH2), 1.23 (t, J = 7.5 Hz, 9H, CH3). Trimethylphosphine oxide 1.52 (d, 2J(P-H)=12.5 Hz). 

5 (alternative synthesis)   
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Compound 4 (0.500 g, 1.13 mmol) was dissolved in acetone (35 mL) and heated to reflux to 

ensure complete dissolution. Sodium azide (325 mg, 5.1 mmol) was then added, followed by 

the gradual addition of water (≈10 mL) until the solution became turbid. The reaction mixture 

was heated under reflux overnight. The solvent was removed under reduced pressure until 

approximately 4 mL remained. Ethyl acetate (EtOAc, 30 mL) was then added, and the mixture 

was washed with water. The organic layer was separated, dried over MgSO₄, and filtered. DMF 

(4 mL) was added to the filtrate, and the solution was again concentrated under reduced 

pressure to a final volume of 4 mL. The solution was transferred to a 250 mL round-bottom 

flask and combined with anhydrous, N₂-saturated THF (70 mL) and PPh3 (1.78 g, 7.79 mmol), 

and the mixture was stirred for 40 min. N₂-saturated H₂O (16 mL) was then introduced, and 

the reaction was allowed to stir overnight. The solvent was removed at reduced pressure. 

Compound 5 (1.94 g, 0.72mmol) was obtained as a white solid containing 98% of O=PPh₃ by 

molar ratio, as determined by 1H-NMR. Compound was used without further purification. 

Yield 64%. 

1H-NMR (300 MHz, CD3CN) δ 3.80 (s, 6H, NH2), 2.83 (q, J = 7.5 Hz, 6H, CH2), 1.43 (s, 6H, 

CH2NH2), 1.17 (t, J = 7.5 Hz, 9H, CH3). Triphenylphosphine oxide 7.71-7.20 (m).  

TEP-SF2, cis,cis-1,3,5-tris[N′-(3,5-bis(trifluoromethyl)phenyl)thioureidomethyl]-2,4,6-
triethylbenzene 

 

A solution of compound 5 (171 mg, 687 µmol) in anhydrous THF (5 mL) was prepared, and 

3,5-bis(trifluoromethyl)phenyl isothiocyanate (370 µL, 4.50 mmol) was added dropwise. The 

reaction mixture was stirred at room temperature for 18 h. Upon completion, the solvent was 

removed under reduced pressure. The crude product was purified by flash column 

chromatography using dry loading: the solid was dissolved in approximately 2 mL of MeOH, 

celite was added, and the solvent was evaporated. Chromatography was then performed with 

a gradient elution from MeOH:DCM = 0:1 to MeOH:DCM = 1:9, affording the pure product  

TEP-SF2 (166 mg, 156 µmol). Yield 76%. 
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1H-NMR (400 MHz, ACETONE-d6) δ 9.31 (s, 3H, NHAr), 8.36 (s, 6H, ArH), 7.69 (s, 3H, ArH), 

7.44 (s, 3H, NHCH2), 4.86 (d, J = 4.3 Hz, 6H, CH2NH), 2.84 (q, J = 7.6 Hz, 6H, CH2), 1.22 (t, 

J = 7.5 Hz, 9H, CH3). 

13C-NMR (400 MHz, ACETONE-d6) δ 144.99 (CS), 142.13 (C), 132.05 (C), 130.97 (CH2), 

124.90 (C), 122.20 (CH), 116.71 (CH),42.96 (CH2NH), 23.15 (CH2CH3), 15.96 (CH3). 

IR (v/cm ⁻1) 3245; 2972; 1497; 1276; 1181; 1119; 950; 885; 681. 

HR-MS (ESI) to be acquired. 

7, 1,3,5-tris(aminomethyl)benzene 

 
To a solution of 6 (500mg, 1.40 mmol) in  acetone (35 mL), sodium azide was added (410 mg, 

6.30 mmol), followed by the gradual addition of water (≈10 mL) until the solution became 

turbid. The reaction mixture was heated under reflux overnight. The solvent was removed 

under reduced pressure until approximately 4 mL remained. EtOAc (30 mL) was then added, 

and the mixture was washed with water. The organic layer was separated, dried over MgSO₄, 

and filtered. DMF (4 mL) was added to the filtrate, and the solution was again concentrated 

under reduced pressure to a final volume of 4 mL.  Completion of the reaction was confirmed 

by 1H-NMR of a crude aliquot from the reaction mixture. 

The solution was transferred to a 250 mL round-bottom flask and combined with anhydrous, 

N₂-saturated THF (70 mL) and PPh3 (2.13g, 6,78 mmol), and the mixture was stirred for 40 

min. N₂-saturated H₂O (16 mL) was then introduced, and the reaction was stirred overnight. 

The solvent was removed at reduced pressure. 3,63 g of Compound 5 was obtained as a white 

solid containing 93% of O=PPh₃ by molar ratio, as determined by 1H-NMR. Compound was 

used without further purification. Yield 68%. 

1H-NMR (300 MHz, CD3CN) δ 7.37 – 7.27 (m, 3H, ArH), 4.44 (s, 6H, CH2N). 
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THP-SF2, cis,cis-1,3,5-tris[N′-(3,5-bis(trifluoromethyl)phenyl)thioureidomethyl] 

benzene 

 

 

A solution of compound 7 (400mg, 1,93.66 µmol) in anhydrous THF (5 mL) was prepared, and 

3,5-bis(trifluoromethyl)phenyl isothiocyanate (370 µL, 4,50 mmol) was added dropwise. The 

reaction mixture was stirred at room temperature for 18 h. Upon completion, the solvent was 

removed under reduced pressure. The crude product was purified by flash column 

chromatography using dry loading: the solid was dissolved in approximately 2 mL of MeOH, 

celite was added, and the solvent was evaporated. Chromatography was then performed with 

a gradient elution from MeOH:DCM = 0:1 to MeOH:DCM = 2:8, affording the pure product 

THP-SF2 (69.06 mg, 71.64 µmol). Yield 37%. 

1H-NMR (400 MHz, Acetone-d6) δ 9.52 (s, 3H, NHAr), 8.37 – 8.30 (m, 6H, ArH), 8.13 (t, J = 

5.5 Hz, 3H, ArH), 7.70 (s, 3H, ArH), 7.37 (s, 3H, NHCH2), 4.90 (d, J = 5.4 Hz, 6H, NCH2Ar). 

IR (v/cm ⁻1) 3222, 3045, 2932, 1541, 1379, 1274 1169, 1125, 888, 680. 

HR-MS (ESI) m/z calculated for [M+Na]+ 1026.0858, found 1026.0858. 
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TEP-ON, cis,cis-1,3,5-tris[N′-(2-nitrophenyl)ureidomethyl]-2,4,6-triethylbenzene 

 
In a round-bottom flask, to a solution of o-nitrophenyl isocyanate (310mg, 1.89 mmol) in 

toluene (40 mL) was added a solution of compound 5 (1.50 g, 541.29 µmol) in anhydrous THF 

(10 mL). The reaction mixture was stirred at room temperature for 4 h, during this period, a 

yellow suspension is formed, the precipitate was isolated by filtration and washed with 

toluene (10 mL), THF (10 mL) and Acetone (10 mL). The product TEP-ON was obtained as a 

yellow solid (264.66 mg, 357.25 µmol). Yield 66%. 

1H-NMR (400 MHz, DMSO-d6 ) δ 9.35 (s, 3H, NHAr), 8.41 (d, J = 7.6 Hz, 3H, ArH), 8.05 (d, J 

= 10.1 Hz, 3H, ArH), 7.71 – 7.61 (m, 6H, ArH + NHCH2), 7.12 (t, J = 7.8 Hz, 3H, ArH), 4.40 (d, 

J = 4.9 Hz, 6H, NHCH2), 2.80 (q, J = 7.6 Hz, 6H, CH2CH3), 1.18 (t, J = 7.4 Hz, 9H, CH3). 

13C-NMR (400 MHz, DMSO-d6) δ 154.39 (CO), 137.25 (C), 136.32 (C), 135.55 (C), 133.07 

(CH), 125.87 (CH), 122.61(CH), 121.95 (CH), 37.95 (CH2N), 23.06 (CH2CH3), 16.81 (CH3). 

IR (v/cm ⁻1) 3317, 2968, 2157, 1647, 1479, 1336, 1253, 1148, 730 

HR-MS (ESI) to be acquired.   

THP-ON, cis,cis-1,3,5-tris[N′-(2-nitrophenyl)ureidomethyl]benzene 
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In a round-bottom flask, to a solution of o-nitrophenyl isocyanate (310mg, 1.89 mmol) in 

toluene (40 mL) was added a solution of compound 7 (1.72 g, 968.29 µmol) in anhydrous THF 

(10 mL), addition, a yellow suspension formed immediately The reaction mixture was stirred 

at room temperature for 4 h, during this period, a yellow suspension is formed, the precipitate 

was isolated by filtration and washed with toluene (10 mL), THF (10 mL) and Acetone (10 mL). 

The product THP-ON was obtained as a yellow solid (264.66 mg, 357.25 µmol). Yield 74%. 

1H-NMR (400 MHz, DMSO-d6) δ 9.44 (s, 3H, NHAr), 8.32 (dd, J = 8.7, 1.4 Hz, 3H, ArH), 8.06 (d, J = 6.0 

Hz, 3H, NHCH2), 8.03 (dd, J = 8.4, 1.5 Hz, 3H, ArH), 7.59 (ddd, J = 8.6, 7.1, 1.5 Hz, 3H, ArH), 7.17 (s, 3H, 

ArH), 7.10 (ddd, J = 8.4, 7.2, 1.4 Hz, 3H, ArH), 4.31 (d, J = 5.8 Hz, 6H, CH2N).  

13C-NMR (400 MHz, DMSO-d6) δ 154.81 (CO), 137.30 (CH), 136.37 (CH), 135.46 (CH), 125.83 (CH), 

122.49 (CH), 121.94 (CH), 43.43 (CH2N). 

IR (v/cm ⁻1) 3311, 1655,1584, 1499, 1336, 1281, 1254, 1148, 734. 

HR-MS (ESI) m/z calculated for [M+Na]+ 636.2002, found 636.2043 
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5.3 Characterization 
(5.3.1) TREN-ON, characterization  

 
Figure ES1: TREN-ON 1H-NMR (400 MHz, DMSO-d6 ) 

 

Figure ES2: TREN-ON 13C-NMR (400 MHz, DMSO-d6 ) 
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Figure ES3: TREN-ON IR spectra 

(5.3.2) 3, characterization 

 
Figure ES4: 1H-NMR (400 MHz, DMSO-d6) 
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(5.3.3) TREN-Hex-U, characterization 

 
Figure ES5: TREN-Hex-U  1H-NMR (400 MHz, DMSO-d6) 

 

 
Figure ES6: TREN-Hex-U 13C-NMR (400 MHz, DMSO-d6) 
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(5.3.4) 5, characterization 

 
Figure ES7: 1H-NMR (300 MHz, CD3CN) δ 3.80 (s, 1H), reaction with PMe3 

 
Figure ES8: 1H-NMR (300 MHz, CD3CN) δ 3.80 (s, 1H), reaction with PPh3 
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 (5.3.5) TEP-SF2, characterization  

 
Figure ES9: TEP-SF2  1H-NMR (400 MHz, ACETONE-d6) 

 
Figure ES10: TEP-SF2  13C-NMR (400 MHz, ACETONE-d6 ) 
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Figure ES11: TEP-SF2 IR spectra 

(5.3.6) 7, characterization  

 
Figure ES12: 1H-NMR (300 MHz, CD3CN) 
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(5.3.7) THP-SF2, characterization 

 
Figure ES13: THP-SF2  1H-NMR (400 MHz, ACETONE-d6) 

 
Figure ES14: THP-SF2 IR spectra 
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(5.3.8) TEP-ON, characterization 

 
Figure ES15: TEP-ON 1H-NMR (400 MHz, DMSO-d6) 

 

Figure ES16: TEP-ON 13C-NMR (400 MHz, DMSO-d6) 



60 
 

 

Figure ES17: TEP-ON IR spectra 

 
Figure ES18: THP-ON 1H-NMR (400 MHz, DMSO-d6) 
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Figure ES19: THP-ON 13C-NMR (400 MHz, DMSO-d6) 

 
Figure ES20: THP-ON IR spectra 
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5.4 Liposomes Preparation for the Transport Studies 
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was purchased from Sigma Aldrich. 

A stock solution of POPC was prepared in deacidified chloroform (CHCl3) and stored in a 

freezer. Volumes were calculated to obtain a final lipid concentration of 0.4 mM for HPTS 

assay, 0.1 mM for SPBA assay and 50 mM for 31P-NMR assay. Depending on the experiment 

and the assay the right amount of Lipid solution is poured to a 5mL round bottom flask and 

combined with the synthetic anion carrier solution to achieve the desired ratio, this step is not 

performed for post-insertion experiments. The solvent is evaporated under a flow of nitrogen 

and dried under vacuum for at least 1 h to obtain a lipid film. Buffer solutions were prepared 

in water that was deionized with a Millipore filtration system. Depending on the method used, 

the lipid films were hydrated with: 

-SPBA: 500 μL of an aqueous solution of SPBA (0.8 mM) in NaNO3 (225 mM) or  Na2SO4 (112 

mM) and HEPES (10 mM) buffered at pH 7. 

-HPTS assay: 500 μL of an aqueous solution of HPTS (1 mM) in NMDGH+Cl– (100 mM) and 

HEPES (10 mM) buffered at pH 6.8. The buffer solution was prepared by mixing a 1.0 M 

solution of N-methyl-ᴅ-glucamine (NMDG) with the appropriate amounts of HCl, HEPES, and 

water to reach the desired concentrations and pH. 

-31P-NMR: 500 μL of an aqueous solution (H2O) of NaCl (400 mM) and MES (5 mM) buffered 

at pH 5. 

The hydrated lipid films were sonicated for ca. 30 s and stirred for 1 hour, at room temperature 

to create a heterogeneous mixture of vesicles. The suspension was subjected to 10 freeze 

thawing cycles to generate unilamellar vesicles, diluted to 1 mL with the same salt solution 

previously employed for the hydration of the lipid film (without the fluorescent probe in case 

of fluorescence spectroscopy-based assays) and extruded 29 times through a polycarbonate 

membrane (200 nm pore size). In the case of 31P-NMR assay, no further steps were required 

in the preparation of the LUVs. In the case of fluorescence spectroscopy-based assays, the 

large unilamellar vesicles (LUVs) suspension was eluted through a size exclusion column 

(Sephadex G-25) using the external salt solution as eluent to remove the external fluorescent 

probe. The resulting suspension was further diluted with the same salt solution to obtain the 

desired final lipids concentration. 

5.5 SPBA assay general Procedure 
The liposome solution was prepared following the reported procedure (5.4). Fluorescence 

measurements were carried out on a Fluoromax-4 spectrometer using a quartz cuvette 

equipped with a stir bar. The cuvette holder temperature was controlled at 25 °C using a water 

bath and allowed to stabilize for at least 3 minutes before each experiment. For post-insertion 

measurements, transporters were added as 5 μL of a 2.4 μM solution in DMF. The fluorescence 

intensity of SPBA (excitation at 435 nm, emission at 505 nm) was monitored over 11 min. 

Pulses were generated by dissolving the corresponding salts in the external solution: a 75 μL 

aliquot of NaCl or Na₂PhPO₄ (1 M, final external anion concentration 25 mM) was added 

approximately 30 seconds after the start of the experiment, and fluorescence was recorded 
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for an additional 10 minutes. Finally, vesicles were lysed by adding 50 μL of Triton X-100 (5 

wt% in water), and measurements continued for about 30 s. 

5.6 Data treatment for SPBA assay  transport experiments 
Each experiment was repeated at least three times. For receptors that did not show evidence 

of transport, the measurements were repeated just twice, while the blank experiment was 

carried out only once. For each averaged dataset, the raw fluorescence data (Fig ES21) were 

processed by removing the 30 seconds preceding the pulse and the sharp decrease in 

fluorescence immediately following the pulse, after which the remaining signal was 

normalized. This decrease in fluorescence is attributed to residual external probe not removed 

during the size-exclusion chromatography step. 

 
Figure ES1: Example of a transport curve 

5.7 Transport experiment: SPBA assay 

(5.7.1) TREN-ON, SPBA transport experiments 

 

Figure ES2a: Normalized fluorescence curves of TREN-ON in SPBA assay. SPBA (0.8 mM) in 
LUVs (100% POPC, 0.4 mM total lipid), Buffer: 225 mM NaNO3, 25 mM HEPES pH 7. Pulse: 25 
mM NaCl. TREN-ON  pre-incorporated, carrier/lipid ratio: 1 mol% . 
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Figure ES22b: Normalized fluorescence curves of TREN-ON in SPBA assay. SPBA (0.8 mM) in 
LUVs (100% POPC, 0.4 mM total lipid), Buffer: 225 mM NaNO3, 25 mM HEPES pH 7. Pulse: 25 
mM NaCl or Na₂PhPO4. TREN-ON  post-inserted, carrier/lipid ratio: 1 mol%.  

(5.7.2) TREN-Hex-U, SPBA transport experiments 

 

Figure ES3a: Normalized fluorescence curves of TREN-Hex-U in SPBA assay. SPBA (0.8 mM) in 
LUVs (100% POPC, 0.4 mM total lipid), Buffer: 225 mM NaNO3, 25 mM HEPES pH 7. Pulse: 25 
mM NaCl. TREN-Hex-U  pre-incorporated, carrier/lipid ratio: 1 mol%. 
Figure ES23b: Normalized fluorescence curves of TREN-ON in SPBA assay. SPBA (0.8 mM) in 
LUVs (100% POPC, 0.4 mM total lipid), Buffer: 225 mM NaNO3, 25 mM HEPES pH 7. Pulse: 25 
mM Na₂PhPO4. TREN-Hex-U  pre-incorporated, carrier/lipid ratio: 1 mol%. 
Figure ES23c: Normalized fluorescence curves of TREN-Hex-U in SPBA assay. SPBA (0.8 mM) in 
LUVs (100% POPC, 0.4 mM total lipid), Buffer: 112 mM Na2SO4, pH 7. Pulse: 25 mM NaCl. TREN-
Hex-U  pre-incorporated, carrier/lipid ratio: 1 mol%. 
Figure ES23c: Normalized fluorescence curves of TREN-Hex-U in SPBA assay. SPBA (0.8 mM) in 
LUVs (100% POPC, 0.4 mM total lipid), Buffer: 112 mM Na2SO4, pH 7. Pulse: 25 mM Na₂PhPO4. 
TREN-Hex-U  pre-incorporated, carrier/lipid ratio: 1 mol%. 
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(5.7.3) TEP-SF2, SPBA transport experiments 

 

Figure ES4a: Normalized fluorescence curves of TEP-SF2 in SPBA assay. SPBA (0.8 mM) in LUVs 
(100% POPC, 0.4 mM total lipid), Buffer: 225 mM NaNO3, 25 mM HEPES pH 7. Pulse: 25 mM 
NaCl. TEP-SF2 pre-incorporated, carrier/lipid ratio: 1 mol%. 
Figure ES24b: Normalized fluorescence curves of TEP-SF2 in SPBA assay. SPBA (0.8 mM) in 
LUVs (100% POPC, 0.4 mM total lipid), Buffer: 225 mM NaNO3, 25 mM HEPES pH 7. Pulse: 25 
mM Na₂PhPO4. TEP-SF2  pre-incorporated, carrier/lipid ratio: 1 mol%. 
Figure ES24c: Normalized fluorescence curves of TEP-SF2 in SPBA assay. SPBA (0.8 mM) in 
LUVs (100% POPC, 0.4 mM total lipid), Buffer: 225 mM NaNO3, 25 mM HEPES pH 7. Pulse: 25 
mM NaCl, TEP-SF2 pre-incorporated, carrier/lipid = 1:10000. 
Figure ES24d: Normalized fluorescence curves of TEP-SF2 in SPBA assay. SPBA (0.8 mM) in 
LUVs (100% POPC, 0.4 mM total lipid), Buffer: 225 mM NaNO3, 25 mM HEPES pH 7. Pulse: 25 
mM NaCl. TEP-SF2 post-inserted, carrier/lipid ratio: 1 mol%. 
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(5.7.4) THP-SF2, SPBA transport experiments 

 

Figure ES5a: Normalized fluorescence curves of THP-SF2 in SPBA assay. SPBA (0.8 mM) in 
LUVs (100% POPC, 0.4 mM total lipid), Buffer: 225 mM NaNO3, 25 mM HEPES pH 7. Pulse: 25 
mM NaCl. THP-SF2 pre-incorporated, carrier/lipid ratio: 1 mol%. 
Figure ES25b: Normalized fluorescence curves of THP-SF2 in SPBA assay. SPBA (0.8 mM) in 
LUVs (100% POPC, 0.4 mM total lipid), Buffer: 225 mM NaNO3, 25 mM HEPES pH 7. Pulse: 25 
mM NaCl, THP-SF2 pre-incorporated, carrier/lipid = 1:10000. 
Figure ES25c: Normalized fluorescence curves of THP-SF2 in SPBA assay. SPBA (0.8 mM) in 
LUVs (100% POPC, 0.4 mM total lipid), Buffer: 225 mM NaNO3, 25 mM HEPES pH 7. Pulse: 25 
mM NaCl. THP-SF2 post-inserted, carrier/lipid ratio: 1 mol%. 
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(5.7.5) TEP-ON, SPBA transport experiments 

 
Figure ES6a: Normalized fluorescence curves of TEP-ON in SPBA assay. SPBA (0.8 mM) in LUVs 
(100% POPC, 0.4 mM total lipid), Buffer: 225 mM NaNO3, 25 mM HEPES pH 7. Pulse: 25 mM 
NaCl. TEP-ON pre-incorporated, carrier/lipid ratio: 1 mol%. 
Figure ES26b: Normalized fluorescence curves of TEP-ON in SPBA assay. SPBA (0.8 mM) in 
LUVs (100% POPC, 0.4 mM total lipid), Buffer: 225 mM NaNO3, 25 mM HEPES pH 7. Pulse: 25 
mM NaCl. TEP-ON post-inserted, carrier/lipid ratio: 1 mol%. 

(5.7.6) THP-ON, SPBA transport experiments 

 
Figure ES7: Normalized fluorescence curves of THP-ON in SPBA assay. SPBA (0.8 mM) in LUVs 
(100% POPC, 0.4 mM total lipid), Buffer: 225 mM NaNO3, 25 mM HEPES pH 7. Pulse: 25 mM 
NaCl. THP-ON pre-incorporated, carrier/lipid ratio: 1 mol%. 

5.8 Transport experiment: HPTS assay 
Liposome solutions were prepared following the reported procedure (5.4). Quartz cuvettes 

containing 3.00 mL of LUV suspension with encapsulated HPTS dye (1 mM) were placed in the 

sample compartment of an Agilent Cary Eclipse fluorescence spectrometer equipped with a 

xenon flash lamp and magnetic stirrer. Samples were excited at 403 and 455 nm (slit width: 5 

nm), and the emission intensity was monitored at 511 nm (slit width: 5 nm) over time. Three 

transport experiments were performed in parallel. Prior to the measurement, CCCP in MeOH 
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was added to reach a CCCP:lipid ratio of 0.1 mol%. After 30 s of recording, a base pulse of 

NMDG (5 mM) in water was added to establish a pH gradient between the interior (pH 6.8) 

and exterior (pH 7.8) of the liposomes. Fluorescence ratios were recorded for 10 min, after 

which the vesicles were lysed by addition of Triton X-100 (50 μL, 5 wt% in water). 

Measurements were continued for an additional 30 s. Also, for HPTS transport curves, the 

initial jump is cut. 

5.9 Transport experiment: 31P-NMR assay 
Liposomes were prepared following the reported procedure (5.2). 31P-NMR spectra were 

recorded at 243 MHz on a 14.1 T Jeol JNM-ECZ600R/S3 spectrometer with a 5 mm Royal 

Probe. A coaxial insert containing trimethyl phosphate in D2O (50 mM) was used as reference 

and the chemical shift of its 31P-NMR signal was set at 3.7 ppm (H3PO4=0 ppm). 400 μL of 

liposomes were placed in an NMR tube with a coaxial insert containing trimethyl phosphate 

in D2O (50 mM), used as chemical shift reference (3.70 ppm) and a first 31P-NMR was recorded. 

No 31P-NMR signal was observed for the POPC lipid headgroups, due to the large size of the 

liposomes. 45 μL of a phosphate solution (1 M) prepared in the buffer used for the preparation 

of the liposomes was added to the liposomes sample to obtain a 100 mM phosphate extra-

vesicular pulse. After 1 h, MnSO₄ (1 μL, 1 M in H₂O) was added to reach a final concentration 

of 2 mM, ensuring relaxation of the extravesicular phosphate. Transport was monitored over 

13 h. 

 

Figure ES8a: 31P-NMR of TREN-Hex-U at pH 5 in NaCl buffer in H2O after addition of NaH2PO4.  
Figure ES9b: 31P-NMR of TREN-Hex-U after 1h, after adding MnSO4 (2mM). 
Figure ES10c: 31P-NMR of TREN-Hex-U recorded after 2h. 
Figure ES11d: 31P-NMR of TREN-Hex-U recorded after 13h. 
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5.10 THP-SF2 titration 
The binding constants with chloride for THP-SF2 was assessed using 1H-NMR titration using n- 

TBACl in DMSO-d6/H2O (200:1). Titration was carried out at 298K on a JEOL JNM-ECZ600R/S3 

spectrometer. The salt was dried under high vacuum overnight to remove residual solvents or 

water before preparing the solutions. The host concentration used was 1 mM and aliquots of 

a 50 mM guest solution were added incrementally up to 100 eq. Due to the fast exchange 

regime observed for the binding of THP-SF2 with chloride, the downfield shift of the 

resonance at 10.2 ppm was monitored. 
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Figure ES12a: 1H-NMR (400 MHz) titration spectra of compound 1 (1 mM) with TBACl (to 100 eq.) 
in DMSO-d6 (D2O content 0.5%). 
Figure ES32b: zoom-in of Figure ES32a. 

Table ES1 
 

 

To determine the association constant (Kₐ) for a 1:1 binding model, the following equations 

were applied: 

𝐾𝑎 =
[𝐻𝐺]

[𝐻][𝐺] 
 (7) 

Guest concentration / M Thioureas proton δ /ppm 

0.00 10.1589 

5.00E-04 10.1656 

1.00E-03 10.18 

5.00E-03 10.2278 

1.00E-02 10.2771 

2.00E-02 10.3604 

3.00E-02 10.4355 

4.00E-02 10.4947 

5.00E-02 10.5499 

6.00E-02 10.6012 

8.00E-02 10.6914 

1.00E-01 10.7483 
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[𝐻]0 = [𝐻] + [𝐻𝐺] (8) 

[𝐺]0 = [𝐺] + [𝐻𝐺] (9) 

𝐾𝑎 =
[𝐻𝐺]

([𝐻]0+[𝐻𝐺])([𝐺]0+[𝐻𝐺]) 
 (10) 

[𝐻𝐺] =
1

2
{([𝐻]0 + [𝐺]0

1

𝐾𝑎
) − √([𝐻]0 + [𝐺]0 +

1

𝐾𝑎
)2 − 4[𝐻]0[𝐺]0} (11) 

In 1H-NMR titration the shift of the signal is to the HG specie concentration in solution: 

Δδ = δΔHG
[𝐻𝐺]

[𝐻]0
  (12) 

Ka and δΔHG are not known values, but they can be derived through non-linear regression 

fitting of the chemical shift data obtained from the ¹H-NMR titration. 

 
Figure ES13: Observed (blue) and calculated (red) binding curves from the UV-Vis titration of 

THP-SF2 through additions of  TBACl solution in DMSO-d6  (with 0.5% D2O) to get an increasing 
concentration of the salt. 

The value obtained from the non-linear regression fitting of the ¹H-NMR titration data is Ka=11 

M-1. 
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6 List of abbreviations and symbols 

ACN (CD₃CN) –Acetonitrile/deuterated acetonitrile  

CCCP – Carbonyl cyanide m-chlorophenyl hydrazone  

CHCl₃ – Chloroform 

clogP – Logarithm of the octanol–water partition coefficient 

D2O – Deuterated water 

DC  – Dichloromethane 

D F - N,N-Dimethylformamide 

D SO (D SO-d6)– Dimethyl sulfoxide (deuterated) 

eq. – Equivalents 

ESI – Electrospray Ionization 

Et₂O – Diethyl ether 

EtOH – Ethanol 

  - Guest 

 UVs – Giant unilamellar vesicles 

H - Host 

HEPES – 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid  

H  – Host-guest complex 

HR S – High-Resolution Mass Spectrometry 

HPTS – 8-Hydroxypyrene-1,3,6-trisulfonic acid 

IR – Infrared spectroscopy 

ISE – Ion Selective Electrode 
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Ka – Association constant  

KSV – Stern–Volmer constant 

LUVs – Large Unilamellar Vesicles 

 eOH – Methanol 

 ES – 2-(N-morpholino)ethanesulfonic acid 

m/z – Mass to charge ratio  

N D  – N-Methyl-D-glucamine 

N R (¹H, ¹³C, ³¹P, ³³S, ³⁵Cl) – Nuclear Magnetic Resonance (proton, carbon, phosphorus, 

sulfur, chlorine) 

ON – Ortho-nitrophenyl   

Pd/C – Palladium on carbon 

PhHPO₄⁻ – Phenyl phosphate  

Ph2PO₄⁻ – Diphenyl phosphate 

POPC – 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (lipid) 

P e₃ – Trimethylphosphine 

PPh₃ – Triphenylphosphine 

QTOF - Quadrupole Time-Of-Flight 

-SF₂ – Bis(trifluoromethyl)phenyl thiourea fragment 

SPBA – Bis(3-sulfopropyl)-9,9’-biacridine 

TBACl – Tetrabutylammonium chloride 

TEP- – 1,3,Triethylphenylene scaffold 

THF – Tetrahydrofuran 
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THP- – Trihydrophenylene scaffold 

TLC – Thin Layer Chromatography  

Tol – Toluene 

UV-Vis – Ultraviolet–Visible spectroscopy 

wt% - weight percentage 

ΔH°hyd - standard enthalpy of hydration 

𝚫𝛅 - chemical shift difference 

𝛅𝚫𝐇𝐆 - chemical shift difference of the host–guest complex 

λexc -- excitation wavelength  
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