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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES 

Chemistry 

Thesis for the degree of Doctor of Philosophy 

EXPLOITATION OF NONCOVALENT/DYNAMIC COVALENT INTERACTIONS IN SENSING, 

SELF-ASSEMBLY AND MEMBRANE TRANSPORT 

Xin Wu 

This thesis reports the development of several novel chemical sensing systems, self-assembled 

aggregates, and membrane transporters in which noncovalent and/or dynamic covalent 

interactions operate. 

Perylenebisimide dyes functionalized with boronic acid groups were designed as effective chirality 

sensors for α-hydroxy carboxylates. Binding of chiral α-hydroxy carboxylate guests via boronate 

ester linkage leads to formation of optically active helical stacks of perylenebisimide dyes in water, 

giving diagnostic induced circular dichroism signals in the perylene absorption region. 

A boronic acid-functionalized pyrene fluorophore forms excimer-emissive stacks upon 

cooperative binding of fluoride ion and catechol to the boron centre, allowing sensitive sensing of 

fluoride at ppm levels in aqueous solution which was unprecedented for boronic acids. The 

stabilization of boron-fluoride adduct in the aggregate and increase of Lewis acidity via catechol 

binding were proposed responsible for the unprecedented affinity, as supported by control 

experiments. 

A dynamic covalent amphiphile comprised of 4-formylphenylboronic acid and octylamine forms 

vesicular aggregates selectively with glucose which can bind two boronic acids thus forming 

“Gemini-type” amphiphiles. The aggregates feature stabilization of imine bond and boronate 

ester linkage, with the two dynamic covalent bonds working in synergy promoting the formation 

of each other despite the spatial separation. The system allows selective sensing of glucose 

against the interference of fructose, for the first time without resorting to any synthesis. 

A dynamic covalent approach was employed to transmembrane transport of amino acids by the 

formation of a three-component assembly. A mixture of a squaramide and a lipophilic and 

electrophilic aldehyde is shown to synergistically transport glycine across phospholipid vesicle 

membranes. The transport is proposed to occur via a hydrogen-bonded anionic glycine 

hemiaminal/imine, with control experiments supporting the role of hemiaminal/imine in the 

observed facilitated glycine transport 

Finally, the issue of electrogenic/electroneutral transport mechanisms and potential proton or 

hydroxide transport for synthetic anionophores were examined. It is shown that depending on 

acidity, many synthetic anionophores can facilitate electrogenic proton or hydroxide transport. 

However, two newly-developed small molecules are shown to promote chloride transport 

without significant proton/hydroxide transport (pH gradient dissipation) at low concentrations, 

essentially mimicking the electrogenic cationophore valinomycin. The chloride > 

proton/hydroxide selective anionophores feature encapsulation of chloride ion via weak 

hydrogen or halogen bonds. 
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Chapter 1: General Introduction 

Modern supramolecular chemistry has gradually evolved from studying purely non-covalent 

interactions to the inclusion of dynamic covalent bonds1 as well into the construction of host-

guest complexes or more complicated molecular assemblies. With the extensive exploitation of 

well-known interactions including hydrogen bond, ion pair, solvophobic interactions, aromatic π 

stacking, and cation-π interactions, recently the noncovalent toolbox has been enriched by 

halogen bond,2 and anion-π interactions,3 the distinct selectivity or applicability profiles of which 

have added to the diversity of supramolecular systems. These noncovalent interactions associate 

and dissociate instantly (e.g. half-life of hydrogen bonds typically less than 1 ns), allowing for 

rapid response to changes in environment and component concentrations. This however, implies 

low stability of the assembly. Dynamic covalent interactions are covalent bonds that are 

reversible (under certain conditions), as opposed to “permanent” covalent bonds used in organic 

synthesis. Examples include boronate ester,4 disulfide bond,5 imine bond,6 hemiaminal,7 

(hemi)acetal,8 and thioester9 etc. The metal-ligand coordination may be regarded as a “borderline” 

case. The rates of bond formation and breaking vary among different dynamic covalent bonds. For 

example, boronate esters can form and break within a few seconds or minutes, representing 

arguably the most labile dynamic covalent bond (excluding metal coordination). Slightly less labile 

are some nucleophilic addition reactions of carbonyl compounds, including hemiaminal and imine 

formations. Some dynamic covalent bonds allow controllable switch of reversibility. For example, 

hydrazones are stable under neutral and basic conditions, but become labile under acidic 

conditions. Compared with noncovalent interactions that are generally weak, dynamic covalent 

bonds can operate effectively in highly competitive media and lead to more stable assemblies 

that may be “permanantly” stablized (such as by reducing an imine bond10). Compared with 

irreversible covalent bonds, dynamic covalent bonds offer the possibility of component exchange, 

self-sorting and adaptability to environments. These are crucial to achieving important functions 

and applications that are otherwise inaccessible, such as optimizing receptor structure via 

evolution from a library of components,11 template-assisted assembly into highly complex 

architectures12, designing triggerable drug delivery vehicles,13 and achieving controllable 

mechanical movement in molecular scale.14 

The thesis focuses on three areas of research within supramolecular chemistry, namely, chemical 

sensing, self-assembly, and membrane transport, which feature the use of either (or both) 

noncovalent and dynamic covalent interactions. Chemical sensors are molecules or ensembles 

that generate an optical, electrochemical or other types of responses upon interacting with the 

analytical species of interest (analyte).15 Note that in this thesis, a broader definition of chemical 
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sensors is adopted to include systems that are less reversible. They have found a wide range of 

biomedical and environmental applications. As rapid analysis and reversibility are desired, 

noncovalent or dynamic covalent interactions are often employed for binding of the analytical 

target to the chemical sensor. All sensing projects in this thesis involve the use of dynamic 

boronate ester formation for analyte binding. The sensors developed here are not conventional 

small molecules. In all cases, the analyte binding triggers (or enhances) a supramolecular 

polymerization event, accompanied by dramatic changes of properties such as circular dichroism, 

UV-Vis absorption, fluorescence emission and solution turbidity. The benefit of the self-assembly 

approach to selectivity and sensitivity, compared with the formation of a simple small molecule 

host-guest complex is demonstrated in the examples in this thesis. In particular, weak dynamic 

covalent bonds can be strengthened by forming supramolecular aggregates. Another important 

topic in this thesis is facilitation of membrane transport, in which both conventional non-covalent 

approach and underexploited dynamic covalent interactions were exploited in the design of novel 

small molecule transporters for amino acids and anions. Please refer to the following chapters for 

more detailed introductions to different topics covered. 

Chapter 2 reported generation of optically active supramolecular π-stacks of perylenebisimide 

dyes, employing the dynamic boronate ester linkage for guest binding and chirality induction.16 

This leads to development of structurally simple yet rather effective sensors for rapid 

determination of enantiomeric excess of α-hydroxy acids, which may have applications in 

asymmetric synthesis. In Chapter 3, cooperative binding of fluoride ion and a catechol to a 

pyreneboronic acid resulted in formation of excimer-emissive supramolecular aggregates in water, 

achieving the challenging goal of fluoride sensing at ppm levels in water.17 Chapter 4 reported 

aggregation of an in situ-formed amphiphile featuring two spatially separated dynamic covalent 

bonds (imine and boronate ester) promoting the formation of each other as a result of 

stabilization of both bonds within aggregates. This allows selective sensing of glucose simply by 

mixing commercially available reagents in water. In Chapter 5, it is demonstrated for the first time 

that lipophilic and electrophilic aldehydes can facilitate transport of amino acids across 

phospholipid bilayers via reversible formation of hemiaminal or imine intermediates.18 Chapter 5 

examined the Cl− > OH− selectivity of a wide range of anionophores functioning via hydrogen bond, 

ion pair, halogen bond or metal coordination. It is shown that encapsulation of chloride via weak 

hydrogen or halogen bonds confers high Cl− > OH− selectivity which is important for biological 

applications where pH gradient disruption is undesired, whereas binding chloride via dative 

covalent bonds to metal centre or strong hydrogen bonds is not favourable for selectivity against 

hydroxide transport presumably due to strong interaction with hydroxide. 
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Chapter 2: Chirality Sensing of α-Hydroxy Carboxylates by 

Induced Helical Chirality of Perylenebisimide Stacks 

2.1 Introduction 

2.1.1 Chirality sensing 

Within the area of chemical sensing, there has been considerable interest in designing synthetic 

optical sensors that effectively discriminate between enantiomers of a certain class of chiral 

organic compounds.19-21 Those sensors, here referred to as chirality sensors, are designed to 

interact with chiral analytes via covalent or noncovalent interactions, giving spectroscopic 

responses that depend on the enantiomeric excess of the tested chiral analytes. These sensors 

have shown their potentials in many fields where chirality is an important parameter, for instance, 

absolute configuration assignment and promoting the development of asymmetric syntheses by 

offering an effective means of determining enantiomeric excess (ee) of reaction products. In the 

case of optical sensors, given that the sensor-analyte interactions take place fast enough, which is 

usually not a problem for supramolecular sensors, the rapidness and relatively low cost of 

spectroscopic assays will confer great advantages over prevailing methods for determining 

enantiomeric excess such as chromatographic techniques especially when hundreds of reaction 

products need to be analysed to optimize the reaction conditions. 

Chirality sensing is to distinguish right-handed and left-handed chirality and/or determine the 

optical purity of chiral samples. There are two major approaches to discriminate between 

enantiomers, chiral discrimination and chirality induction. In the chiral discrimination approach19 a 

chiral sensor is designed to form diastereomeric host-guest complexes with chiral analytes, 

producing responses in the UV-Vis absorption, fluorescence or NMR spectra that are different 

between a pair of analyte enantiomers. In the chirality induction approach21, achiral or 

dynamically racemic sensors are designed, which show induced molecular or supramolecular 

chirality upon sensor-analyte interactions giving responses detectable by a chiral discriminating 

spectroscopy such as circular dichroism (CD) or circularly polarized luminescence (CPL). A third, 

less common approach also exists, which does not involve the use of any chiral auxiliary or chiral 

discriminating spectroscopy, but is based on assembly of the sensor with (R)- and (S)-analytes that 

generates an ee-dependent response in a spectroscopic instrument that possesses no intrinsic 

chiral discriminating capacity.22-24  
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In the case of chiral sensors, (i) the differences in association constants of the diastereomeric 

sensor-analyte complexes should be sufficiently large, if the resulting diastereomeric complexes 

possess identical UV-Vis absorption or fluorescence spectra; or (ii) alternatively, the spectroscopic 

properties of the diastereomeric complexes should be different to allow discrimination by UV-Vis 

absorption, fluorescence or NMR methods. In the case of achiral sensors, they may have flexible 

conformations or exist as a racemic mixture of rapidly inter-converting enantiomeric conformers. 

Upon chiral analyte binding, the conformation of the sensor molecule should be effectively 

restricted that results in chirality induction, or the energy difference between the diastereomeric 

conformers should be sufficiently large to bias the formation of either conformer, resulting in 

nonracemic composition of the conformers and thus CD responses. 

There are several criteria to evaluate the usefulness of a chirality sensor as an analytical tool in 

asymmetric synthesis. These include sensitivity to enantiomeric composition (e.g. large induced 

CD signals for the chirality induction approach), sensitivity to low sample concentration (thereby 

reducing sample consumption), whether prior knowledge of sample concentration is required, 

rapidness of chirality induction, selectivity (minimising interaction with impurities), long operating 

wavelength (minimising interference from impurities that absorb at short wavelengths), and 

reproducibility. 

Most chirality sensors so far designed, by any of the three approaches described above, are small 

molecules. In spite of the great success achieved with small-molecule based sensors, often, an 

elaborately designed sensor structure is required. Recently, conceptually new chirality sensors 

based on macrocycles, synthetic polymers and supramolecular polymers have been developed. 

They may have distinct advantages compared with small molecules, such as ease of sensor design, 

broadening of substrate scope and amplified response to a small enantiomeric difference.25 A few 

representative examples of different classes of chirality sensors are presented in this chapter. 

2.1.2 Small molecule-based chirality sensors 

As a classical approach to chirality sensing, the development of small molecular sensors that show 

optical responses to sample enantiopurity has boosted during the last two decades. In a broader 

sense, this can include early examples of covalent derivatization of chiral organic compounds with 

chromophores, enabling electronic circular dichroism (ECD) analysis of chiral compounds that do 

not have UV-Vis absorption.26 In general, covalent derivatization requires a tedious and lengthy 

synthesis and purification procedure. Instead, recent examples have mostly employed 

noncovalent or dynamic covalent interactions to attach a chiral analyte to a sensor, the rapidness 

of analysis making possible high throughput screening (HTS) of asymmetric reaction products. 
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Figure 2.1 Structure of bis(Zn-porphyrin) sensor 2-1 and its interaction with chiral mono-alchohols. 

Reproduced with permission from Chem. Commun. 2015, 51, 11068-11071. Copyright 2015 Royal 

Society of Chemistry. 

The “porphyrin tweezers” – dimeric metalloporphyrins are classical examples of chirality sensors 

that have been designed for successful chirality induction and sensing of a wide range of chiral 

organic compounds.27 In general, two metalloporphryin units are linked by a flexible spacer. The 

porphyrin tweezers are conformationally flexible in the absence of chiral analytes. Binding of a 

chiral analyte (which needs to contain two metal binding sites,28 or can be attached to a “carrier” 

which contains an additional binding site to satisfy this condition29) simultaneously with two 

metal centres “closes” the tweezer leading to helical arrangement of the two metalloporphyrin 

units with the handedness determined by the chirality of the analyte. Alternatively to using metal 

centre for analyte binding, the porphyrin tweezer can be functionalized with analyte binding sites 

to target a specific group of analytes.30 The intense absorption bands (Soret bands and Q-bands) 

of porphyrins in the visible region allow high sensitivity to μM concentrations, while the large size 

of porphyrin units ensure efficient chirality induction (preference to form one helicity) as a result 

of steric interactions with the chiral analyte. Recently, the challenging goal of sensing chirality of 

weakly interacting mono-alcohols without covalent derivatization has been achieved by Takanami  

and coworkers using bis(Zn-porphyrin) sensor 2-1 (Figure 2.1).31 The elegant structure design that 

involves pre-organising the porphyrin units in a splayed cofacial arrangement by steric repulsion 

between the hydrogen atoms at the methylene spacer and those at porphyrin β-positions (Hβ) 

allows the two Lewis acidic metal centres to bind simultaneously with the two lone pairs of 

alcohol oxygen atom in non-polar solvents. Induction of strong excition-coupled circular dichroism 

(ECCD) signals in the Soret band of 2-1 was observed with several chiral mono-alcohol analytes, 
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and a working model has been proposed for non-empirical absolute configuration assignment of 

the analytes. 

As exemplified by the porphyrin tweezers, using metal complexes has been a popular strategy for 

developing chirality sensors partly due to effective interactions of metal centres with chiral 

analytes. Other examples include several tripodal ligand-based chirality sensing systems 

developed by Anslyn and coworkers. Cu(II) complex 2-2 serves as a CD-based chirality sensor for 

mono-carboxylates (Figure 2.2a),32 which exits as equal amount of enantiomers in equilibrium in 

the absence of chiral analytes, but preferably forms a diastereomer upon binding of a chiral 

carboxylate due to steric interactions between the tripodal ligand and the groups present in the 

chiral carboxylate. This protocol allows not only ee determination of chiral carboxylates, but also 

identification of different chiral carboxylates guests by linear discriminant analysis (LDA) due to 

different shapes and magnitudes of the CD signals induced by different carboxylate analytes. This 

system was later applied for chirality sensing and differentiation of N-Boc amino acids.33  

 

Figure 2.2 (a) Chirality sensing of chiral carboxylates by Cu(II) complex 2-2. (b) Chirality sensing of 

chiral alcohols by a multicomponent dynamic covalent assembly leading to the formation of a 

hemiaminal ether-Zn(II) complex. 

In 2011, the Anslyn group reported a new chirality sensing system for chiral alcohols based on 

helical metal complexes of in situ generated tripodal ligands.34-35 While binding of alcohols is 

possible by direct coordination to a highly Lewis acidic metal centre as is the case of 2-1, it is 

remarkable that Anslyn el al. have achieved reversible binding of alcohols via a C–O covalent bond. 

A multicomponent assembly was formed between 2-pyridinecarboxaldehyde, bis(2-

pyridylmethyl)amine, Zn2+ and a chiral alcohol (Figure 2.2b), leading to diastereoselective 

formation of helical Zn(II) complexes with the major diastereomer determined by the chirality of 

the chiral alcohol used. The formation of the assembly was shown to occur via binding of the 

alcohol to a iminium ion formed between 2-pyridinecarboxaldehyde and bis(2-

pyridylmethyl)amine, and the resulting hemiaminal ether was stabilized by chelation to a Zn2+ ion. 

This system allows absolute configuration assignment, identification and accurate ee 



Chapter 2 

7 

determination of chiral alcohols, but has the drawback of requiring a long reaction time 

(overnight) in the presence of molecular sieves for the assembly to complete. 

 

The arylacetylene framework is one of the metal-free scaffolds based on which effective chirality 

sensors have been designed. Bis-aldehyde 2-3, developed by Wolf and coworkers, serves as a 

chirality sensor for ee determination of chiral primary amines.36-37 2-3 is conformationally flexible 

due to free rotation of the single bonds joining the aryl and acetylene groups. Binding of a chiral 

diamine simultaneously with two aldehyde groups in 2-3 gives a cyclic addition product with a 

restricted conformation and induced axial chirality. Interestingly, chirality induction of 2-3 was 

also observed with chiral monoamines that form acyclic diimine adducts with 2-3. This is 

surprising since in acyclic diimine adducts the conformation restriction is not expected to be as 

effective as in cyclic adducts. The exact reason for the chirality induction by chiral monoamines 

was not examined by the authors. 2-4 is another chirality sensor based on imine bond formation 

developed by the same group.38-39 Upon addition of two molecules of chiral amino alcohols or 

amino acids to 2-4, an intramolecular hydrogen bond network bridges the two aryl units and 

favours the formation of a single diastereomer. 

All of the abovementioned examples belong to the “chirality induction” approach that use achiral 

or dynamically racemic sensors. Chiral sensors that respond to enantiomeric excess of chiral 

analytes in UV-Vis absorption, fluorescence or NMR spectra have been widely developed as well. 

Similarly to “chirality-induction” systems, discrimination between a pair of guest enantiomers by a 

chiral host generally relies upon effective steric interactions within the complex to favour the 

formation of one diastereomer and/or lead to diastereomers that have different optical 

properties. The axial chiral 1,1'-bi-2-naphthol (BINOL) moiety40 is one of the most popular 

scaffolds for the design of chiral sensors as functionalization of the motion-restricted and helically 

arranged naphthalene plains allows “multipoint” interactions with a chiral analyte – a prerequisite 

for effective chiral discrimination. An example of BINOL-based chiral sensor is 2-5 which shows a 

highly enantioselective fluorescence response to α-hydroxy carboxylic acids that interact with 2-5 
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via multiple hydrogen bonds.41 Interestingly, only one enantiomer of an α-hydroxy carboxylic acid 

leads to enhancement of monomer fluorescence emission of 2-5, which was ascribed to guest-

binding induced protonation of both nitrogen atoms in 2-5, thus inhibiting fluorescence 

quenching by photo-induced electron transfer from the nitrogen atoms to the fluorophore. The 

structural origin of the high enantioselective fluorescence response remains unclear. 

 

The cooperative dynamic covalent binding of an axial-chiral aromatic diol and a chiral primary 

amine to 2-formylphenylboronic acid gives diastereomeric ternary assemblies. This reaction has 

been utilized for the development of several chirality sensing systems for chiral primary amines 

based on different spectroscopic techniques (Figure 2.3). The earliest protocol that involves the 

use of BINOL, developed by Bull and coworkers, uses NMR spectroscopy to distinguish between 

the diastereomers, in which integration of the diastereotopic proton resonances from the 

respective diastereomers allows quantitative ee determination of the amine precursor.42 Anslyn 

and coworkers later developed a CD-based protocol based on the same assembly.43 Although 

BINOL is already chiral and CD active before the assembly, assembly formation alters the CD signal 

from the BINOL moiety, with two amine enantiomers giving changes in opposite directions 

(increase or decrease). This was attributed to the chiral amine changing the dihedral angle of the 

BINOL moiety in opposite directions. The CD responses were employed for ee determination and 

identification of chiral amines. Very recently, a fluorescence sensing ensemble for chiral amines 

was developed by Anzenbacher and coworkers.44 More sterically hindered axial-chiral ligands 2-6 

and 2-7 were used in place of BINOL, and it was anticipated that the different dihedral angels of 

the aromatic diols induced by different chiral amine enantiomers would lead to different 

fluorescence properties of two diastereomers. Fluorescence titration studies indeed 

demonstrated that the assemblies formed by 2-formylphenylboronic acid, a chiral amine and 2-6 

or 2-7 have formation equilibrium constants and fluorescence emission intensities that are 

different between a pair of diastereomers. With the less bulky BINOL ligand, there is no significant 

difference between diastereomers in the complex stability and fluorescence property. This system 
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allows measurement of enantiomeric excess by fluorescence spectroscopy with low errors (1%-

2%).  

 

Figure 2.3 Chirality sensing systems for chiral primary amine based on three component assemblies 

between 2-formylphenylboronic acid, an axial-chiral aromatic diol, and a chiral primary amine. 

The abovementioned examples either use achiral sensors with a chirality-discriminating 

spectroscopic technique (e.g. CD spectroscopy) or use chiral sensors. It may seem counterintuitive 

being able to achieve chirality sensing with achiral sensors using NMR which possesses no intrinsic 

chiral discriminating capacity. This is in theory possible, however, if a system can generate ee-

dependent optical response. With porphyrin-based macrocycles, Hill and coworkers successfully 

developed several chirality sensing systems with achiral sensors generating NMR outputs (Figure 

2.4). The earliest example45 2-8 forms 1:2 (host to guest) complex with mandelic acid guests. NMR 

signal of quinonoid (Ha) peaks, as well as that of β-pyrrolic (Hb) was found to undergo splitting at 

100% guest ee but converged at 0% ee; the distance between separated peaks depending linearly 

on guest ee. Tautomerization of the protonated porphodimethene was found to occur upon 

addition of mandelic acids, which complicates the mechanistic study of the origin of ee-dependent 

peak splitting. It was not yet clear whether the formation of diastereomers plays a role in the ee 

sensing. 
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Figure 2.4 Structure of 2-8 (a) and separation of pyrrolic β-H resonances with ee of mandelic acid guest 

(b, c). Adapted with permission from J. Am. Chem. Soc., 2009, 131, 9494-9495. Copyright 2009 

American Chemical Society. 

 

Later Hill and coworkers reported that a similar guest ee-dependent splitting of the β-pyrrolic 

proton resonances can also be observed even with simple achiral porphyrins 2-9 and 2-10, 

although low temperature (-32.5 °C) was required.46 A model accounting for the linear 

dependence of peak splitting distance on ee was proposed, which assumed the formation of 

enantiomers instead of diastereomers. The β-pyrrolic protons Ha and Hb which are enantiotopic 

before guest binding become diastereotopic upon formation of a 1:2 (host to chiral guest) 

complex, due to the chiral environment imposed by the chiral guest. With enantiopure guests 

(100% ee), different chemical shifts from the diastereotopic Ha and Hb were clearly observed, 

while the relative positions of the Ha and Hb peaks are opposite for the enantiomeric porphyrin 

complexes formed with (R)- and (S)-guests. With racemic guests, however, the host-(R)-guest 

complex rapidly exchanges with the host-(S)-guest complex, the Ha peaks from the (R)- and the 

(S)-complex therefore emerges as an averaged resonance, at the same chemical shift as the 
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emerged Hb peaks from the (R)- and (S)-complexes. This results in an apparent single peak from 

the Ha and Hb protons with 0% ee. The system was applied for determining ee of the chiral drug 

ibuprofen. The same group recently reported another porphyrin-based sensor22 2-11 with two 

pyrrole nitrogens substituted by bulky benzyl group, which leads to the formation of only 1:1 

complexes and thus excludes the possibility of diastereomer formation. 2-11 shows similar 

splitting of β-pyrrolic proton resonances that depends linearly on guest ee at room temperature, 

enabling ee determination of various carboxylic acids/esters and some terpenoids. All those NMR-

based porphyrin sensors also allow empirical absolute configuration assignment for the guest 

molecules, which can be realized by spiking the unknown sample with a pure enantiomer with 

known configuration. 

2.1.3 Non-small-molecule chirality sensors 

Using macrocyclic hosts represents an attractive approach for designing efficient chirality sensors. 

The possibility of accommodating multiple guest molecules within cavity of macrocyclic hosts is 

intriguing for chirality sensing in several ways. These guest molecules may be chiral analytes, 

chiral molecule responsible for enantioselective binding with chiral analyte, and / or chromophore 

responsible for generating spectroscopic outputs. By assembling those species within a 

macrocyclic host, synthetic efforts to covalently conjugate them are not needed yet more flexible 

and versatile sensing schemes can be designed.  

Nau and coworkers have recently developed two different chirality sensing assays based on the 

inclusion complexes of cucurbituril (CB) hosts and dye molecules that act as spectroscopic 

reporters. One of them employed the stereospecific enzymatic reactions (Figure 2.5).47 Enzymes 

able to convert specifically the L-enantiomers of amino acids to amines were chosen, following 

the fact that the amines show significantly higher affinities towards the CB[7] host than the amino 

acid substrates. Therefore, at suitable substrate concentrations, the amine produced by the 

enzymatic reactions, but not the amino acid substrate, displaces the fluorescent dye Dapoxyl 

previously included within the CB[7] cavity, leading to quenching of Dapoxyl fluorescence. When a 

mixture of enantiomers was subject to the analysis, the extent of fluorescence quenching 

depends on ee of the analytes. Because of the stereospecificity of enzymatic reactions and the 

sensitivity of the fluorescent assay, an accurate measurement of ee higher than 99% is made 

possible by using a high analyte concentration. Such assays for the high end of ee are not 

achieved with traditional small-molecule based sensors. 
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Figure 2.5 Chirality sensing by using an indicator displacement system involving a cucurbituril-dye 

complex coupled to an enzymatic reaction. Reproduced with permission from Chem. Eur. J., 2008, 14, 

6069-6077. Copyright 2008 Wiley-VCH. 

 

 

Figure 2.6 Chirality sensing based on circular dichroism (ICD) signal induced by co-inclusion of a dye 

and a chiral analyte inside an achiral cucurbituril cavity. Reproduced with permission from Angew. 

Chem. Int. Ed., 2014, 53, 5694-5699. Copyright 2014 Wiley-VCH. 

Another elegant example that demonstrates the advantage of using macrycycles is the CD-based 

chirality sensing assay relying on ternary complex formation between a cucurbituril host (CB[8]), a 

double-cationic achiral dye and a chiral analyte (Figure 2.6).48 The CB[8]-dye complex remains 

achiral and thus is CD silent, while the co-inclusion of a chiral aromatic analyte inside the CB[8] 

cavity effectively induces strong CD signal in the dye absorption region. The CD signal depends 

linearly on the ee of the chiral analyte. This assay applied for a broad scope of analytes since it 

relies on non-covalent interaction between the CB host and the aromatic moieties of the guest 

molecules. This is a significant breakthrough compared to that based on small-molecule based 

sensors that require certain reactive functional groups to be present in the analyte. The assay is 

operable for micromolar concentrations of analytes and can be used for real time monitoring of 

chemical reactions, for example, the racemization of (S)-1-phenylethanol catalyzed by an 

amberlyst. 

Macromolecular helicity can also result from synthetic polymers possessing bulky side chains thus 

create higher rotation energy barriers.49 These helical oligomers / polymers are dynamically 
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racemic in the absence of any external influence, and simple sensor design can allow single-

helicity induction by analyte binding. Compared with small molecules that generally show linear 

relationships between the optical response and the ee, sometimes non-linear ee response can be 

observed in polymeric systems, i.e. the “majority rules”50-52 that offer the possibility of amplifying 

chiroptical response to a small region of ee. In “majority-rules” operative systems,52 a small ee 

produces a non-proportionally large CD signal, and thus the CD-ee curve shows a steeper slope 

around 0% ee. Within a “heterochiral” polymer, repeating units with opposite chirality coexist 

which prefer opposite handedness of the polymer backbone. When the energy penalty for a helix 

reversal is larger than the energy penalty required for a “mismatch”, the minority enantiomer unit 

will obey the handedness preference imposed by the majority, resulting in the “majority-rules” 

effect.  

The “majority-rules” has been proposed by Yashima et al.53 to be applicable to determination of a 

small enantiomeric imbalance. The working system is a stereoregular cis-transoidal 

poly(phenlyacetylene) 2-12 consisting of a polyacetylene backbone as the chromophore and bulky 

crown ether as the pendant binding unit for amino acid (Figure 2.7). Upon binding to L- and D-

alanine (Ala), 2-12 exhibits strong chiral amplification which was apparent even with 0.01 equiv of 

L-Ala (Figure 2.7). An extremely strong “majority-rules” effect was observed and 5% ee of Ala was 

able to generate full induced CD signal. Detection of extremely small enantiomeric excess of 0.005% 

of Ala is possible. This system has been successfully applied to 19 L-amino acids as well as 5 chiral 

amino alcohols. Determining small ee values, is, however, of little value for optimising asymmetric 

synthetic methods that are aimed at achieving enantioselectivity close to 100% ee. Recently, 

Anslyn and coworkers proposed a clever way of utilising “majority-rules” active systems for this 

purpose.54 By adding an equal amount of the dominant guest enantiomer, the ee of an unknown 

sample which is close to 100% will be shifted to an ee close to 0%, within the ee region where the 

CD intensity is the most sensitive to ee differences for “majority-rules” systems. The 2-12-amino 

acid system was employed for a proof-of-the-principle investigation. Although promising results 

have been obtained, further improvement on the stability and reproducibility of a working system 

is required for implementation of this strategy. 
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Figure 2.7 (A) Polymer 2-12 and its interaction with L-Alanine. (B) Titration curves of poly-5 vs molar 

ratio of L-Ala·HClO4 in acetonitrile. (C) Changes of ICD intensity of poly-5 vs ee of L-Ala·HClO4. 

Reprinted with permission from J. Am. Chem. Soc., 2002, 125, 1278-1283. Copyright 2003 American 

Chemical Society. 

Interaction of a chiral guest molecule can induce not only molecular chirality in small molecules 

and synthetic polymers, but also supramolecular chirality in molecular assemblies. The term 

“supramolecular chirality” differs from “molecular chirality” in that the chirality is not the 

property of a stereogenic centre or an asymmetric conformation within a single molecule, but 

arises from asymmetric spatial arrangement of molecular building blocks within a noncovalent 

assembly. Differing from synthetic oligomers/polymers, the building blocks of supramolecular 

polymers are held together by noncovalent interactions such as hydrogen bonding, aromatic π-

stacking, and metal coordination. While achiral building blocks are expected to yield intrinsically 

achiral assemblies or racemic mixtures of left-handed (P) and right-handed (M) helices in the 

absence of any chiral influence, the formation of helical aggregates with preferred handedness 

has been achieved either by using building blocks bearing stereocenters,55-56 or by using achiral 

building blocks in the presence of chiral polymers57-59 or small molecules60-64 as chemical chirality 

inducers, or under physical forces such as a vortex flow65-66 or a magnetic force.67 The phenomena 

of supramolecular chirality induction from small molecule chirality inducers may provide an 

attractive strategy for developing chirality sensors for the small molecular chirality inducers, but 

this has not been extensively explored. Before publication of the current work, the only example 

of this approach is the system reported by Amabilino and coworkers that uses supramolecular 

polymers formed by intermolecular hydrogen bonding of 2-13 to determine the enantiomeric 

excess of chiral acids.68 In apolar solvents, 2-13 undergoes dimerization held by four 
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intermolecular hydrogen bonds and subsequent polymerisation to form long fibrillar stacks. In the 

presence of chiral acids that interact with the dimer of 2-13 via double hydrogen bonds, optically 

active chiral aggregates were formed that show CD signals in the absorption of the oligo(p-

phenylenevinylene) chromophore. This system has the novelty of chirality sensing using 

supramolecular polymers and the advantage of requiring a low amount of chiral acid analytes. 

However, lengthy and tedious preparations that involves heating and cooling steps are required 

to prepare the aggregates, and the magnitude of induced CD is modest. More easily operative and 

sensitive systems are required for real applications in determining ee of asymmetric reaction 

products.  

 

Figure 2.8 Formation of chiral supramolecular polymers by achiral precursor 2-13 and a chiral acid. 

2.1.4 Scope and objectives of this chapter 

To develop simple chirality sensing protocols for sensitive and interference-free ee determination,  

this chapter reported the use of the supramolecular chirality of helical stacks generated from 

aggregation of π-conjugated dyes in solution rather than using conformational chirality from a 

small molecule host-guest complex.55-56 The phenomena of nonracemic chiral guest-directed 
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formation of optically active aggregates from achiral building blocks58-60, 63, 69 have been well 

documented, but their potential analytical applications remain largely unexplored,68 most likely 

due to the time-consuming and cumbersome process of preparing aggregates. Reported here is a 

simple and effective chirality sensing protocol by helical aggregates formed instantly after mixing 

achiral sensors and chiral analytes. It was envisioned that helical chirality from dye aggregates 

would allow chirality sensors to be designed as simply as attaching an analyte-binding site to an 

achiral dye capable of supramolecular polymerization. Perylenebismide dyes appear well suited as 

the dye component, by virtue of their capacity for efficient π-stacking and formation of columnar 

aggregates with a rotational offset,70 allowing easy generation of supramolecular chirality.71-72 As 

a proof of principle investigation, the boronic acid group4 was chosen that rapidly and reversibly 

binds α-hydroxy carboxylates73-75 (Figure 2.9) which are of biomedical interest.76-78 The chirality 

sensors designed herein, C1 and C2 feature a perylenebismide (PBI) core and boronic acid 

moieties to attached to its periphery. The self-assembly involving aggregation of the PBI core and 

the binding of nonracemic α-hydroxy carboxylate guests to the periphery of the aggregates is 

expected to produce nonracemic helical PBI aggregates as a result of steric interactions due to 

compact intermolecular packing of the dyes (Figure 2.10), showing induced CD signals in the PBI 

absorption. The chapter reports the use of C1 and C2 for ee determination and differentiation of 

structurally diverse α-hydroxy carboxylates (Figure 2.11). The protocol uses simple sensor 

molecules to achieve in situ CD measurements of the chiral analyte, and could be potentially 

applied to other classes of compounds by attaching other binding sites to the PBI framework. 

 

Figure 2.9 (a) Interaction of boronic acid with α-hydroxy carboxylate at pH below pKa of boronic acid. 

(b) Structures of chirality sensors C1 and C2. 
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Figure 2.10 Cartoon representation of chirality sensing of chiral guests by an achiral host that forms 

chiral aggregates with chiral guests. 

 

Figure 2.11 Structures of the tested α-hydroxy carboxylate analytes. 
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2.2 Results and discussion 

2.2.1 Interaction with mandelic acids 

Achiral sensors C1 and C2 are structurally related compounds differing only at the position of 

boronic acid group substituted at the terminal phenyl group (Figure 2.9). They were readily 

obtained via imide coupling of N,N-dimethylethylenediamine with perylene tetracarboxylic 

dianhydride followed by treating with bromomethylphenylboronic acids (Section 7.1.2, Chapter 7). 

Sensors C1 and C2 were found to exist dominantly as H-aggregates at 50 μM in water, as judged 

from the higher intensity of the 0-1 band (500 nm, ε = 3.7 × 104 M-1 cm-2) compared to that of the 

0-0 band (542 nm, ε = 1.9 × 104 M-1 cm-2) (Figure 2.12b).71-72 The dominant species are dimers or 

oligomers because (i) the shapes and molecular extinction coefficients of the absorption spectra 

were similar to the reported PBI dimers79-82; (2) the aggregates are too small for size 

determination by dynamic light scattering (DLS) techniques. The aggregates were CD silent as 

expected due to the achiral character of the building blocks C1 and C2. For a rapid chirality 

induction by chiral analyte, the sensor-analyte aggregates were prepared by injecting a small 

volume of methanol solutions of the sensor to an aqueous solution of chiral analyte. In the 

presence of Man, a typical α-hydroxy carboxylate (Figure 2.11), the solution of C1 now exhibits a 

bisignate Cotton effect crossing zero at 500 nm, the maximum absorption wavelength of the 

aggregated perylene chromophore (Figure 2.12a), clearly indicating exciton coupling of the 

rotationally displaced perylene chromophores.83 These observations indicate a preferred helical 

arrangement of the aggregates of C1. Mirror-image CD spectra were observed from solutions of 1 

with R- and S-Man (Figure 2.12a). The CD signal reaches its maximum value at Man concentration 

of 1.0 mM and decreases at higher Man concentration (Figure 2.13a), which is likely the result of 

variations in the size of the aggregates since the shape of the CD spectrum remains unchanged. 
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Figure 2.12 Absorption (a) and CD (b) spectra of C1 (50 μM) in the presence of R-Man (solid line) or 

S-Man (dash line) of increasing concentration in 50 mM pH 5.0 acetate buffer containing 2.5% (vol %) 

MeOH.  
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Figure 2.13 CD intensities at 520 nm and 476 nm (a) and absorbance at 500 nm (b) of C1 (50 μM) 

against concentration of R- or S-Man in pH 5.0 acetate buffer containing 2.5% (vol%) MeOH. 
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Figure 2.14 Average hydrodynamic diameter (Dh) of aggregates of C1 (50 μM) versus concentration of 

R-Man in pH 5.0 acetate buffer containing 2.5% (vol%) MeOH. Dh was measured by dynamic light 

scattering. 

The hypothesis was confirmed by the absorption spectra and dynamic light scattering (DLS) data. 

Addition of Man led to a decrease in the absorption of C1, suggesting a higher degree of 

aggregation.84 In agreement with the absorption spectra, DLS data show an increase of the 

average hydrodynamic diameter (Dh) from 204 nm to 2706 nm with [Man] from 0.6 mM to 5 mM 

(Figure 2.14), while the aggregate size with lower Man concentrations was too small to be 

accurately determined by DLS methods. The sigmoidal profile of the Dh dependence on [Man] is 

likely due to the stepwise binding of Man, forming 1 : 1 and 1 : 2 (C1 to Man) complexes. The 

observed aggregation of C1 by Man can be rationalized as free bis-cationic C1 becoming mono-

cationic and mono-zwitterionic (1 : 1 C1-Man complex), or bis-zwitterionic (1 : 2 C1-Man complex) 

upon binding of Man, reducing intermolecular repulsions. It should be pointed out that the chiral 

induction process is indeed rapid. Injection of a methanol solution of C1 into an aqueous solution 

of Man produces a stable CD spectrum instantly and remains unchanged for over a 1 h time 

period, except for a minor increase in the 1st Cotton effect (Figure 7.5, Chapter 7). The fact that 2-

phenylpropionic acid, a structural analogue to Man with the hydroxy group replaced by a methyl 

group, failed in chirality induction and led to much weaker changes in the absorption spectra 

(Figure 7.6, Chapter 7) indicated that the successful chirality induction by Man is due to the 

boronic acid binding instead of binding of the quaternary ammonium group by ionic interactions. 

With the C2-Man complex, similar absorption and CD titration profiles were observed (Figure 7.7, 

Chapter 7) and interestingly, an opposite helical sense was observed in the presence of the same 

Man enantiomer when the position of the boronic acid substitution in the building block is 

changed. 
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2.2.2 Chirality induction by other α-hydroxy carboxylates 

To test the scope for chirality sensing of α-hydroxy carboxylates, the CD responses of C1 and C2 

toward six other analytes covering a wide structural diversity (Figure 2.11) were examined. In all 

cases, mirror-imaged CD spectra were observed for the R- and S-enantiomers (Section 7.1.7, 

Chapter 7), indicating the reliability of the CD signals. As shown in Figure 3, exciton coupled CD 

spectra were observed for all analytes, with the exception of Mal-C1 where only weak 

monosignate CD was observed at high Mal concentrations (Figure 7.19, Chapter 7). Although in 

some cases (e.g. C1 with Lac and Mal) the CD signal is not strong enough for accurate ee 

determination, by employing two sensors C1 and C2, all the analytes generate CD signals of 

sufficient strength with one of the two sensors (the weakest being 2-chloroMan with a Δε value of 

~15 mdeg). Small guest molecules have traditionally presented a challenge to both chiral 

discrimination and induction approaches; this protocol operates well with both large and small 

analytes. 
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Figure 2.15 CD spectra of C1 (50 μM, a) and C2 (50 μM, b) in the presence of R-Man, R-2ClMan, R-

PhLac, R-HHMan, R-Lac, R-Tar and R-Mal in pH 5.0 acetate buffer containing 2.5% (vol%) MeOH. 

Analyte concentrations are shown in Table 2.1. 
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Table 2.1 Concentration of α-hydroxy carboxylate unit that gives the largest excition-coupled CD (CD) 

signals for C1 or C2. 

Sensor 
Concentration at maximum CD 

Man 2-ClMan PhLac HHMan Lac Tar Mal 

C1 1.0 mM 1.0 mM 1.0 mM 2.0 mM 20 mM 60 μM 20 mM
 a
 

C2 2.0 mM 2.0 mM 1.0 mM 2.0 mM 20 mM 60 μM 0.3 mM 

a
 C1-Mal aggregate shows only monosignate CD signal. This value cannot be compared to other values 

obtained when bisignate exciton-coupled CD signals were observed. 

 

Figure 2.16 Proposed structures for the 2 : 1 C1-Tar (a) and the 3 : 2 C2-Mal complex (b) 

Different α-hydroxyl carboxylate analytes were found to display different affinity for boronic acid 

sensors C1 and C2, depending on the analyte lipophilicity and whether additional interactions are 

present. The affinity was evaluated by the concentration of α-hydroxyl carboxylate unit at which 

the CD signal reaches a maximum value (Table 2.1). Tar which contains two α-hydroxyl 

carboxylate units shows the highest affinity for both sensors, which allows for the stoichiometry 

to be determined using a Job plot (Figures 7.21 and 7.22, Chapter 7), giving a sensor (C1 or C2) to 

tartrate stoichiometry of 2 : 1, or a sensor to α-hydroxyl carboxylate unit stoichiometry of 1 : 1 

(Figure 2.16a). The highest affinity for Tar is the result of multivalent binding85 between the 

divalent tartarate and the aggregate that can be regarded as a multivalent receptor for divalent 

tartarate.86, An interesting inversion of the sign of the CD signal was observed for C1 with higher 

concentration of Tar (Figure 7.17, Chapter 7). Since the 2 : 1 C1-Tar complex shows the opposite 

CD sign to that observed at high tartrate concentrations, as evidenced by the Job plot, the switch 

of the CD sign can be unambiguously ascribed to the binding of the other boronic acid group in C1 

to Tar. 
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Mal which contains a carboxylate group in addition to the α-hydroxy carboxylate unit shows a 

substantially higher affinity than other mono-α-hydroxy carboxylate analytes for C2, which can be 

ascribed to additional stabilization of the complex by the electrostatic interaction between the 

anionic carboxylate group and the cationic perylene sensor (Figure 2.16b). This has been 

supported by the 3 : 2 stoichiometry revealed by a Job plot study (Figure 7.23). For other 

monovalent analytes, while Man, 2-ClMan, PhLac and HHMan show similar affinity for the sensors, 

with maximum CD observed at a guest concentration of 1 – 2 mM, much weaker binding was 

observed for lactate which gave a maximum in the CD at 20 mM. It is likely that the binding of 

Man, 2-ClMan, PhLac and HHMan is also driven by hydrophobic interactions between the large 

hydrocarbon units of the two bound analyte molecules within the same aggregate. 

2.2.3 Applicability to ee determination 

CD-ee curves were prepared for each analyte from the optimal sensor at the optimal analyte 

concentration (see Figure 2.17 for the C1-Man complex as an example, for other analytes see 

Section 7.1.9 in Chapter 7). Since different analytes show different affinities for the sensors, the 

analyte concentrations reported for the CD-ee curves are therefore not the same for different 

analytes. The “majority-rules” have been observed in supramolecular polymers,50-52 in which a 

small ee produces a non-proportionally large CD signal. This effect was absent in the current 

system. In most cases reported here, a linear CD response to ee was observed (e.g. Figure 2.17 for 

Man). 
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Figure 2.17 (a) CD spectra of C1 (50 μM) in the presence of Man with different ee’s and (b) CD 

intensity of C1 at 520 nm and 477 nm versus ee in pH 5.0 acetate buffer containing 2.5% (vol%) MeOH. 

[R-Man] + [S-Man] = 1.0 mM. 
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Figure 2.18 (a) CD spectra of 2 (50 μM) in the presence of Mal with different ee’s and (b) CD intensity 

of C2 at 518 nm and 478 nm versus ee in pH 5.0 acetate buffer containing 2.5% (vol%) MeOH. [R-Mal] 

+ [S-Mal] = 0.30 mM. 

However, an interesting CD-ee profile was observed, which displays a steeper slope with high ee 

with the C2-Man assembly (Figure 2.18) and to a lesser extent the C1-PhLac assembly (Figure 7.25, 

Chapter 7). This means that a small ee produces an even weaker CD signal than a linear response, 

which is opposite to the “majority-rules”. To the best of my knowledge, this is the first time that 

such an “anti-majority rules” effect has been observed in supramolecular polymers. To account 

for this unusual observation, the absorption spectra of sensors in the presence of analytes of the 

same concentration yet at varying ee for these two cases were examined. No significant ee 

dependence was observed (see Figure 7.29 for the C1-PhLac assembly and Figure 7.30 for the C2-

Man assembly in Chapter 7), which precludes the possibility that the observed nonlinear 

relationship results from destabilization of the aggregates at low ee. Noticably in these two cases, 

the dependence of CD intensity on analyte concentration displays sigmoidal characteristics (see 

Figure 7.11 for the C1-PhLac assembly and Figure 7.20 for the C2-Man assembly in Chapter 7). 

Although the packing of two chiral-analyte bound dye monomers is sufficient to generate an 

exciton-coupled CD spectra, the non-linearly higher CD signal at higher analyte concentrations 

could possibly suggest that the consecutive packing of many enantiopure analyte-bound dye 

monomers produces a higher averaged CD signal than the packing of fewer chiral-analyte bound 

dye monomers alone.  Thus, random insertion of a dye monomer bound to the minor enantiomer 

would disrupt the consecutive packing of several dye monomers bound to the dominant 

enantiomer, weakening the CD signal in a non-linear manner, which would account for the 

observed anti-majority-rules. To provide further support for this hypothesis, the CD-ee 

relationship at lower analyte concentrations were examined. Since at lower analyte 
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concentrations, there is less chance for consecutive packing of chiral analyte-bound dye 

monomers, the “anti-majority-rules” effect should disappear or be weakened, according to this 

hypothesis. In both cases where “counter majority-rules” were observed, decreasing the analyte 

concentration did restore the normal linear CD-ee relationship (Figures 7.31 and 7.32, Chapter 7). 

Although the “counter majority-rules” effect has not yet been well understood, the nonlinear CD 

dependence on ee which displays a larger change in the high ee region is, however, preferred for 

sensing ee close to 100% which is of greater practical importance in asymmetric synthesis. 

To examine the applicability of this system for the screening of organic reactions, when various 

species coexist with the product and may interfere with the CD measurements, CD spectra of C1-

Man were recorded in the presence of a variety of common chiral compounds, including a chiral 

amine, a chiral amino alcohol, a chiral carboxylate and a chiral amino acid. The results indicate 

that, even when the potential interfering species is present at the same concentration as Man, 

the interference with the CD response is rather small (< 5.6%) (Figure 7.33, Chapter 7). Therefore, 

this protocol is selective for α-hydroxy carboxylates and any impurities present are unlikely to 

interfere with ee sensing of α-hydroxy carboxylate products. However, when these interfering 

species coexist with the chiral compound of interest even in trace amounts, ee determination by 

optical rotation is not possible. Conventional optical rotation measurements require a large 

amount of sample and are highly susceptible to impurities,87 and therefore are not suitable for 

screening reaction products. It was also shown that the chirality induction is operational in 

methanol as well (Figure 7.34), rendering the current protocol suitable for water-insoluble chiral 

analytes. 

Table 2.2 ee determination of seven α-hydroxy carboxylate anaytes of known concentration and 

comparison of the calculated ee’s with actual values 

Entry Guest Concentration Sensor used Actual ee / % Cal.ee / % Absolute Error / % 

1 Tar 30 μM C1 10.0 11.6 1.6 

2 Lac 20 mM C2 -30.0 -33.7 -3.7 

3 Man 1.0 mM C1 50.0 46.5 -3.5 

4 2ClMan 1.0 mM C1 -70.0 -67.1 2.9 

5 PhLac 1.0 mM C1 80.0 79.4 0.6 

6 Mal 0.3 mM C2 -90.0 -90.6 -0.6 

7 HHMan 2.0 mM C1 96.0 95.0 -1.0 

A series of samples of “unknown” ee and known concentration were prepared and subject to 

analysis by the present protocol. In the cases of linear CD-ee relationship, the ee of the “unknown” 

sample was calculated by comparing its CD intensity with that of a sample with 100% ee. In the 

cases where the CD signal varies non-linearly with ee, the “unknown” ee was calculated by linear 
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interpolation from the CD-ee plot. The calculated ee’s were compared to the actual values (Table 

2.2), and an average absolute error of ±2.0% was found, which is within the range of acceptable 

error for HTS in asymmetric synthesis.88 

Table 2.3 Comparison of actual concentration and ee of four Man samples with the concentrations and 

ee values calculated from respective absorption and CD spectral responses of C1 to Man. 

Entry Actual Conc. / mM Actual ee / % Cal. Conc. / mM Cal. ee / % Absolute Error (ee) / % 

1 0.55 63.6 0.50 63.9 0.3 

2 0.65 -69.2 0.61 -67.8 1.4 

3 0.75 -84.6 0.73 -80.6 4.0 

4 0.85 94.1 0.85 91.2 -2.9 

The decrease of the CD signals at high analyte concentrations appears a limitation, making the 

knowledge of analyte concentration necessary, since saturation of the CD spectra may not be 

reached (Figure 2.13a). However, the analyte-induced absorption quenching of the 

peryleneboronic acid sensor due to increased extents of aggregation (Figure 2.12b) allows the 

determination of the analyte concentration, overcoming that limitation (Figure. 2.13b). The 

results for simultaneous determination of concentration and ee are presented in Table 2, showing 

a satisfactory average absolute error of ±2.1% for ee determination. 

2.2.4 Linear discriminant analysis 
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Figure 2.19 LDA plot created from CD responses of C1 and C2 to 14 α-hydroxy carboxylates. 

Besides ee and concentration determination, this protocol is also suitable for chemo-

differentiation of α-hydroxy carboxylates using linear discriminant analysis (LDA)22, as different 

analytes generate different CD shapes (Figure 2.15). The ratio of the CD intensity at 475 nm to the 
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absolute value of CD intensity at 520 nm was analyzed for a total of 14 analytes, with each analyte 

tested at five concentrations (1 mM, 2 mM, 3 mM, 4 mM and 5 mM). The two-dimensional LDA 

plot is shown in Figure 2.19. Similar to reported assignments,32, 34 the greatest axis of 

differentiation F1 indicates the chirality of the analyte while the second axis F2 arises from the 

shape of the CD spectrum. Figure 2.19 confirms that the data points for different analytes are 

well-separated. Jackknife analysis that classifies a data point based on functions created from the 

other four data points gives a 100% correct assignment, justifying the reliability of the current 

protocol in chemo-differentiation of α-hydroxy carboxylates. 

2.3 Conclusions 

In summary, a novel CD protocol has been established for chirality sensing of chiral analytes 

bearing no chromophore, and which does not require the creation of conformational chirality in a 

single host-guest complex. This approach employs analyte-directed chiral aggregation of achiral 

PBI dyes which contain binding sites for the analyte. The analyte-sensor interaction can in 

principle be covalent or non-covalent. A proof-of-principle assay was demonstrated with two 

structurally related boronic acid-conjugated achiral PBI sensors, capable of the ee determination 

of α-hydroxy carboxylates. Sufficiently strong CD signals can be observed at the perylene 

absorption region of around 500 nm, immediately after mixing the sensor with solutions of seven 

structurally diverse α-hydroxy carboxylates. Diastereoselective aggregation of the sensor-analyte 

complex was shown to be responsible. Determination of a series of “unknown” ee produces 

average absolute errors of ±2.0% and ±2.1% for samples of known and unknown concentrations, 

respectively. The different shapes of the CD spectra of the sensor molecules observed in the 

presence of different analytes allows the identification of the α-hydroxy carboxylates using linear 

discriminant analysis. Compared with currently available chirality sensors, the protocol exhibits 

many advantages such as: not requiring analyte derivatization, simplicity of host design and 

synthesis, and applicability to structurally diverse analytes. The system is also environmentally 

benign by using water as a “green” solvent. It was expectd that this protocol will be generally 

applicable to chiral analytes that bear a stereocenter either close or remote to the binding site. 
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Chapter 3: Aqueous Fluoride Sensing by Induced 

Aggregation of a Boronic Acid-Catechol Ensemble 

3.1 Introduction 

3.1.1 Development of molecular receptors and sensors for fluoride ion 

The development of supramolecular optical sensors capable of rapidly detecting aqueous fluoride 

ions89 has received considerable attention due to the toxicity of fluoride ions, which can cause 

dental and skeletal fluorosis. Binding of aqueous fluoride, however, has always been challenging 

because of the high hydration enthalpy of fluoride ion.90 Therefore, very few examples have been 

developed for sensing aqueous fluoride at ppm levels which is required for drinking water quality 

control. Sensors selective for binding or reacting with fluoride91 have been designed via several 

types of non-covalent, dynamic covalent or irreversible covalent interactions as outlined below.  

Hydrogen bonding 

Fluoride is a strong hydrogen bond accepter due to its high charge density. It is therefore not 

surprising that hydrogen bond donors make up the majority of fluoride receptors and sensors in 

the literature. However, most of the hydrogen bond receptors function only in organic solvents. 

Very few receptors are capable of fluoride binding in the highly competitive water medium via 

relatively weak (compared to metal coordination) hydrogen bonds. To achieve this challenging 

goal, Steed and coworkers have resorted to using multi-cationic receptors to strengthen fluoride 

binding by additional Coulombic attraction, which is a common strategy in general to achieve 

anion binding in water.92 Macrobicyclic cage 3-1 in its hexa-protonated state shows a very strong 

affinity for fluoride in water with a 1:1 binding constant as high as 109.54 M-1, while the fluoride 

affinity is still remarkable in its tri-protonated form (104.89 M-1). A significant F−/Cl− selectivity was 

found. The higher fluoride affinity was attributed to the highly preorganised structure enabling 

fluoride binding via three N–H and three C–H hydrogen bonds. 
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Recently, Rurack and coworkers reported a rare example of hydrogen bond receptors that allows 

optical sensing of fluoride in an organic aqueous media with 50% water content.93 3-2 contains a 

amidothiourea anion binding motif attached to a BODIPY dye as a spectroscopic reporter. A nitro 

group was attached to enhance the anion affinity. In 1:1 DMSO/H2O, 3-2 displays a selective 

fluorescence quenching response to fluoride with a binding constant of 5.35 × 104 M-1. The high 

fluoride affinity in such a highly competitive media is quite surprising, considering the simplicity of 

the receptor structure. This can be explained by the extreme electron deficiency of the thiourea 

moiety of 3-2 compared with other structurally related literature examples, as revealed by 

computational analysis. The fluorescence quenching was attributed to photo-induced electron 

transfer from the F− bound receptor to the BODIPY fluorophore. Detection of fluoride in 100% 

water can be achieved by a test-strip assay, with sensitivity down to 0.2 ppm. This work highlights 

the possibility that without designing structural complicated preorganised receptors, noncovalent 

binding of fluoride in water can be achieved by using highly electron deficient hydrogen bond 

donors. 

Anion−π interaction 

Guha and Saha have demonstrated sensitive colourimetric fluoride sensing in aqueous organic 

solvents by employing anion−π interactions.94 Electron-deficient naphthalene diimide (NDI)-based 

receptors 3-3, 3-4, and 3-5 were found to bind fluoride via anion-π interactions and underwent 

subsequent F−→NDI charge transfer to generate orange coloured NDI•− radical anions, evidenced 

by UV-Vis absorption and electron paramagnetic resonance (EPR) spectroscopic studies. With 

higher concentration of fluoride, the NDI•− anions further reduced to NDI2− dianions giving a pink 

colour. Other halides and oxoanions tested were unable to induce the colour change, which was 

ascribed to weak binding, larger size or orbital mismatch. These NDI receptors can form 

NDI/F−/NDI sandwich complexes, with preorganised receptors 3-4 and 3-5 showing nanomolar 

fluoride sensitivity in 85:15 DMSO/H2O. 
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Metal coordination 

The use of strongly Lewis acidic metal centres has been the most frequently employed approach 

to fluoride binding and sensing in water. Alternatively, organoboron compounds can be used as 

Lewis acids, which is discussed in Section 3.1.2. For example, cationic antimony(V) receptor 3-6 

has a high fluoride binding constant of 1.2 x 104 M-1 in 9:1 H2O-DMSO at pH 4.8 (with 10 mM CTAB 

to solubilize the 3-6·F− complex).95 The formation of the 3-6·F− complex generates a fluorescence 

“turn-on” response as a result of decrease of nonradiative decay rate of the anthracene 

fluorophore. For Lewis acid-based receptors, hydroxide binding is a competing process in water. 

3-6 has a pKa of 7.1, allowing fluoride sensing under acidic conditions. Binding aqueous fluoride 

using neutral metal-based receptors is more challenging than using cationic metal complexes such 

as 3-6. This was recently achieved by Hirai and Gabbai. Neutral distiborane 3-7 binds fluoride with 

a binding constant of 700 M-1 in 19:1 H2O-THF at pH 4.34. Crystal structure of the [3-7-μ2-F]−- 

complex was obtained, confirming binding of a fluoride ion to both Sb(V) centres. A monodentate 

control compound shows no fluoride binding in aqueous solutions, underscoring the importance 

of bidentate chelation in capturing aqueous fluoride using neutral Lewis acid receptors.  

 

Creating a hydrophobic microenvironment around the receptor binding site has been proved to 

be an effective strategy of enhancing anion binding affinity in water in several examples.96 

Recently, Brugnara and coworkers reported a Cu(II)-based fluoride receptor 3-8 that features 

embedding of the metal centre inside a hydrophobic calixarene cavity. In water at pH 5.9, 3-8 

exhibits a strong fluoride affinity of 8.5 x 104 M-1, with chloride binding 1000 times less efficient. 

Under the same condition, no fluoride binding was observed using the Cu2+-free ligand in 3-8 or 

the Cu(II)-complex without the calixarene cavity or, highlighting the importance of a Lewis acid 

metal centre and a hydrophobic cavity. The crystal structure of 3-8-F− complex revealed that 

ability of the complex to accommodate a CHCl3 molecule in the cavity, stabilised by a strong 

C−H···F− hydrogen bond. It was proposed based on molecular modelling studies that a 

[F·H2O·H2O]− cluster was the actual guest species inside the cavity, which would be less 

energetically demanding than binding of a “naked” fluoride due to additional stabilisation by 

partial fluoride hydration and possible O−H···π between the entrapped water molecules and the 

aromatic walls. 
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Cleavage of organosilicon compounds 

 

Figure 3.1 Fluoride-induced cleavage of silyl ether 3-9. 

As it remains challenging to develop fluoride receptors functioning via noncovalent interactions in 

aqueous solutions, sensors (or more accurately, “chemodosimeters”) based on the fluoride-

triggered cleavage of organosilicon have been developed that can well tolerate aqueous 

environments.97 The reaction is fluoride-specific, allowing excellent fluoride selectivity without 

designing elaborated receptor structures. Major drawbacks are irreversibility and the long 

reaction times (typically 1-2 h) usually required. In 2010, Yang and coworkers developed 

organosilicon 3-9 (Figure 3.1) that shows UV-Vis absorption and fluorescence responses to 

fluoride at ppm concentrations in aqueous cetyltrimethylammonium bromide (CTAB) micellar 

solutions.98 The response time was only ~200 s, a significant improvement compared to other 

fluoride sensors based on this reaction. 

3.1.2 Organoboron compounds as fluoride receptors and sensors 

 

The selective and reversible binding of fluoride by boron centers renders organoboron 

compounds good candidates for developing fluoride sensors.99 In a seminal work, James and 

coworkers studied fluoride sensing capacity of simple arylboronic acids 3-9, 3-10 and 3-11.100 In 

1:1 MeOH/H2O at pH 5.5, these receptors show fluorescence quenching response upon binding of 

fluoride to convert the neutral trigonal boron centres to the tetrahedral, anionic forms. However, 

the fluoride affinity is too low for real applications. The strongest fluoride binder 3-11 in which the 

boron-fluoride adduct was assumed to be additionally stablized by hydrogen bonding and an ion 

pair, has a fluoride binding constant of 101 M-1, allowing fluoride sensing only at millimolar 

concentrations. Later many boronic acids have developed for fluoride sensing, but there was no 

significant improvement in the sensitivity of aqueous fluoride sensing until in 2013 when 3-12 was 
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developed.101 3-12 binds fluoride via a 2:1 (3-12 to fluoride) stoichiometry as confirmed by Job 

plots and mass spectrometry, the complex giving excimer emission from the stacked pyrene units. 

It was assumed that a B–F–B bridge in the complex induced the pyrene stacking. Sensing of 

aqueous fluoride at ppm concentrations was realised by a biphasic extraction, in which 3-12 

partitions in a CH2Cl2 phase and captures fluoride from the aqueous phase. The high sensitivity 

likely benefits from the high acidity of the pyridiniumboronic acid moiety. However, before 

publication of the current work, no boronic acid-based fluoride sensor was developed that allows 

direct operation in the aqueous phase with ppm-sensitivity, which would not require the use of 

toxic organic solvents. 

 

Gabbai and coworkers have developed organoboranes fluoride receptors that are intrinsically 

more Lewis acidic than boronic acids.102 Compounds 3-13-3-16 can bind fluoride in water, with 

Lewis acidity (affinity for hydroxide) and fluoride affinity following the order of 3-13 < 3-14 < 3-15 

< 3-16. The thermodynamic origin for this trend was unclear and the authors proposed that less 

favourable solvation of more hydrophobic boranes may be responsible. The strongest borane in 

the series 3-16 has a fluoride binding constant of 104 M-1, allowing binding of aqueous fluoride at 

environmentally significant levels. Despite the high fluoride affinity of these organoboranes, they 

have not yet been functionalised with a spectroscopic reporter for sensing applications, possibly 

due to the instability of the borane moiety making sensor design challenging. 

3.1.3 Scope and objectives of this chapter 

Boronic acid receptors are attractive candidates for developing optical fluoride sensors as they are 

readily available, can be easily functionalised and offer the possibility of binding fluoride in 

aqueous solutions. However the sensitivity of sensing aqueous fluoride achieved in previously 

reported boronic acid-based sensors cannot meet the requirement for real applications. It was 

envisioned that the affinity of boronic acids for fluoride in aqueous solutions can be enhanced by 

(i) presence of a diol component to increase the Lewis acidity of the boron centre and (ii) 

stabilisation of the boronic acid-fluoride complex in supramolecular aggregates that can 

potentially provide a hydrophobic microenvironment. The chapter here reports a boronic acid 

based sensor for direct aqueous fluoride detection at ppm levels, employing fluoride binding 

induced diol binding and aggregation of an amphiphilic boronic acid. It has been reported that 
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formation of supramolecular aggregates could stabilize originally weak and water susceptible 

interactions such as imine-bond103-104 and hydrogen bonding,105 presumably due to a lower local 

concentration of water and a higher local concentration of the binding sites. It was therefore 

hypothesized that a boronic acid sensor that form aggregates upon binding fluoride ion could 

potentially enhance fluoride affinity and therefore the sensitivity for fluoride sensing. Combining 

this with cooperative fluoride and diol binding by a boronic acid, a highly sensitive boronic acid-

based fluoride functioning in aqueous solutions may be expected. Amphiphilic boronic acid F1106 

(Figure 3.2) appears a suitable candidate as a fluoride sensor to test this hypothesis. F1 is known 

to form excimer emissive supramolecular aggregates in its zwitterionic form, while exhibiting a 

low tendency to aggregate and only monomer fluorescence in its cationic form.106 It was also 

envisioned that the presence of a diol component would further enhance the fluoride affinity, 

given the higher acidity of boronate esters than boronic acids.107-108 In this context, an increase in 

the affinity towards hydroxide was expected, a common interference to fluoride sensing with 

boronic acid based receptors. It was therefore decided to carry out fluoride sensing under acidic 

conditions, under such conditions binding of hydroxide ion is not significant, while fluoride 

remains effective to form a boronic acid-diol-Lewis base ternary complex. Indeed, F1 in 

combination with a carboxy-substituted catechol, protocatechuic acid (PCA), forms a highly 

selective and sensitive sensing ensemble for the direct sensing of fluoride at ppm levels in acidic 

aqueous solutions (Figure 3.2). 

 

Figure 3.2 Schematic representation of fluoride sensing by F1-PCA ensemble. 
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3.2 Results and discussion 

3.2.1 Binding and sensing of fluoride by the F1-PCA ensemble 

In the absence of any diol at pH 2, F1 is cationic and at 0.1 mM it exists dominantly in its 

monomeric form, since the absorbance of pyrene chromophore at 344 nm depends linearly on 

the concentration of F1 up to 0.1 mM (Figure 7.35, Chapter 7). Indeed, at 0.1 mM F1 only exhibits 

a very weak excimer emission at 500 – 600 nm along with the monomer fluorescence (Figure 

3.3b). The presence of 5 mM PCA leads to a slight decrease in the absorbance of F1 at 344 nm (0–

0 vibronic band of S0–S1 transition) and a slightly elevated baseline (Figure 3.3a), indicating a 

slightly increased extent of aggregation.109-110 Meanwhile, a more intense excimer emission was 

observed (Figure 3.3b), showing a positive correlation between excimer emission and the extent 

of aggregation of F1. Upon addition of fluoride ion, the excimer emission of F1 in the presence of 

5 mM PCA undergoes a dramatic enhancement, allowing sensing of fluoride in aqueous solutions 

at ppm concentrations (Figure 3.4). It was noted that the enhancement of the excimer emission 

was accompanied by an increase in solution turbidity (Figure 3.5), suggesting the formation of 

large colloidal particles. Hence, it was shown that fluoride ion binding to F1-PCA ensemble 

promotes the aggregation of F1 as a zwitterionic complex. 
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Figure 3.3 Absorption (a) and fluorescence spectra (b) of F1 (0.1 mM) in the absence and presence of 5 

mM PCA in default buffer. λex = 328 nm. 
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Figure 3.4 (a) Fluorescence spectra of F1 (0.1 mM) in the presence of 5 mM PCA and NaF (0 – 10 mM) 

in pH 2.0 phosphate buffer containing 50 mM NaCl and 1.5% (vol%) methanol. (b) Fluorescence 

intensity at 526 nm vs NaF concentration. λex = 328 nm. 
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Figure 3.5 Turbidty of solution of F1 (0.1 mM) and PCA (5 mM) with increasing concentration of NaF 

(0 – 10 mM) in default buffer. 

3.2.2 Evidence of cooperative binding of fluoride and PCA 

In the absence of PCA, strong excimer emission was also observed from F1 upon fluoride binding. 

The titration plot shows a sigmoidal profile, and can be well fitted under a 1:3 stoichiometry (F1 

to fluoride), indicating formation of trifluoroboronate species (Figure 7.36, Chapter 7).7c, 7e The 

calculated fluoride binding constant of (3.0 ± 0.3) × 107 M-3 is more than three orders of 

magnitude higher than that of the phenylboronic acid determined in 50% MeOH/water buffered 

at pH 5.5.7e The fluoride affinity of F1 was found to drop dramatically in the presence of 
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cetyltrimethylammonium bromide (CTAB) micelles that suppress aggregation of F1 (Table 1). It’s 

noticeable that with CTAB micelles, the fluoride affinity of F1 increased in the presence of PCA, 

consistent with an increase of the Lewis acidity of the boron center. These results demonstrate 

that the formation of the PCA boronate ester and supramolecular aggregates strengthens the 

boron-fluoride interaction in aqueous solution. 

Table 1 Apparent binding constants (K) of F1 with fluoride under different conditions 

 without CTAB with 2mM CTAB 

[PCA] / mM 0 5 10 0 10 

K / M
-1

 310
a
 418 1363 36 192

b
 

a
 The cubic root of the binding constant for the 1:3 F1-fluoride complex. 

b 
Value of K1 from a 1:2 (F1 : fluoride) binding model (Figure 7.38, Chapter 7). 
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Figure 3.6 (a) Excimer fluorescence of F1 (0.1 mM) at 526 nm versus fluoride concentration in the 

presence of PCA at different concentrations in default buffer. λex = 328 nm. Note that both the 

horizontal and vertical axes are shown in logarithmic scale for a better view of the low NaF 

concentration region. 

The presence of PCA leads to less sigmoidal response profiles. While the effect of PCA is more 

pronounced at low fluoride concentration, the excimer emission of F1 displays no PCA 

dependence at fluoride concentrations higher than 3 mM (Figure 3.6). Attempts to fit the fluoride 

titration curves in the presence of PCA gave poor fitting for the data (Figures 7.39 and 7.40). 

Therefore, it was assumed that at high fluoride concentrations, the excess fluoride replaces PCA in 

the F1-PCA ensemble to form trifluoroboronate species. The apparent binding constants of F1 for 

fluoride in the presence of PCA were then calculated using the data obtained at [F−] < 1 mM 

(Figures 7.41 and 7.42), where fluoride alone is unable to induce excimer emission of F1 in the 

absence of PCA, therefore, the excimer signal originates from the F1-PCA-fluoride ternary 

complex. The apparent binding constants obtained (Table 1) show dramatic increase with 
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increasing PCA concentration, confirming the role of PCA in enhancing the fluoride affinity of F1 

by formation of a boronate ester which is more Lewis acidic than the boronic acid. 

The cooperative binding of PCA and fluoride to F1 was additionally confirmed by the enhanced 

profile of excimer emission of F1 with 1 mM NaF compared with just F1 with increasing 

concentrations of PCA (Figure 3.7). Without NaF there is negligible interaction between F1 and 

PCA with [PCA] ≤ 5 mM.  In contrast, in the presence of fluoride, the titration curve almost levels 

off at PCA concentration of 5 mM, demonstrating that the F1-PCA interaction is significantly 

enhanced by fluoride.111 Similar positive cooperativity was also observed for catechol (Figure 7.44, 

Chapter 7), but not for D-fructose and D-glucose (Figures 7.45 and 7.46, Chapter 7) which are also 

known to form boronate esters. This is likely due to hydrophilicity of fructose and glucose that 

inhibits supramolecular aggregation of the assembly. Note that PCA is a better diol component 

than catechol in promoting the assembly formation, likely due to stabilization of the aggregate by 

intermolecular hydrogen bonds between the adjacent carboxylic acid groups. 
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Figure 3.7 Fluorescence intensity of F1 (0.1 mM) at 526 nm vs PCA concentration in the absence 

(black line) and presence (red line) of 1 mM NaF in default buffer. 
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3.2.3 pH dependence and interference of hydroxide 

The pH dependence of the fluoride sensing of the F1-PCA ensemble was examined at PCA 

concentrations of 5 mM (Figure 3.8). The pH profile in the absence of fluoride shows significant 

binding of OH− even at pH 2.5. An abrupt drop of excimer emission is observed within the pH 

region of 3.5-5, which likely results from the deprotonation of carboxylic group in PCA (pKa 4.48112) 

leading to electrostatic repulsion and thereby disfavours pyrene aggregation. pH 2 was therefore 

chosen so that no appreciable hydroxide binding occurs, while further decreasing pH is not 

desired because of protonation of fluoride ion. 
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Figure 3.8 Fluorescence intensity of F1 (0.1 mM) at 526 nm vs pH with 5 mM PCA in the absence and 

presence of 1 mM NaF in buffered aqueous solutions. λex = 328 nm. 

3.2.4 Anion selectivity 

Selectivity of the F1-PCA ensemble among other common anions was tested (Figure 3.9), among 

which Cl−, Br−, AcO−, H2PO4
− and NO3

− do not interfere even at concentrations 10-fold that of 

fluoride. However, for SO4
2− at high concentration, significant aggregation and excimer emission is 

observed, which can be ascribed to its bis-charged nature promoting aggregation of positively 

charged F1 by electrostatic interactions. However, no interference was found at [SO4
2−] < 0.6 mM 

and the sulfate interference at high concentrations can be masked by using BaCl2. 



Chapter 3 

40 

0

10

20

30

40

50

(b)

 

(I
 -

 I
0
) 

/ 
I 0

 @
 5

2
6

 n
m

(a)

0

10

20

30

(3
 m

M
 S

O
2-

4

+ 
5 

m
M

 B
a
2+ )

3 
m

M
 S

O
2-

4

0.
6 

m
M

 S
O
2-

4

 

 

3 
m

M
 C

l
-

3 
m

M
 B

r
-

3 
m

M
 A

cO
-

3 
m

M
 H 2

P
O
-

4

3 
m

M
 N

O
-

3

0.
3 

m
M

 F
-

 

Figure 3.9 Enhancement of fluorescence of F1 (0.1 mM) at 526 nm in response to fluoride and other 

anions alone (b) or in the presence of fluoride coexisting with other anions (a) in the presence of 5 mM 

PCA in default buffer. λex = 328 nm. 

3.3 Conclusions 

 In summary, a boronic acid-based sensing ensemble has been developed capable of directly 

sensing aqueous fluoride at ppm levels. The unprecedented sub-mM fluoride affinity of simple 

phenylboronic acid derivatives was found to arise from two factors: (i) the presence of PCA 

increases the Lewis acidity and therefore fluoride affinity of the boronic acid at highly acidic 

conditions; (ii) supramolecular aggregation of F1-PCA-fluoride adduct enhances the apparent 

fluoride affinity by shielding the boronate-fluoride complex from bulk water. Although higher 

binding affinity has been reported with intrinsically more Lewis acidic sensors, the current system 

shows large modulation of the excimer emission allowing fluoride ion to be determined over a 

large concentration range and a capacity of sensing at ppm levels. It is believe that the analyte-

induced aggregation strategy can be used to enhance analyte affinity with other weak binders in 

the design of highly sensitive chemosensors for biologically important species. 
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Chapter 4: Self-assembly of a Glucose-Binding 

Amphiphile Featuring Two Dynamic Covalent Bonds  

4.1 Introduction 

4.1.1 Boronic acid as glucose sensors 

The development of synthetic chemical sensors for saccharides has been driven by the clinical 

need to monitor saccharide concentrations in body fluids for disease diagnosis and management. 

While most chemical sensors developed use noncovalent interactions to bind the analytical target 

of interest, there is a huge challenge in binding saccharides in water. These neutral polyhydroxyl 

guests have high solvation enthalpies in aqueous solutions that are difficult for synthetic 

chemosensors to overcome as efficiently as naturally occurring saccharide-binding proteins 

(lectins) that operate solely by noncovalent interactions.113 Another challenge is to achieve 

binding selectivity, as many saccharides show no structural difference except configuration of 

certain stereocentres. In this context, sensors utilizing biological recognition elements, including 

those based on enzymes or lections, have been developed and are widely used. Synthetic 

chemosensors, however, are more desired in terms of the stability, low cost, and oxygen 

independence. Boronic acid-based synthetic chemosensors therefore represent promising 

alternatives for saccharide sensing.114 

To effective bind saccharides in water, researchers have mostly resorted to boronate ester 

formation, a dynamic covalent bond. The pH-dependent107 reversible binding between boronic 

acids and cis-1,2- or 1,3- diols to form five- or six- membered cyclic esters respectively (Figure 4.1) 

has proved sufficiently strong enabling binding of saccharides at mM or sub-mM levels, rendering 

possible boronic-acid based saccharide sensing in biologically relevant scenarios. The strength of 

boronic acid binding to saccharides is determined by the orientation and relative position of 

hydroxyl groups, thus boronic acids can differentiate structurally similar saccharide molecules.  
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Figure 4.1 Thermodynamic cycle of boronic acid ionisation and interaction with cis-1,2-diols. Ka and 

Ka’ represent ionisation constants of boronic acids and boronate esters, respectively. Ktrig and Ktet 

represent formation constants of trigonal and tetrahedral boronate esters formed from boronic acid and 

boronate anion, respectively. 

 

Figure 4.2 Equilibria between the dominant form (left) and the form that contains a syn-periplanar 

anomeric hydroxyl pair (right) of D-fructose (top), D-glucose (middle) and D-galactose (bottom).
114-116

 

Potential boronic acid binding sites are shown in red. Positions for hydroxyl groups are numbered in β-

D-fructofuranose and α-D-glucofuranose.  

It is now known that monoboronic acids exhibit inherent fructose selectivity among common 

monosaccharides.117 This is because of the high abundance in solution of the form of fructose that 

contains a syn-periplanar pair of hydroxyl groups available for boronic acid binding, i.e. the β-d-

fructofuranose form whose relative percentage of total fructose is 25% in D2O at 31 °C.115 In 

contrast, with glucose that is the more clinically relevant target, the available α-D-glucofuranose 

form makes up only 0.14% of the total composition in D2O at 27 °C (Figure 4.2).116 In line with 
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these facts the binding constant of phenylboronic acid with fructose is 4370 M-1 while that with 

glucose is 110 M-1.117 The generally observed binding affinity of phenylboronic acids with 

monosaccharides follows the order of fructose > galactose > mannose > glucose.117 In general 

both the saccharide affinity and selectivity of the simple monoboronic acid based sensors are 

poor. This can be substantially improved using properly positioned multiboronic acids, utilizing 

different numbers of cis-diol moieties available in different saccharides. The α-glucofuranose form 

of glucose has two boronic acid binding sites, at its 1,2- and 3,5,6-positions, respectively (Figure 

4.2). The β-D-fructofuranose, which is the fructose isomer that participates in boronic acid binding, 

in contrast, can only interact with one boronic acid moiety. This makes possible the design of 

glucose-selective receptors by enhancing the glucose selectivity via chelation (or multivalent 

binding85). It is of interest to develop boronic acid sensors that are selectivity for glucose over 

fructose, as fructose is also present in blood serum and can thus interfere with glucose sensing. 

Glucose selective boronic acid-based sensors are typically diboronic acids that are able to form 

1:1 cyclic boronate esters with glucose (e.g. Figure 4.3). The multivalent diboronic acid-glucose 

interaction leads to a higher affinity for glucose than for fructose, in contrast to the higher affinity 

for fructose observed with monoboronic acids. The successful design of a glucose-selective 

diboronic acid lies in a structural arrangement of two boronic acid moieties in the same covalent 

framework that fits both the distance between two potential binding sites (1,2- or 1,3-cis diol, 

Figure 4.2) of glucose and the orientation of the hydroxyl groups. Typically, a glucose-selective 

diboronic acid interacts with α-glucofuranose by binding the pair of hydroxyl groups at the 1,2-

position and two or three hydroxyl groups at the 3,5,6-position. To this end, experiment-driven 

modular approaches by systematically varying the length of spacer or positions of the boronic acid 

groups and by referring to computer modeling have been effective. 

The first breakthrough in this area was by Shinkai and co-workers in 1994118, when a glucose 

selective fluorescence sensor 4-1 was designed. Compound 4-1 showed a high glucose binding 

constant of 3981 M-1 in 33.3% MeOH-H2O, compared to that with fructose (316 M-1) and galactose 

(158 M-1). The 4-1/glucose complex was initially assigned to the 1,2:4,6-α-glucopyranose 

diboronate complex (Figure 4.3b) and was later shown by Norrild et al.119 to be the 1,2:3,5,6-α-

glucofuranose diboronate complex (Figure 4.3c) formed in aqueous solutions. The initially-

deduced product was found to form only under completely anhydrous conditions. It was 

proposed in later studies that the C–H···π interactions between the hydrocarbon skeleton of 

glucose and the extended aromatic surface of the anthracene core in 4-1 might also contribute to 

the high affinity to glucose.120 4-1 displays fluorescence enhancement responses to saccharides, 

and the high glucose affinity allows glucose sensing at sub-mM levels. 
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Figure 4.3 Structures of 4-1 (a), initially-deduced 4-1/α-glucopyranose complex formed in MeOD (b) 

and the latter assigned 4-1/α-glucofuranose complex formed under aqueous conditions (c).  

 

Other diboronic acid-based glucose sensors have been developed after the pioneering work by 

Shinkai and coworkers. One of the most noticeable examples is diboronic acid 4-2121 designed by 

Drueckhammer and coworkers. 4-2 binds to α-glucopyranose form instead of the α-glucofuranose 

form of glucose. Computer-guided design followed by an eight-step synthesis afforded 4-2 that 

contains a pair of almost parallelly-oriented boronic acid moieties attached to a highly rigid 

covalent framework. Compound 4-2 exhibits a much higher affinity for glucose 400-fold greater 

than those of other saccharides, with a glucose binding constant of 4.0 × 104 M-1. The 400-fold 

binding selectivity for glucose over fructose and galactose remains the highest reported to date. 

Compound 4-2 represents an “extreme” example in which a highly rigid diboronic acid scaffold 

matches perfectly the structure of glucose, but requires an elaborate design and formidable 

synthetic efforts. 

While the abovementioned strategy of covalently organizing two boronic acids to chelate glucose 

heavily relies on elaborate structural design, recently it has been envisioned that noncovalent 

aggregation of simple boronic acids would lead to supramolecular assemblies containing multiple 

boronic acid moieties, which could confer glucose selectivity by chelation. In this respect, 

attention has been paid to the employment of π-conjugated molecules that can form oligomeric 

or polymeric stacks in water via aromatic π-interactions and hydrophobic interactions. Most 

notably, aggregation of dye molecules may lead to dramatic changes in its fluorescence emission, 

either quenching or enhancement, such as the phenomena of “aggregation-induced emission”.122 

Due to its ability to bind two boronic acids, glucose binding can induce the transition of a boronic 
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acid-functionalized dye from monomeric species to aggregates, accompanied by dramatic 

spectroscopic responses favorable for optical sensing of glucose. 

 

Figure 4.4 Proposed glucose-induced oligomerization mechanism of 4-3 sensing of glucose. 

Using the aggregation approach, Tang and coworkers reported a tetraphenylethene (TPE)-cored 

diboronic acid 4-3123 that serves a specific “light-up” sensor for glucose. In the absence of 

saccharides in alkaline conditions, 4-3 in its dianionic form is weakly emissive. Fluorescence 

enhancement up to ~5.4 fold was observed upon addition of glucose, while that induced by 

fructose, galactose and mannose is much lower. It was proposed that it is the oligomers formed 

between bifunctional 4-3 and divalent glucose (Figure 4.4) that restricts the intramolecular 

rotations of the phenyl rotors that leads to the fluorescence enhancement. Other 

monosaccharides are unable to induce such oligomerisation of 4-3, resulting in only minor 

fluorescence enhancements. The oligomerisation mechanism is supported by the observation of 

an emission drop at high glucose concentration and the negligible fluorescence change produced 

by glucose with the monoboronic acid counterpart of 4-3. Thermodynamically it is not possible 

that only the interactions of the two boronic acid moieties in 4-3 with the two binding sites of 

glucose could lead to appreciable oligomerisation of 4-3 at a low concentration of 50 μM.124 It is 

thus inferred that other interactions such as hydrophobic and π-π interactions between TPE 

moieties within the oligomer may operate and stabilize the assembly. While the fluorescence 

enhancement response is highly glucose-selective, the system shows no “binding selectivity” for 

glucose. Although no binding constant was determined, competitive experiments showed that the 

fluorescence enhancement produced by 4 mM glucose decreased by 60% when 0.1 mM of 

fructose co-exists, which reveals the much higher affinity of 4-3 towards fructose than glucose. 
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Figure 4.5 Cartoon representation of different aggregation behavior of 1:1 4-4/fructose and 1:2 4-

4/glucose complexes. Adapted with permission from J. Am. Chem. Soc., 2013, 135, 1700-1703. 

Copyright 2013 American Chemical Society. 

While glucose binding selectivity is absent in 4-3, pyrene-containing glucose sensor 4-4106 

(compound F1 used in Chapter 3) demonstrates that this is achievable by the aggregation 

approach as 4-4 shows a higher apparent affinity for glucose than for fructose. The amphiphilicity 

of the 4-4 and its-saccharide complex establishes the basis for its supramolecular aggregation in 

aqueous solution. In alkaline (pH 10) aqueous solution 4-4 at 0.1 mM exists in small aggregates 

that exhibit only pyrene monomer fluorescence at ca. 390 nm. Glucose binding to 4-4 leads to 

formation of large aggregates concomitant with development of pyrene excimer emission at 510 

nm together with a minor increase in monomer emission. Fructose binding, on the contrary, 

results in aggregate size reduction and a modest enhancement of the monomer fluorescence. The 

fact that excimer emission was only observed upon glucose binding thus indicates that glucose 

binding leads to not only a higher extent of aggregation but also a well-ordered aggregate 

structure suitable for excimer emission. The 1:2 glucose/4-4 complex was assumed responsible 

for the formation of larger aggregates and the strong excimer emission. An apparent binding 

constant of 4-4 with glucose of 1.9 × 106 M-2 (with an apparent 1:2 stoichiometry) was found 

whose square root being 1378 M-1 is higher than the binding constant with fructose 353 M-1 (1:1 

stoichiometry). Self-association of the 1:2 glucose/4-4 complex driven by aromatic π-stacking 

between two pyrene moieties from neighbouring complexes was assumed responsible for the 

higher tendency to form assembly of the 1:2 glucose/4-4 complex than the unbound 4-4 and the 

1:1 4-4/fructose complex. Aggregation of the 1:2 glucose/4-4 complex facilitates the glucose 

binding that results in a higher apparent glucose affinity than that of fructose, allowing glucose to 
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be detected at 10 μM which has not been possible with any synthetic mono- or diboronic acid-

based sensor reported to date. A high glucose affinity is crucial for the reduction of interference 

from fructose, cf 4-4 when compared with 4-3. 

4.1.2 Scope and objectives of this chapter 

As demonstrated in 4-3 and 4-4, by exploiting aggregation of π-conjugated molecules, selective 

sensing of glucose is possible by using structurally simple boronic acids, without the need of 

tedious multistep synthesis (e.g. 4-2). The goal here is to develop glucose-selective sensing 

ensembles that requires precisely no synthetic efforts. This appears unlikely considering that 

simple monoboronic acids that are commercially available have intrinsic preference for binding 

fructose over glucose (Figure 4.2). The reported examples of utilizing dynamic covalent chemistry 

to create complicated molecular assemblies, however, have implied that the structurally 

complexity required for glucose sensing may be introduced via a dynamic covalent linkage. While 

the success of 4-4 implies that an effective glucose sensor can be as simple as an amphiphilic 

boronic acid, it was envisioned that attaching a hydrophobic group to a hydrophilic boronic acid 

via a dynamic covalent bond can lead to selective glucose sensing without synthesis, as glucose 

binding may be favored in the amphiphile aggregate that contains multiple copies of boronic acids. 

As a proof of the concept investigation, it was decided simply to attach a linear hydrophobic chain 

dynamic covalently to a boronic acid. Regarding the dynamic covalent linkage, the imine bond was 

chosen as it is arguably the most rapidly-forming dynamic covalent interaction that can be 

exploited (apart from the boronate ester bond, which clearly cannot be exploited here as 

orthogonality with respect to glucose binding is required).  

The working sensing system is extremely simple, consisting of 4-formylphenylboronic acid (4FBA) 

and 1-octylamine (C8AM). It was found that upon mixing of 4FBA, C8AM and glucose in basic 

aqueous solutions, large aggregates were formed leading to solution turbidity which was ascribed 

to supramolecular aggregation of a “Gemini-type” surfactant formed via imine bonds linking 4FBA 

and C8AM, and binding of glucose simultaneously to two boronic acids (Figure 4.6). The aggregate 

morphology was revealed to be vesicles by transmission electron microscopy (TEM). The 

aggregate formation can be followed by appearance of solution turbidity or fluorescence 

enhancement of added Nile red. Fructose, in contrast, cannot induce aggregate formation. The 

system therefore serves as a highly selective sensing ensemble for glucose, simply by mixing 

commercial available reagents. Interestingly, the imine bond formation equilibrium was pushed 

forward by binding of glucose but not fructose. The system thus represents a rare example of 

cooperative formation of two orthogonal dynamic covalent bonds, even though there is a large 

spatial separation between these two bonds. 
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Figure 4.6 Schematic representation of selective glucose sensing via aggregation of an in situ formed 

amphiphile that involves formation of two orthogonal dynamic covalent bonds. 
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4.2 Results and discussions 

To allow efficient imine bond formation while ensuring water-solubility of all components, the 

self-assembly studies was carried out at pH 10.5 (with 100 mM sodium carbonate buffer). Under 

this condition, C8AM (pKa 10.65125) is partially protonated and remains soluble at 3 mM. 4FBA (pKa 

7.4126) exits fully in its anionic form which maximizes its saccharide binding affinity. When 4FBA (3 

mM) and C8AM (3 mM) were mixed, the solution remained clear and transparent at 3 mM. In the 

presence of glucose (5 mM), however, the solution becomes increasingly turbid over the course of 

30 min, indicating amphiphile aggregation taking place (Figure 4.7). With galactose (5 mM) used 

as the saccharide component, solution turbidity was also observed (5 mM), whereas the solution 

remained transparent with fructose (5 mM). 
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Figure 4.7 Turbidity of a mixture of 4FBA (3 mM) and C8AM (3 mM) over 30 min in the absence and 

presence of different saccharides in pH 10.5 100 mM NaHCO3–Na2CO3 buffer. Turbidity is shown as 

absorbance at 450 nm (measured by a UV-Vis absorption spectrometer) due to light scattering. 

Aggregate formation cannot be ruled out with no saccharide or with fructose even though 

transparent solutions were observed, since micelle formation is possible as previously reported 

with C8AM and a hydrophilic cationic aldehyde.127 Nile red, an environment-sensitive 

fluorescence dye, was employed to investigate the amphiphile aggregation. In aqueous solutions, 

Nile red is non-fluorescent in aqueous, but in the presence of amphiphile aggregates (e.g. micelles 

and vesicles), Nile red can partition into the hydrophobic region of the aggregates and emits 

strong fluorescence. A mixture of 4FBA (3 mM) and C8AM (3 mM) in the absence and presence of 

varying concentrations of saccharides was incubated for 30 min, treated with a methanol solution 

of Nile red, and subject to fluorescence measurements.  The results are shown in Figure 4.8. Very 

weak Nile red fluorescence was observed without saccharides or with fructose (0.1 – 10 mM), 
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confirming that little or no amphiphile aggregation occurred. In contrast, the presence of glucose 

and galactose (to a lesser extent) led to dramatic enhancement of Nile red fluorescence. These 

results agree well with those of the turbidity assay, confirming that under the described 

conditions no aggregates were formed without saccharides or with fructose, but glucose and to a 

lesser extent galactose induced self-assembly of the amphiphile formed between C8AM and 4FBA. 

Assembly of a control compound 4-formylbenzoic acid with C8AM was also examined using the 

Nile red assay, which showed no saccharide-dependence in the amphiphile aggregation (Figure 

7.53, Chapter 7). It has been well established that among the three saccharides, fructose has the 

strongest intrinsic affinity towards monoboronic acids as its β-furanose form (the species available 

for boronic acid binding) has a much higher abundance compared to the boronic acid-acessible α-

furanose forms of glucose and galactose (Figure 4.2). However, the α-furanose forms of glucose 

and galactose can simultaneously bind two boronic acid moieties whereas the β-fructofuranose 

can only bind a single boronic acid moiety (Figure 4.2). Therefore formation of “Gemini-type” 

amphiphiles is only possible for glucose and galactose. “Gemini-type” amphiphiles have a higher 

tendency to aggregate (i.e. a lower critical aggregation concentration)128 compared with the 

single-chain amphiphile formed between fructose, 4FBA and C8AM (Figure 4.6). This explains that 

induction of aggregation was observed only with glucose and galactose. It should be noted that 

although the fluorescence intensity (which depends on the amount of Nile red) leveled off at 5 

mM of glucose and galactose, the formation of amphiphile aggregates is still far from saturation, 

as will be demonstrated in the imine formation study below. 
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Figure 4.8 Amphiphile aggregation measured via Nile red fluorescence. A mixture of 4FBA (3 mM) 

and C8AM (3 mM) in the absence and presence of various concentrations of different saccharides were 

allowed to stand for 30 min and treated with Nile red (5 μM, added as a methanol solution). 

Fluorescence intensity of Nile red was shown (λex = 500 nm, λem = 623 nm). 

While glucose and galactose did induce aggregate formation, it is interestingly to investigate 

whether the equilibrium of imine bond could be influenced by saccharide binding and subsequent 
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self-assembly. It has been reported by van Esch and coworkers that amphiphile aggregation can 

drive imine bond formation by stabilizing it within the aggregate microenvironment that has a 

lower local concentration of water.103-104, 127 1H NMR spectroscopy was employed to measure 

imine bond formation. Observable, albeit severely broadened imine proton NMR signals were 

observed, providing direct evidence of imine bond formation (Figure 7.54, Chapter 7). Although 

using conventional liquid-state NMR techniques, the NMR signals from aggregates cannot be 

quantified due to broadening, indirect measurement of imine formation percentage is feasible by 

calculation of 4FBA consumption by integration of its 1H NMR signals. To enable this calculation, 

DMF was added as an internal reference. By comparing integrations of aldehyde (CHO) and DMF 
1H NMR signals, the imine formation percentage was calculated and summarized in Table 4.1. 

Table 4.1 Percentage of imine formation in the absence and presence of different saccharides, 

determined with 
1
H NMR spectroscopy. [4FBA] = [C8AM] = 3 mM, pD 10.5 with 100 mM NaHCO3–

Na2CO3 buffer. 

Condition Blank Glucose (5 mM) Fructose (5 mM) Galactose (5 mM) 

Imine formation 7% 38% 12% 26% 

Indeed imine bond formation was found to be dramatically increased by glucose binding and to a 

lesser extent by galactose binding, whereas less significant with fructose that cannot promote 

amphiphile aggregation. These results can be explained by (i) amphiphile aggregation shifts the 

equilibrium of the imine bond formation in the forward direction, and (ii) binding of glucose and 

galactose promotes amphiphile aggregation due to the formation of “Gemini-type” amphiphiles. 

Notably, glucose binding via the boronate ester linkage exerted an influence on the imine bond 

despite the spatial separation between the two dynamic covalent bonds. This is possibly because 

of the supramolecular aggregation that requires and stabilises both the imine bond and the 

boronate ester linkages (with “divalent” binder glucose). This “indirect” interplay is conceptually 

distinct from the known synergistic binding of 2-formylphenylboronic acid (2FBA) to an amine and 

a cis-diol component, (e.g. the system shown in Figure 2.3), which is due to a boron-nitrogen 

interaction that directly enhances diol binding.43 

The morphology of aggregates formed with glucose was examined by transmission electron 

microscopy (TEM) and the size by dynamic light scattering (DLS) techniques (Figure 4.9). TEM 

images revealed that the aggregates formed are vesicles. An average hydrodynamic diameter (Dh) 

of 678 nm was determined by DLS measurements for the glucose-induced aggregates, which is in 

good agreement with the TEM image. 
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Figure 4.9 Transmission electron microscopy (TEM) (a) and dynamic light scattering (b) 

characterization of aggregates formed by 4FBA (3 mM), C8AM (3 mM), glucose (10 mM) in pH 10.5 

in pH 10.5 100 mM NaHCO3–Na2CO3 buffer. (b) was collected by XXC. 

This system can be used for glucose sensing via appearance of solution turbidity which can be 

detected by naked eyes or quantified by measuring light scattering using a UV-Vis absorption or 

fluorescence spectrometer. Alternatively, the incorporation of Nile red allows sensitive sensing of 

glucose at sub-mM concentrations. It is of interest to test the ability of this glucose sensing 

ensemble to tolerate the coexistence of saccharide interferents. Promisingly, the coexistence of 

0.2 mM of fructose or galactose resulted in little interference with sensing of 1 mM glucose, a 

significant improvement compared with other reported systems based on self-assembly.106, 123 

2 μm 

(a) 
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Figure 4.10 Fluorescence intensity of Nile red (5 μM) added to the assembly formed by 4FBA (3 mM), 

C8AM (3 mM) and glucose (1 mM) in the absence and presence of saccharide interferents in pH 10.5 

100 mM NaHCO3–Na2CO3 buffer. 

4.3 Conclusions 

In summary, we have demonstrated in a simple system that the equilibrium of a dynamic covalent 

bond that assembles a receptor can respond to a molecular recognition event via a different 

dynamic covalent bond, and such an assembly has been used for sensing applications. A mixture 

of 4FBA, C8AM and glucose formed a dynamic “Gemini-type” amphiphile that self-assembled to 

form vesicular aggregates which features simultaneous formation of an imine bond and boronate 

ester linkages with glucose. Interestingly, there is a large spatial separation between the two 

dynamic covalent bonds, and their mutual influence is made possible because of the amphiphile 

aggregation and multivalent binding with glucose. The reported system allows selective glucose 

sensing simply by mixing commercially available reagents, representing the first example that the 

intrinsic fructose over glucose selectivity of boronic acids can be overcome without resorting to 

synthesis. This suggests that the structural complexity required for creating selective synthetic 

receptors or other functional materials can be achieved by in situ dynamic covalent assembly of 

simple components. 
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Chapter 5: Dynamic Covalent Transport of Amino Acids 

across Lipid Bilayers 

5.1 Introduction 

There is currently considerable interest in developing synthetic systems129-131 to mediate the 

transport of highly hydrophilic species, e.g., cations, anions,  sugars and amino acids across lipid 

bilayers, either functioning as a membrane-spanning channel132-133 or a mobile carrier.134-135 Such 

systems could perform the function of naturally occurring transmembrane proteins and could 

serve as important tools for biomedical research or have therapeutic potential.136-138 For those 

functioning as mobile carriers, a dynamic interaction is responsible for reversibly binding and 

lipophilizing substrates, allowing the lipophilic complex to diffuse through the membrane and 

dissociate to release the transported substrate into the aqueous phase.134-135 Non-covalent 

interactions including ion pairing,139-141 hydrogen bond,142-146 halogen bond,147-148 metal-

coordination149-150 and cation151-153/anion154-155-π interactions are well exploited (See Section 6.1 

for a more detailed introduction on ionophores). Dynamic covalent bonds,4-6, 156-157 in contrast, 

have been rarely used as the interaction for reversible binding of the transported substrates.  

 

Westmark and Smith reported the ability of phenylboronic acids to facilitate the transport of 

saccharides across lipid bilayers via reversible boronate ester formation (See Section 4.1.1, 

Chapter 4 for an introduction to boronic acid-saccharide interactions). Efflux of saccharides from 

inside liposomes was measured using enzymatic assays. Millimolar concentrations of boronic 

acids were tested, and saccharide transport was monitored over the time scale of 100 min. The 

transport efficacy depends predominantly on the lipophilicity of boronic acid transporters, with 5-

1 and 5-2 identified as two of the most active commercially available transporters, and the more 

lipophilic, synthetic transporter 5-3 being more active. The saccharide transport selectivity of 

simple monoboronic acids followed the order of sorbitol > fructose > glucose, which correlate 

with the order of binding affinity for these saccharides. The rate of saccharide transport showed 

bell-shaped pH dependence with transport acitivity peaking at a pH value just below the pKa of 

boronic acids. The saccharide complex species responsible for membrane transport could be the 
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neutral form or the anionic form (see Figure 4.1). The authors proposed that it was the neutral 

form that actually diffused through the membrane, based on the observation that diphenylborinic 

acid 5-4, which can only form anionic saccharide complexes, failed to facilitate glucose 

transport.158-159 Boronic acids were later reported to facilitate ribonucleoside transport, and 

similarly, the transport mechanism was proposed to be via the formation of neutral complexes.160  

Stillwell et al. studied facilitated diffusion of glycine and lysine across planar lipid bilayers using 

formaldehyde and pyridoxal that presumably form imines with amino acids.161 This was the first 

report showing possible relevance of imine bond in membrane transport. Pyridoxal was found to 

give higher activity than formaldehyde, but the percentage of amino acid diffusion was less than 4% 

after 20 h. even with ~millimolar concentrations of aldehydes.  

 

Figure 5.1 Cell uptake of a carboxyfluorescein (CF) substrate via formation and dissociation of a 

substrate-initiated poly(disulfide) (siCPD). 

The cell-penetrating substrate-initiated poly(disulfide) (siCPD) cellular delivery system is an 

elegant example that demonstrates the utility of reversible disulfide bond in membrane transport. 

In a seminal study, Matile and coworkers grew siCPDs on fluorescent substrates and monitored 

their uptake into Hela cells using fluorescence techniques.162 A polymerization reaction that 

involved an initiator (e.g. 5-5), a monomer (e.g. 5-6) and a terminator (5-7) occurred in neutral 

aqueous solutions at room temperature, to produce a siCPD (e.g. 5-8, Figure 5.1). siCPDs could 

penetrate through lipid bilayers to enter cells in 5 min and subsequently depolymerize due to 

exchange with GSH in less than 1 min to release the free initiator. The membrane transport and 

cellular uptake was found to show be dependence on the presence of free thiols in the membrane. 

Based on this the authors proposed a thiol-mediated uptake mechanism that involved covalent 

binding to the lipid membrane by disulfide exchange with exofacial thiols. The siCPD systems are, 

however, conceptually different from the other abovementioned examples as they require 

intracellular glutathione (GSH) to break the disulfide bonds and release the substrate, whereas in 

the abovementioned examples the membrane transport process was only driven by a 

concentration gradient of the transported substrate. 
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In this chapter, dynamic covalent chemistry was exploited to facilitate membrane transport of 

amino acids. Although there have been many examples of amino acid transport through a liquid 

phase facilitated by synthetic molecules, to the best of my knowledge, few examples reported 

amino acid transport through phospholipid bilayer membranes. Of note are recently reported 

single molecule tubular channels that facilitated chiral selective amino acid transport. Here 

lipophilic and highly electrophilic aldehydes were studied, which could form imine and 

hemiaminal adducts with amino acids. Hemiaminals are labile adducts formed between carbonyl 

compounds and primary or secondary amines (Figure 5.2). Compared to imine chemistry, 

hemiaminals are less explored in the context of dynamic covalent chemistry due to their 

instability, while stabilization can be afforded by using highly electrophilic carbonyl compounds8, 

163-165 or a further binding event.7, 35, 166 The biological relevance of hemiaminals is not limited to 

the involvement in imine formation. It has been reported that hemiaminal formation is used by 

Escherichia Coli dihydroxyacetone kinase for substrate binding.167-168  

 

Figure 5.2 Formation of hemiaminals and imines between an aldehyde and glycine 

 

Figure 5.3 Structures of compounds tested for Gly transport 
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5.2 Results and discussion 

5.2.1 13C NMR Assay 

Evidence for glycine transport facilitated by a mixture of an aldehyde and a squaramide has been 

afforded by a 13C NMR assay169 (Figure 5.4). Gly-1-13C was added externally to a suspension of 

giant multilamellar vesicles (GMLVs) of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) 

and DMSO solutions of an aldehyde and/or a squaramide (or DMSO as control) were added to 

start the Gly influx. After 2 h, paramagnetic Mn2+ was added to quench the 13C NMR signal from 

extravesicular Gly, and then the 13C NMR spectra of the vesicle suspension were measured. The 

results show that without any transporter, there is only very slow simple diffusion of Gly. An 

enhanced signal from the intact Gly-1-13C was observed with only T1 (1 mol% transporter to lipid) 

or T2 (10 mol%) alone, but a mixture of T1 and T2 induced c.a. 50% more glycine transport than 

the sum of that induced by each component, as estimated by integration of the intravesicular Gly 

signal (Figure 7.59, Chapter 7). A similar synergistic effect in facilitating Gly transport by T1 and T3 

was also observed (Figure 7.58, Chapter 7).  

 

Figure 5.4 (a) Schematic representation of the 
13

C NMR assay for Gly transport. POPC GMLVs were 

loaded with an internal solution of Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4, and 

suspended in an external solution of Gly-1-
13

C (50 mM), Na2SO4 (100 mM) and HEPES (20 mM) 

buffered at pH 7.4 in 9 : 1 (v : v) H2O/D2O. MnSO4 was added to the external medium (0.5 mM), which 

led to broadening of 
13

C NMR signal from Gly-1-
13

C. (b) 
13

C NMR spectra (100.6 MHz) of POPC 

vesicles solutions in 9 : 1 (v : v) H2O/D2O.with external Gly-1-
13

C (50 mM) before and after addition of 

MnSO4 (0.5 mM) (c) 
13

C NMR spectra of POPC vesicles suspensions with 50 mM external Gly-1-
13

C, 

obtained 2 h after the addition of DMSO or DMSO solutions of transporters. Transporter loadings are 

shown as transporter to lipid molar ratios. 
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5.2.2 Fluorescence assay 

Due to the long acquisition time required, NMR assays are not suitable for quantitative kinetic 

studies. Previously amino acid transport kinetics has been measured using a radiometric assay170 

and a fluorescence labeling method.171 However, both assays are expensive and time-consuming, 

and only allow collection of a limited number of data points which can be problematic when 

measuring very rapid transport. Here a novel fluorescence assay was developed and employed for 

amino acid influx using vesicles with an entrapped Cu2+-Calcein complex. This is based on 

fluorescence quenching of Calcein by binding to Cu2+,172 and the recovery of Calcein fluorescence 

by amino acids that rapidly compete with Calcein for Cu2+.173 The membrane impermeability, long-

wavelength excitation and high fluorescence quantum yield of the Calcein dye are favorable for 

sensing of amino acids inside vesicles. Large unilamellar vesicles (LUVs, mean diameter 200 nm) of 

POPC entrapping Calcein (0.2 mM) and Cu2+ (0.2 mM) were prepared, and separated from the 

extravesicular markers by gel filtration. The vesicles were suspended in an external solution 

containing Gly (30 mM) and Cu2+ (0.2 mM) buffered at pH 7.4, and then DMSO solutions of 

transporters or DMSO were immediately added to the vesicle suspensions to start the transport. 

It was found that the presence of external Cu2+ is necessary to suppress Cu2+ efflux from inside 

vesicles, which would otherwise occur even without any transporter when high concentrations of 

external Gly is present (Figure 7.62, Chapter 7). Even with external Cu2+ when the simple diffusion 

or Gly-mediated diffusion of Cu2+ is suppressed, the addition of a transporter could still facilitate 

Cu2+ efflux (due to the difference between internal and external free Cu2+ concentrations when 

external Gly is present), leading to fluorescence enhancement that does not arise from Gly influx. 

Cu2+ transport, however, can be identified easily by doubling the concentration of extravesicular 

Cu2+, and significant dependence of Calcein fluorescence on external Cu2+ concentration is an 

indication of Cu2+ transport. This effect is clearly observed (Figure 5.6a) with 8-hydroxyquinoline 

(8HQ), a known Cu2+ transporter.174 In contrast, a mixture of T1 and T2 or T3 induced 

enhancement of Calcein fluorescence (ΔI) that is practically independent of the external Cu2+ 

concentration (Figure 5.5b and 7.72c), indicating that Gly influx is responsible for the observed 

fluorescence enhancement, which is also supported by the results of the 13C NMR assay (Figure 

5.4). Similarly, without any transporter, a relatively small enhancement of Calcein fluorescence 

independent of external Cu2+ concentration is observed (Figures Figure 5.5 and 7.56), and is 

attributed to simple diffusion of Gly171, 175171, 175171, 175171, 175171, 175171, 175 which is well-

documented.170, 174 The combination of 1 mol% (transporter to lipid) of T1 and 50 mol% of T3 

leads to saturation of the fluorescence intensity within 20 min, and thus the maximum 

fluorescence intensity enhancement obtained under this condition (ΔImax) is used for calibration. 

The use of a high loading of T3 here is to ensure that completion of Gly transport is reached and 
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clearly shown, while the facilitated transport is observable at much lower loadings. Since the ΔImax 

value shows a roughly linear relationship with the extravesicular Gly concentration (Figure 7.63, 

Chapter 7), the ΔI / ΔImax value, here defined as the fractional fluorescence intensity If , can be 

approximated as the percentage of Gly transported relative to the maximum transport. 
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Figure 5.5 Evidence of Cu

2+
 transport in the case of 8HQ (a) and Gly transport in the case of a mixture 

of T1 and T2 (b). POPC LUVs (mean diameter 200 nm) loaded with CuSO4 (0.2 mM) and Calcein (0.2 

mM) were suspended in an external solution containing Gly (30 mM) and CuSO4 (0.2 mM or 0.4 mM). 

Both the internal and external solutions contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at 

pH 7.4. At time 0, DMSO solutions of transporters or DMSO was added, and the fluorescence intensity 

(λex = 495 nm, λem = 515 nm) was recorded. Transporter loadings are shown as transporter to lipid molar 

ratios. Note that in (a), doubling the 8HQ loading (from 10 µM to 20 µM) did not significantly alter the 

maximum ΔI value, indicating that the fluorescence enhancement by 8HQ is not due to competitive 

binding of 8HQ to Cu
2+

. The much higher saturated ΔI value in (a) compared to that in (b) indicates that 

Cu
2+

 efflux occurs in the presence of 8HQ. Although it is possible that the Cu
2+

-8HQ complex also 

transports Gly, the results in (a) show that the Cu
2+

-Calcein assay is not suitable when a Cu
2+

 transporter 

is present. 
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Figure 5.6 Gly transport kinetics measured by the Cu
2+

-Calcein assay. POPC LUVs (mean diameter 

200 nm) loaded with CuSO4 (0.2 mM) and Calcein (0.2 mM) were suspended in an external solution 

containing Gly (30 mM) and CuSO4 (0.2 mM). Both the internal and external solutions contained 

Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. At time 0, DMSO solutions of transporters 

or DMSO was added, and the fluorescence intensity (λex = 495 nm, λem = 515 nm) was recorded. The 

fluorescence intensity was normalized by saturation using a mixture of T1 (1 mol%) and T3 (50 mol%). 

Transporter loadings are shown as transporter to lipid molar ratios.  

Similarly to the results obtained with the 13C NMR assay, the Cu2+-Calcein assay demonstrates a 

synergistic effect between the squaramide T1 and the aldehydes T2 and T3 (Figure 5.6 and Table 

5.1). This is evidence in support of glycine transport by hemiaminal/imine formation with the 

amino group, and hydrogen bonding with the carboxylate group. Presumably, the observed 

synergistic effect results from the higher lipophilicity of a ternary squaramide-Gly-aldehyde 

complex compared to binary squaramide-Gly and aldehyde-Gly conjugates. Note that the relative 

rate of simple Gly diffusion measured in the 13C NMR assay with GMLVs is slower than that 

measured in the Cu2+-Calcein assay with LUVs, which is consistent with the lower permeability of 

MLVs.176 

5.2.3 Osmotic response assay 

It is possible that Cu2+ enhances Gly transport by binding to Gly, the hemiaminal, the imine or the 

squaramide T1, even though the kinetic profiles with different Cu2+ concentrations (Figure 5.5b) is 

evidence to suggest that this is unlikely. To examine the effect of Cu2+ on Gly transport, an 

independent osmotic response assay177 was conducted. POPC LUVs (mean diameter 400 nm) 

loaded with 600 mM Gly were suspended in an isoosmotic external solution containing 195 mM 

Na2SO4 and 15 mM Gly. When Gly efflux occurs, the vesicles will become hyperosmotic, leading to 

water efflux and thus vesicle shrinkage, which results in an increase in 90° light scattering 

intensity. Thus Gly transport can be indirectly measured by monitoring the light scattering 
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intensity using a fluorimeter (Figure 5.7). Under the described experimental conditions, Gly 

transport by simple diffusion and facilitated by T1 (1 mol%) is too slow to generate an osmotic 

response. A delay is observed in the osmotic response induced by T2 (10 mol%), whereas the T1-

T2 mixture generates the osmotic response immediately after being loaded to the vesicle 

suspensions, showing the synergistic effect in Gly transport. Similar results have been obtained 

for T1 and T3 (Figure 7.60, Chapter 7). Importantly, the presence of Cu2+ has no observable effect 

on the rate of Gly transport (Figure 5.7) which confirms the validity of the Cu2+-Calcein assay in 

studying the squaramide-aldehyde system. No change in light scattering intensity was found with 

vesicles with the same internal and external content, excluding aggregation or precipitation of the 

transporters as the cause for the observed increase in light scattering intensity (Figure 7.61, 

Chapter 7). The osmotic response assay appears, however, not sufficiently sensitive for accurate 

kinetic studies. 
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Figure 5.7 Gly transport measured by an osmotic response assay in the absence and presence of CuSO4 

(0.2 mM). POPC LUVs (mean diameter 400 nm) loaded with Gly (600 mM) were suspended in an 

external solution containing Na2SO4 (195 mM) and Gly (15 mM). Both the internal and external 

solutions were buffered at pH 7.4 with HEPES (20 mM). At time 0, DMSO solutions of transporters or 

DMSO was added, and the 90° light scattering intensity at 600 nm was recorded. Transporter loadings 

are shown as transporter to lipid molar ratios. 

5.2.4 Gly transport studies 

Using the new Cu2+-Calcein assay, possible Gly transport by the non-aldehyde control compounds 

T4-T9 were tested to provide more evidence for Gly transport by aldehyde carbonyl addition 

forming either hemiaminals or imines. First, the ketone analogue T4 was tested to investigate the 

possible role of the carbonyl group of an aldehyde as a hydrogen bond acceptor for the 
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ammonium or amino group of Gly. Little activity was found with T4 (Figure 7.65a, Chapter 7), 

ruling out this effect to be responsible for Gly transport. Second, T5 with an electron-withdrawing 

cyano group was tested for possible anion-π interaction in the case of T2 with the Gly carboxylate 

group. Compound T5 shows far weaker transport activity (Figure 7.65b, Chapter 7), and therefore 

the observed glycine transport with aldehyde cannot be due to an anion-π interaction. Third, the 

synergistic transport of Gly by the lipophilic aldehydes with T1 could arise from enhanced 

partition of T1 in the lipid in the presence of T2 or T3. The results with compound T6 show this 

effect to be minor (Figure 7.65c, Chapter 7). Fourth, the aldehyde-Gly imine/hemiaminal formed 

in the lipid bilayer could serve as a Gly transporter by using its carboxylate group to ion pair with 

the ammonium group of the Gly substrate. Compound T7, which also contains an aliphatic 

carboxylate group, shows no facilitated Gly transport (Figure 7.65d, Chapter 7), thus ruling out 

that possibility. The facilitated Gly transport could also be due to aerobic oxidation of T2 forming 

a trace amount of aromatic carboxylic acid T8 that ion pairs with Gly, which is precluded as T8 fails 

to transport Gly (Figure 7.65e, Chapter 7). A sixth, less likely possibility is the aldehyde proton 

serving as a hydrogen bond donor, which was also ruled out as the amide T9 shows no Gly 

transport activity (Figure 7.65f, Chapter 7).  

It is possible that T1 facilitates Gly transport without binding to the carboxylate/carboxylic acid 

group and instead, only binds and transports OH− while the anionic hemiaminal/imine with a 

carboxylate group crosses the membrane without binding to T1. In that case, T1 would simply 

serve as a protonophore that cancelled the charge separation and pH imbalance due to the 

movement of anionic and basic NH2CH2COO−. Carbonyl cyanide m-chlorophenyl hydrazine 

(CCCP),178 which is an active protonophore but not a good hydrogen bond donor, was tested as a 

negative control. CCCP itself induced negligible Gly flux, and it was unable to enhance Gly 

transport in the presence of T2 or T3 (Figure 7.76, Chapter 7), indicating that T1 needs to bind to 

the carboxylate/carboxylic acid group of Gly to facilitate Gly transport. 

Less fluorinated aldehydes T10-T12, on the other hand, show appreciable transport activity. The 

aldehydes were tested at different loadings in the presence and absence of T1, and the fractional 

fluorescence intensity at 30 min was plotted against the transporter loading and subject to Hill 

analysis179-180 to obtain the effective transporter loading needed to observe 50% transport at 30 

min (EC50) and a Hill coefficient (n) (Table 5.1). The n values close to 1 are consistent with the 1 : 1 

stoichiometry for the hemiaminal or imine formed between glycine and an aldehyde, evidence in 

support of a mobile carrier mechanism. Similarily, the n value for T1 in the presence of T2 (10 

mol%) is close to 1. The n values are consistent with the stoichiometry of the assumed three-

component aldehyde-Gly-squaramide assembly. Without T1, the aldehydes, although significantly 

more active than the control compounds, are not particularly active. In the presence of T1 loaded 
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at 1 mol% (transporter to lipid), T2 and T3 become reasonably active as mobile transporters with 

EC50 values at low percentage loadings. The significantly decreased activity with T10 and little 

activity with T11 are likely due to the lower electrophilicity (therefore slower rate for 

hemiaminal/imine formation) as well as the lower lipophilicity. 

Table 5.1 Gly transport properties and calculated LogP values of T1-T11 

Compound EC50
a
 / mol% n EC50

a
 / mol% n 

cLogP
d
 

 without 2 with 2 (10 mol%) 

T1 ~8
b
 ~0.85

b
 0.1 0.96 6.94 

 without 1 with 1 (1 mol%)  

T2 56 0.94 1.9 1.1 3.58 

T3 63 0.92 4.2 1.5 3.86 

T4 > 100 nd
c
 > 100 nd

c
 4.06 

T5 > 100 nd
c
 > 100 nd

c
 3.74 

T6 > 100 nd
c
 > 100 nd

c
 3.64 

T7 > 100 nd
c
 > 100 nd

c
 2.93 

T8 > 100 nd
c
 > 100 nd

c
 4.28 

T9 > 100 nd
c
 > 100 nd

c
 3.13 

T10 47 0.88 23 1.1 2.61 

T11 148 0.93 45 0.89 2.47 

T12 > 100 nd
c
 > 100 nd

c
 1.64 

a
 Transporter loading (transporter to lipid molar ratio) needed to observe 50% transport at 30 min. 

b 
Small extent of Cu

2+
 transport found by T1 (Figure 7.78a, Chapter 7), and therefore the values should 

be regarded as approximates. 
c
 Not determined due to low activity. 

d
 cLogP values calculated by ACD/Labs. 

5.2.5 Transport of other substrates 

The transport of other substrates, including sarcosine (Sar), N,N-dimethylglycine (DMG), oxalic 

acid/oxalate, and Calcein, was studied in an attempt to reveal the transport mechanism in the 

case of Gly transport. Sar can form hemiaminals but not imines with aldehydes. Interestingly, a 

mixture of T1 (1 mol%) and T2 or T3 (10 mol%) promotes Sar transport synergistically (Figures 

5.7a and 7.76), similarly to the results found with Gly transport. This suggests that formation of 

the hemiaminal is sufficient for facilitated transport of amino-containing substrates, without the 
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need for the dehydration step to form the imine, although it is still possible that transport by an 

imine intermediate is the dominant pathway in the case of Gly transport. It is also of interest to 

test the transport of DMG, which might form zwitterionic tetrahedral adducts181 with aldehydes. 

The results (Figures 5.7b) show that DMG crosses the membrane by simple diffusion very quickly 

due to its lipophilicity. DMG diffusion is slightly enhanced by T1 (1 mol%), whereas the aldehyde 

component does not affect the transport (Figure 5.8b and 7.77), which might be due to fast DMG 

simple diffusion making aldehyde-facilitated transport difficult to observe, or the inability of the 

aldehydes to promote the DMG transport due to the instability of the zwitterionic tetrahedral 

adduct. 

To further confirm that the aldehyde-facilitated Gly/Sar transport is due to the aldehyde 

interaction with the amino group, instead of with the carboxylate/carboxylic acid group or with 

the squaramide T1, oxalic acid/oxalate transport was studied using a HPTS base pulse assay.182-183 

POPC LUVs (mean diameter 200 nm) were loaded with the pH sensitive dye 8-hydroxypyrene-

1,3,6-trisulfonic acid (HPTS, 1 mM) and sodium oxalate (100 mM), suspended in an external 

solution containing sodium oxalate (100 mM). A pulse of NaOH (5 mM) was applied to generate a 

transmembrane pH gradient, and the dissipation of the pH gradient in the absence of presence of 

transporters was monitored. The dissipation of the pH gradient can be due to the transport of 

neutral oxalic acid, oxalate (or hydrogenoxalate) transport coupled to OH− (or H+) transport, Na+ 

transport coupled to H+ (or OH−) transport, HEPES transport, HPTS transport or the detergent 

effect. As shown in Figure 5.9 and 7.80, T1 (1 mol%) induces slow transport, while T2 or T3 (10 

mol%) induces no transport and has little influence on the transport induced by T1. The HPTS 

response was found to be minor when the anion in both the internal and external solutions was 

changed from oxalate to the more hydrophilic SO4
2- (Figure 7.87, Chapter 7), which proves that 

the HPTS response observed with the sodium oxalate system results, at least predominantly, from 

the transport of oxalic acid, hydrogenoxalate or oxalate. It is thus unlikely that the role of the 

aldehyde component in facilitating the transport of Gly/Sar is the interaction with the 

carboxylate/carboxylic group or “activating” the squaramide T1. 
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Figure 5.8 Transport kinetics of Sar (a) and DMG (b) measured by the Cu
2+

-Calcein assay. POPC 

LUVs (mean diameter 200 nm) loaded with CuSO4 (0.2 mM) and Calcein (0.2 mM) were suspended in 

an external solution containing Sar or DMG (30 mM) and CuSO4 (0.2 mM). Both the internal and 

external solutions contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. At time 0, 

DMSO solutions of transporters or DMSO was added, and the fluorescence intensity (λex = 495 nm, λem 

= 515 nm) was recorded. The fluorescence intensity was normalized by saturation using a mixture of T1 

(1 mol%) and T3 (50 mol%) (a), or using the maximum fluorescence intensity over the course of the 

measurement (b). Transporter loadings are shown as transporter to lipid molar ratios. Note that in (b) 

there is a slight decrease of the fluorescence intensity after 10 min, due to the influx of Cu
2+

 ion when 

the DMG influx is close to completion. For a detailed discussion, see Section 7.4.6. 
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Figure 5.9 Oxalic acid/oxalate transport kinetics studied by a HPTS assay. POPC LUVs (mean 

diameter 200 nm) were loaded with HPTS (1 mM). Both the internal and external solutions contain 

sodium oxalate (100 mM) and HEPES (10 mM) buffered at pH 7.0. DMSO solutions of transporters or 

DMSO was added, followed by a pulse of NaOH (5 mM) at time 0, and the fluorescence ratio of HPTS 

(λex = 460 nm, λem = 510 nm, base form vs λex = 403 nm, λem = 510 nm, acid form) was recorded. The 

fluorescence ratio was normalized by calibration using a detergent to lyse the vesicles at 5 min. 

A Calcein leakage assay184 was also performed using POPC LUVs entrapping self-quenched Calcein 

dyes (100 mM), to test the integrity of the vesicle membrane. No leakage of Calcein dye was 

detected (Figure 7.90, Chapter 7), suggesting that Gly transport occurs with no disruption of the 

vesicle structure and no formation of large transmembrane pores. 

A mixture of T1 (1 mol%) and T2 (10 mol%) was also tested to facilitate the transport of alanine 

(Ala) and serine (Ser). The synergistic effect between T1 and T2 was also observed (Figures 7.78 

and 7.79). The rates of transport of the three tested amino acids with primary amino groups 

facilitated by the T1-T2 mixture follow the order Ala ≈ Gly > Ser (Figure 5.10), which is consistent 

with the higher hydrophilicity of Ser. 
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Figure 5.10 Transport kinetics of Ser, Gly and Ala measured by the Cu
2+

-Calcein assay. POPC LUVs 

(mean diameter 200 nm) loaded with CuSO4 (0.2 mM) and Calcein (0.2 mM) were suspended in an 

external solution containing the amino acid (30 mM) and CuSO4 (0.2 mM). Both the internal and 

external solutions contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. At time 0, 

DMSO solutions of transporters or DMSO was added, and the fluorescence intensity (λex = 495 nm, λem 

= 515 nm) was recorded. The fluorescence intensity was normalized by saturation using a mixture of T1 

(1 mol%) and T3 (50 mol%). Transporter loadings are shown as transporter to lipid molar ratios. 

5.2.6 1H NMR studies 

The ability of the aldehyde component to form hemiaminals or imines was examined using a 

biphasic experiment. A CDCl3 solution of T2 (10 mM) was mixed with an aqueous solution of Gly 

(or Sar, 1 M) and tetrabutylammonium (TBA) salt of Gly (or Sar) anion (1 M). After vortexing of the 

mixture for 5 min, the CDCl3 phase was subject to 1H NMR measurements. The use of a Gly-

TBAGly or Sac-TBASar mixture instead of TBAGly or TBASar alone is to prevent the aqueous 

solution from being too basic thus reducing undesired side reactions. With the Gly-TBAGly system 

(Figure 5.11, upper panel), both hemiaminals and imines can be observed in the 1H NMR spectra 

of the CDCl3 phase, along with the free aldehyde, the hydrate and the carboxylate that results 

from aldehyde oxidation under basic conditions. The Gly hemiaminal shows the CH proton 

resonance at δ = 5.45 ppm and two doublets for the methylene proton resonances between δ = 

3.45 ppm and δ = 3.65 ppm which indicates the creation of a tetrahedral stereocenter. The Gly 

imine shows its CH proton resonance at 8.35 ppm which overlaps with the peak from one set of 

aldehyde aromatic protons, and a singlet peak for the methylene protons at δ = 4.37 ppm. With 

the Sar-TBASar system (Figure 5.11, lower panel), the hemiaminal is formed and shows also two 

doublets for the diastereotopic methylene protons. It is interesting to note that hemiaminals are 

normally not observed due to the instability. The presence of the hemiaminals observed in the 

current systems results from the high electrophilicity of the aldehyde carbonyl group due to the 

presence of two electron withdrawing trifluoromethyl groups. The coexistence of the hemiaminal 

and the imine in the case of Gly-TBAGly-T1 system might suggest that Gly transport facilitated by 

aldehydes could occur by a mixture of hemiaminal and imine intermediates, although currently 

there has been no direct evidence for that hypothesis. When the aqueous phase contains only Gly 
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or Sar (2 M), no hemiaminal or imine is detectable in the CDCl3 phase (Figure 7.91, Chapter 7), 

which is consistent with the reported low equilibrium constants for the formation of protonated 

hemiaminals165 (H2 and H3 in the case of Gly) and protonated imines185 (I2 and I3) without 

stabilization by an intramolecular hydrogen bond.186 

  

Figure 5.11 Partial 
1
H NMR spectra (400 MHz) of CDCl3 solutions of T1 (10 mM) after treatment with 

an aqueous solution containing a mixture of Gly (1 M) and TBAGly (1 M) (upper panel), or Sar (1 M) 

and TBASar (1 M) (lower panel). (a) Downfield region showing aromatic protons and the imine CH 

proton Ha (labeled); (b) Midfield region showing CH protons (Hb) of the hemiaminals and the hydrate; 

(c) Upfield region showing methylene protons (Hc) of the hemiaminals and the Gly imine. 

Imine CH=N 
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5.2.7 Transport mechanism 

The Gly transport mechanism was examined using vesicles of different lipid compositions. The 

transport activity was found to decrease very slightly with POPC-cholesterol (7 : 3, molar ratio) 

LUVs (mean diameter 200 nm) compared to that with POPC LUVs (mean diameter 200 nm) (Figure 

7.79, Chapter 7). Cholesterol is known to decrease the fluidity of the lipid membrane in the liquid 

phase, thus decreasing the activity of a mobile transporter.187 However, enhanced partition of a 

lipophilic transporter by cholesterol144 could also occur. The observed minor influence of 

cholesterol is possibly a result of both effects. With dipalmitoylphosphatidylcholine (DPPC) LUVs 

(mean diameter 200 nm) (Figure 7.80, Chapter 7), Gly transport was suppressed at 37 °C which is 

below the main phase transition temperature of 41 °C, while switched on at 45 °C, which might 

support a mobile carrier mechanism. The transport activity of the squaramide-aldehyde mixtures 

decreased markedly in LUVs (mean diameter 200 nm) of an anionic lipid 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphoglycerol (POPG) as compared to POPC LUVs (mean diameter 200 nm) (Figure 

7.81, Chapter 7), which is consistent with the transport of an anionic species that experiences 

electrostatic repulsion with the anionic lipid head group,148 although binding of T1 to anionic head 

group of POPG could also account for the decreased activity. These results, together with the Hill 

coefficients (Table 5.1), absence of nonspecific leakage and also the small size of the tested 

aldehydes support a mobile carrier mechanism for the observed facilitated Gly transport. 

Transport by a zwitterionic hemiaminal (H2) or imine (I2 )is not favorable, because of the relative 

instability of the adducts when the hemiaminal nitrogen165 or imine nitrogen185-186 is protonated 

as compared to the deprotonated species (H1 and I1), and also the hydrophilicity of the 

zwitterionic species. Therefore the transport facilitated by the squaramide-aldehyde mixtures is 

proposed to occur via the anionic aldehyde-glycine hemiaminal (H1) or imine (I1) with the 

negatively charged carboxylate group hydrogen bonded to T1 (Figure 5.12 showing the 

hemiaminal pathway). Interestingly, the loss of activity in POPG vesicles is not observed with high 

concentration of aldehyde transporters without T1 (Figures S24c and S24d), suggesting that in this 

case, the transported species is most likely the neutral aldehyde-glycine adduct (whether 

hemiaminal H3 or imine I3), although it is less stable than the anionic adducts which might partly 

account for the lower transport activity of aldehydes when T1 is absent. Similarly, the anionic 

vesicles did not decrease the rate of simple diffusion of Gly (Figure 7.81, Chapter 7), consistence 

with reported assignment of the simple diffusion to movement of the zwitterionic species through 

bilayer fluctuations and transient defects, or partitioning of the neutral H2NCH2COOH which is in 

equilibrium with the zwitterionic species.188 
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Figure 5.12 Proposed mechanism for Gly transport facilitated by T1 and T2 forming a three-component 

assay involving hemiaminal formation.
a
 H

+
 transport is facilitated by T1, which is not shown in details 

(refer to Figure 6.8a). 

The movement of the anionic form of Gly facilitated by a squaramide-aldehyde mixture would 

need to be accompanied by co-transport with a cation or antiport with an anion. The dominant 

cation and anion present in the system are Na+ and SO4
2-, respectively. Because of the basicity of 

the Gly anion (pKa of Gly ammonium group is 9.60), co-transport with Na+ or antiport with SO4
2- or 

HSO4
- would lead to intravesicular basification. However, a HPTS assay (Figure 7.88, Chapter 7) 

shows that the internal pH change induced by 30 mM Gly is negligible (< 0.05 pH unit, with 5 mM 

HEPES buffer at pH 7.4) induced by Gly (30 mM), indicating H+/H2NCH2COO− symport (Figure 5.11) 

or functionally equivalent H2NCH2COO−/OH− antiport, the net result being transport of the overall 

neutral Gly. Given the ability of T1 to function as a protonophore by deprotonation (pKa = 8.4 in 

DMSO) seems more plausible to describe the transport as a H+/H2NCH2COO− symport. 
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5.3 Conclusions 

In summary, a dynamic covalent bond and a non-covalent interaction were combined in the 

design of transmembrane transport system for amino acids. A dynamic three-component 

assembly involving the squaramide hydrogen bonding to the Gly carboxylate group and an 

aldehyde forming a hemiaminal or a imine linkage with the Gly amino group is assumed 

responsible for reversibly binding and releasing Gly in the lipid bilayers. The transport process is 

proposed as H2NCH2COO−/OH− antiport. Several negative control experiments and a biphasic 1H 

NMR study support the role of aldehyde carbonyl group addition in the facilitated transport. 

Although it is currently not confirmed whether Gly transport facilitated by aldehydes proceeds via 

a hemiaminal or an imine intermediate, or via both pathways, the ability of hemiaminal formation 

to facilitate membrane transport has been revealed by the observation of Sar transport facilitated 

by a squaramide-aldehyde mixture working in a synergistic manner. Thus hemiaminal formation 

has been demonstrated as a new interaction for facilitated membrane transport. This might have 

implications for transmembrane delivery of larger cargos that contain primary or secondary amine 

groups. A rapid and easy fluorescence assay for amino acid transport has been developed that 

allows monitoring of fast transport kinetics. This assay is suitable for amino acid transporters that 

do not transport Cu2+, which can be easily identified. 
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Chapter 6: Development of Valinomycin-like Chloride 

Ionophores Selective Against Proton/Hydroxide 

Transport 

6.1 Introduction 

6.1.1 Naturally occurring and synthetic ionophores 

Biological membranes consist of lipid molecules whose hydrocarbon chains form a low-dielectric 

interior that prevents passage of small ionic species. In biological systems, the membrane-

embedded protein channels and carriers are responsible for facilitating and regulating ion 

transport, either by actively pumping ions against their electrochemical gradient with energy 

provided by ATP hydrolysis, or facilitating passive ion diffusion. Ionophores represent an 

abiologcial means of overcoming the energy barrier for ions to cross the membrane. They are 

molecules capable of carrying ions across the membrane by reversibly forming lipid-soluble ion 

complexes. Alternatively, ion channels provide another mechanism to facilitate ion passage and 

conductance through lipid bilayers. This chapter only focuses on study and discussion of carrier-

type ionophores. The first known examples of ionophores are small molecules secreted by 

microorganisms that can permeablise lipid bilayers towards biologically important cations.189 They 

were first identified through their ability to modulate bioenergetic processes in mitochondria.189 

Synthetic, abiotic ionophores that facilitate the transport of cations,190 anions191-192, salts139, 193 and 

protons194 have been developed as well. In biological systems, ion transport processes, regulated 

by membrane-embedding protein channels or carriers, maintain important cellular and 

intracellular properties including electric potential, pH gradient and cell volumes.195 Ionophores 

are important research tools due to the ability to modify these properties.189 In addition, 

therapeutic applications of ionophores have been proposed.134, 149 Here the functions of a few 

representative examples of well characterised ionophores are described. I emphasize important 

difference between electrogenic and electroneutral ionophores, exemplified by valinomycin and 

monensin respectively. 

  



Chapter 6 

74 

Valinomycin 

Valinomycin (Val) is a naturally occurring cyclic oligopeptide that can facilitate membrane 

conductance of K+, Rb+ and Cs+. These alkali ions can be encapsulated by valinomycin via 

coordination by six carbonyl groups, forming a lipophilic cationic complex that readily partitions 

into the lipid bilayer.196 Na+ ion, in contrast, cannot fit into the cavity of valinomycin, enabling the 

biologically relevant K+ > Na+ selective transport to be achieved. The ionophoric activity of 

valinomycin was first realised through its ability to uncouple oxidative phosphorylation197 by 

dissipating the electric potential (ΔΨ) of the proton motive force (PMF) through K+ transport, 

converting proton gradient (Δp) to a pH gradient (ΔpH).189 The cycle of K+ movement facilitated by 

valinomycin is shown in Table 6.1. This cycle consists of four steps: formation of the 

valinomycin·K+ complex at the lipid-water interface, translocation of the complex through the lipid 

bilayer, dissociation of the complex at the lipid-water interface, and translocation of the free 

valinomycin backwards. Kinetic analysis revealed that the last three steps have comparable 

rates.198 Note that the cycle results in the translocation of a net charge across the membrane, i.e., 

an electrogenic process that leads to the diffusion of K+ down its electrochemical gradient. Due to 

the electrogenic nature, valinomycin has been frequently used in K+ containing media to modify 

the transmembrane electric potential.
189
 

 

Figure 6.1 Electrogenic K
+
 transport facilitated by valinomycin. The rate constants of association, 

complex translocation, dissociation, and free valinomycin translocation are denoted by kR, kIS, kD, and kS, 

respectively. The values shown were determined with a phosphatidylinositol membrane.
198

 

In addition to its well-known K+ > Na+ selectivity, valinomycin exhibits another important 

selectivity, K+ > H+ selectivity. This was revealed in the membrane transport assays showing no 

occurrence of K+/H+ exchange in the presence of valinomycin alone, but rapid K+/H+ exchange in 

the presence of both valinomycin and a protonophore.199 The inability to facilitate H+ transport 

sets valinomycin apart from the channel forming molecule gramicidin which can facilitate K+/H+ 

exchange in addition to K+ transport.199 Other ionophores that facilitate alkali metal ion transport 

without proton transport include enniatin and actin homologues, but unlike valinomycin they are 

not particularly selective for K+ over Na+.189 
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Monensin 

Compared with valinomycin, monensin (Mon) is a completely different class of cationophore that 

facilitates electroneutral exchange (antiport) of metal ion for proton or another metal ion, but 

with negligible activity in facilitating electrogenic metal ion transport.200 Figure 6.2 shows the 

cycle of monensin facilitated M+/H+ exchange. The process is electroneutral in that no transfer of 

net charge occurs. With a deprotonated carboxylate group, the zwitterionic monensin-M+ 

complex crosses the membrane as a charge-neutral species. After releasing M+ at the lipid-water 

interface, the anionic species Mon- cannot diffuse back and hence monensin cannot facilitate 

electrogenic transport of M+. Instead, the protonated, neutral form MonH diffuses back to 

complete an M+/H+ antiport cycle. Due to the abovementioned transport mechanism, the final 

equilibrium of monensin-facilitated transport is pH-dependent whereas independent of the 

transmembrane electric potential.189 Another example of electroneutral M+/H+ exchanger is 

nigericin, although nigericin can facilitate electrogenic processes at higher concentrations.201 

 

Figure 6.2 Electroneutral M
+
/H

+
 exchange facilitated by monensin and inability of monensin to 

facilitate electrogenic M
+
 transport. 

  



Chapter 6 

76 

Protonophores 

Protonophores are ionophores capable of facilitating electrogenic transport (i.e. conductance) of 

proton across the membrane (Figure 6.3). Most known protonophores are lipophilic weak acids 

whose deprotonated forms feature a delocalised negative charge enabling its lipid solubility.194 

Examples include carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP),178 carbonyl 

cyanide m-chlorophenyl hydrazine (CCCP),178 and 2,4-dinitrophenol (DNP)202. Protonophores are 

known to be uncouplers of oxidative phosphorylation. In mitochondria, as protonophores 

increase the permeability of mitochondria inner membranes towards H+, the energy from the 

proton motive force is dissipated into heat, instead of being used to drive ATP synthesis. 203 

 

Figure 6.3 Electrogenic H
+
 transport facilitated by protonophore CCCP, leading to uncoupling of 

oxidative phosphorylation. 

Prodigiosin 

While many naturally occurring cationophores are available for use in biological research, there 

are only a few known examples of naturally occurring anionophores. The best known 

anionophore is prodigiosin (Prod), a red pigment produced by Streptomyces and Serratia. 

Prodigiosin is able to uncouple the of vacuolar H+-ATPase (V-APTase), inhibiting acidification of 

vacuolar organellesorganelles (including Golgi apparatus, lysosomes and endosomes) by 

promoting H+/Cl− cotransport (symport).141, 204-205 Figure 6.4 shows its mechanism of action on 

lysosomes. In the lysosomal membrane, V-APTase actively pumps H+ into the lysosome interior 

harnessing the energy from ATP hydrolysis. The electric potential from the H+ gradient is 

dissipated by the ClC-7 H+/Cl− antiporter206, leading to acidification (pH ~5) of the lysosome 

interior which is necessary for the functioning of the digestive enzymes.207 Prodigiosin facilitates 
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electroneutral H+/Cl− symport and thereby dissipates the pH gradient. Similarly, monensin also 

neutralises acidic cellular compartments by promoting Na+/H+ exchange.208 Sato el al. suggested 

that the effect of prodigiosin is electroneutral, as judged from the observation that the rate of pH 

gradient dissipation in liposome-based experiments is unaffected by the presence of an electric 

potential generated by valinomycin-K+.141 This is consistent with the inability of prodigiosin to 

disrupt the electric potential in lysosomes or alter cellular ATP levels,204 suggesting that 

prodigiosin is unable to function as a protonophore (see Figure 6.5d and Section 6.2.1). 

 

Figure 6.4 Mechanism of liposomal pH gradient dissipation induced by prodigiosin (Prod).  

J. T. Davis and coworkers further studied the ionophoric properties of prodigiosin in liposome-

based experiments, and reported that prodigiosin also functions as a Cl−/NO3
− exchanger.209 

Activity in Cl−/NO3
− exchange, however, does not indicate activity in electrogenic chloride 

transport, as Cl−/NO3
− exchange does not require dissociation of the complex into protonated 

prodigiosin and translocation of this species as required by an electrogenic mechanism (Figure 

6.5). Recently, prodigiosin was employed in a biological study in which prodigiosin seems to be 

regarded as an electrogenic chloride transport,210 so its mechanism needs to be clarified. Evidence 

is provided in this chapter that prodigiosin cannot facilitate electrogenic transport of chloride (see 

Figure 6.5d and Section 6.2.3) and therefore should not be regarded as a “valinomycin for 

chloride”. 
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Figure 6.5 (a) Electroneutral H

+
/Cl

−
 symport facilitated by prodigiosin; (b) Electroneutral anion 

exchange (i.e., Cl
−
/NO3

−
 antiport) facilitated by prodigiosin; (c) Inability of prodigiosin to facilitate 

electrogenic Cl
−
 transport; (d) Inability of prodigiosin to facilitate electrogenic H

+
 transport.  

6.1.2 Ion transport assays 

The activity, ion selectivity, ion transport mechanisms of ionophores are generally assessed by 

either liposome-based experiments or electrophysiology methods. This section describes several 

methods that can be used to study anionophores, and analyse their respective advantages and 

drawbacks. 

Ion selective electrode (ISE) 

Ion selective electrode (ISE) methods monitor ion transport process across liposome membranes 

by measuring the concentration of an ionic species that is transported from inside the vesicles to 

the external media. ISE methods allow easy calculation of the percentage of ion efflux as the ion 

concentration corresponding to 100% efflux can be measured after lysing the vesicles with 

detergents. In general, the ionic species measured needs to be removed from the external media. 

Most commonly, to evaluate anion transport activities of anionophores, assays using a chloride 

selective electrode are set up for Cl−/NO3
− exchange to occur.138 Anionophores with Cl− > NO3

− 

selectivity (e.g. metal complexes150), however, are underestimated for chloride transport activity 
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in this assay. Moreover, Cl−/NO3
− exchange experiments do not indicate whether an anionophore 

can facilitate electrogenic anion transport, as exemplified by prodigiosin (Figure 6.5) which is a 

very active Cl−/NO3
− exchanger but cannot facilitate electrogenic anion transport. Alternatively, 

Cl−/cation cotransport can be studied, usually by using a combination of an anionophore and 

cationophore.211 

Lucigenin assay 

 

Figure 6.6 Structure and fluorescence emission property of lucigenin. 

Lucigenin (Figure 6.6) is a membrane impermeable (over the time scale of several hours) 

fluorescence dye, whose fluorescence emission can be quenched by halide ions but is insensitive 

to oxoanions such as nitrate, sulfate, and phosphate.212 Lucigenin assays have been devised for 

monitoring chloride transport across vesicle membranes.213 Alternatively, 6-methoxy-N-(3-

sulfopropyl)quinolinium (SPQ) can be used. In general, influx or efflux of chloride is monitored 

based on the fluorescence intensity of lucigenin loaded inside vesicles. An advantage of this assay 

is that the ionophore can be pre-incorporated into the lipid bilayer, and chloride flux can be 

triggered by adding chloride to the vesicle suspension. This allows studying of ionophores that 

cannot be delivered to the vesicle membrane by external addition to prepared vesicle suspensions. 

Most commonly, Cl−/NO3
− exchange study is performed, which has the same limitations as stated 

in the previous paragraph. 

HPTS assays 

8-Hydroxypyrene-1,3,6-trisulfonic acid (HPTS) is a membrane impermeable fluorescence dye that 

can monitor intravesicular or intracellular pH by ratiometric fluorescence emission (Figure 

6.7a).183 Matile and coworkers have developed liposome-based HPTS assays that indirectly 

measures cation or anion transport.182 An obvious advantage of this assay is that the scope of 

ionic species that can be studied is not limited to those that can be detected by electrochemical 

or optical methods. Briefly, a transmembrane pH gradient is applied to vesicle suspensions 

prepared in lightly buffered solutions containing a salt component (MX). Ion transport is 

monitored as dissipation of the pH gradient, which requires (i) movement of H+ or OH− that is 

directly responsible for pH change (ii) counterion (M+ or X-) movement that accompanies H+/OH− 

transport to maintain electroneutrality of the bulk solutions. The net process can be any of the 



Chapter 6 

80 

following, induced by an ionophore: M+/H+ antiport, M+/OH− symport, X-/OH− antiport, and X-/H+ 

symport. Note that H+ and OH− transports are functionally equivalent and thus indistinguishable 

(e.g., M+/H+ anitport cannot be distinguished from M+/OH− symport). However, it is easy to 

identify whether cation transport (including M+/H+ antiport and M+/OH− symport) or anion 

transport (including X-/OH− antiport and X-/H+ symport) is the “counterion pathway”. A 

straightforward method is to use highly hydrophilic ions that are not likely to be transported by 

the tested ionophores as negative controls. Examples of highly hydrophilic ions include N-methyl-

D-glucammonium (NMDG+) as a control for cation transport, and gluconate or sulfate as a control 

for anion transport. For instance, dissipation of pH gradient observed when NaCl, but not Na-

gluconate, is used as the medium identifies that Cl−/OH− antiport or Cl−/H+ symport, instead of 

Na+/H+ antiport or Na+/OH− symport, is responsible for the HPTS response. Other less likely 

processes that might lead to HPTS responses, such as HPTS transport, causing membrane defects, 

detergent effect and ionophore interference with HPTS fluorescence are easy to identify. 

 

Figure 6.7 (a) Structures and fluorescence emission properties of acid and base forms of HPTS; (b) 

HPTS assay based on pH gradient dissipation. Initially a pH gradient is present and the internal and 

external NaCl concentrations are the same. Cl
−
/OH

−
 antiport or H

+
/Cl

−
 symport facilitated by the tested 

anionophore leads to dissipation of an existing pH gradient. (c) HPTS assay based on pH gradient 

generation. Initially, a Cl
−
 concentration gradient is present with no pH gradient. Cl

−
/OH

−
 antiport or 

H
+
/Cl

−
 symport facilitated by the tested anionophore leads to basicification of the internal solution, 

generating a pH gradient. Note that in both (b) and (c) the external pH does not change significantly as 

the volume of the external solution is much larger that the internal volume. 

HPTS assays based on pH gradient dissipation (Figure 6.7b) have been routinely used to evaluate 

anion transport activity.148, 150 However, as will be demonstrated by the present study, some 

anionophores show Cl− > H+/OH− selectivity, in which cases the chloride transport activity is 
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underestimated by measuring the rate of Cl−/OH− antiport or Cl−/H+ symport. To overcome this 

drawback, it is suggested here to use a combination of the tested anionophore and a proton 

transporter (e.g. proton carrier CCCP or channel gramicidin. Note that gramicidin cannot be used 

in the presence of monovalent alkali metal ions such as Na+ and K+. NMDG+ can be used as the 

cation component when gramicidin is used.) so that the rate of pH gradient dissipation will not be 

limited by H+/OH− transport. 

As an alternative to measuring pH gradient dissipation, assays based on generation of a pH 

gradient from an ion concentration gradient (Figure 6.7c) have been employed to demonstrate 

the existence of Cl−/OH− antiport or Cl−/H+ symport.138, 214 In these assays, a chloride concentration 

gradient (typically with chloride inside and sulfate outside, or the other way around) is applied to 

vesicles with the same internal and external pH. If an anionophore facilitates Cl−/OH− antiport or 

Cl−/H+ symport, a chloride concentration gradient will give rise to a pH gradient detectable via 

HPTS fluorescence.  

NMR assays 

NMR-based membrane transport assays distinguish between intra-vesicular and extra-vesicular 

species by employing a membrane impermeable paramagnetic shift reagent that is either loaded 

inside vesicles or added to the external medium. The shift reagent induces broadening and/or 

shifting of the NMR resonance of the species of interest in the same aqueous pool, but does not 

affect the species separated from the shift reagent by lipid bilayers. This allows transmembrane 

movement of the species of interest to be monitored using NMR. An example is using Co2+ to 

detect chloride transport with 35Cl NMR spectroscopy.146 However, NMR assays may not be 

suitable for measuring rapid membrane transport processes due to the requirement of a 

relatively long acquisition time for each spectrum. 

Osmotic response assays 

Though currently underexploited by supramolecular chemists, osmotic response assays are 

convenient methods that can be used to study membrane transport of any neutral or ionic 

species. These assays rely on the morphological changes of vesicles due to osmotic movement of 

water following membrane transport of solute molecules/ions. In a typical experimental setup, 

the species to be transported is encapsulated at a high concentration (e.g. 300 mM) in vesicles 

(usually with a mean diatemer of 400 nm). The vesicles are suspended in an external isoosmotic 

solution of an inert, membrane-impermeable solute. Initiation of efflux of solute inside vesicles 

results in water efflux to balance the osmotic pressure, leading to vesicle shrinkage and thereby 

increase of 90° light scattering that can be conveniently monitored by a fluorimeter. To study 
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anionophore-facilitated anion transport, a cationophore (e.g. valinomycin) can be used in 

combination with an anionophore to induce salt efflux.177 Despite the wide applicability of 

osmotic response assays, they may not be sufficiently sensitive for accurately quantifying the rate 

of membrane transport. It requires attention that sometimes an increase of light scattering can 

result from aggregate or precipitate formation due to the addition of compounds. 

Electrophysiology recordings 

Electrophysiology methods, including planar lipid bilayer and patch clamp techniques, measure 

the rate of ion transport as an electric current across artificial lipid bilayer membranes painted on 

a hole (planar lipid bilayer) or intact cell membranes attached to the end of a pipette (patch 

clamp).215 Unlike liposome-based transport assays that measure overall electroneutral processes 

(although electrogenic processes can be indirectly studied), electrophysiology recordings respond 

to electrogenic ion transport processes. Other advantages include enabling unproblematic 

measurement of ion selectivity137 and distinguishability between channel and carrier 

mechanisms.216  
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6.1.3 Development of synthetic anionophores 

 

Although recent research efforts in developing synthetic anionophores have mostly focused on 

hydrogen bond receptors, quite surprising, the first generation of synthetic anionophores known 

to mediate anion transport in lipid bilayers are Lewis acidic organometallic compounds that form 

dative covalent bonds with anions. Those compounds were initially reported as ionophores used 

in potentiometric sensors for chloride217 and their ability to facilitate anion across lipid bilayer 

membranes was later studied. Tributyltin chloride and other trialkyltin chlorides218 were reported 

to dissipate pH gradient generated during active respiration in proteoliposomes, via 

electroneutral exchange of internal OH− with external SCN-, I- or Cl−. Tetraphenylporphyrin-Mn(III)-

Cl complex (Mn(TPP)Cl) was found to induced anion conductance in mouse lung epithelial cells 

and anion transport in adenocarcinomic human lung epithelial (A549) cells.149 Very recently, Pd(II) 

complex 6-1 was reported as a new metallo-anionophore.150 6-1 was able to facilitate anion/OH− 

exchange, with significant selectivity for halide ions (Br−, I−- and Cl−) over oxoanions (NO3
− and 

ClO4
−) as shown in HPTS assays. The use of strong dative covalent bonds as shown in those 

examples is a working approach for designing anion transporters, as anion binding can occur 

effectively even in the aqueous phase. However, it is demonstrated experimentally in Section 

6.2.2 that metallo-anionophores are not suitable for designing Cl− > OH− selective transporters, as 

they interact favourably with hydroxide ion, as exampled by Mn(TPP)Cl which readily dissipates 

the pH gradient by Cl−/OH− exchange and shows no Cl− > OH− selectivity. 

Anion binding with sufficiently strong to allow operation in the aqueous phase is not a 

requirement for anion transport. Interfacial binding by weak hydrogen bond donors (compared 

with metal complexes) is sufficient for facilitating the movement of anions across lipid 

membranes. In fact, the use of hydrogen bond donors is arguably the most efficient approach in 

the design of anionophores, to which class the most active anionophores ever reported belong to. 

Lipophilic anion receptors featuring hydrogen bond donors such as ureas,146 thioureas,219 

amides,145 pyroles,220 diols,221 catechols214 and squaramides144 have been shown to function as 

anion carriers. It has been well established that anion transport activity depends on several 
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factors including receptor lipophilicity,222 anion binding affinity,223 and the extent of anion 

encapsulation.224 A sufficient extent of lipophilicity is important to allow lipid solubility of both the 

free receptor and the receptor-anion complex. However, too lipophilic receptors can form 

aggregates or precipitate in the solution, hindering their partitioning into the lipid bilayer 

membrane.214 In general high-affinity anion binding is favourable for anion transport, as the rate 

of anion-receptor association  correlates positively with anion binding affinity. Too strong anion 

binding affinity, however, can be counterproductive for anion transport presumably due to anion 

dissociation becoming rate-limiting.225 Increasing the degree of anion encapsulation by the 

receptor has been shown to improve anion transport affinity. This can be explained by the ease of 

interfacial translocation of a better desolvated, thus more lipophilic anion complex as a result of a 

higher degree of anion encapsulation. Examples of this effect include the higher anion transport 

activity of anionophores featuring cyclic, enclosed binding sites compared with acyclic 

analogues,224 and the surprisingly high activity of flexible, tripodal anionophores in spite of their 

unimpressive anion binding affinity.226 Here only a few examples of recently reported hydrogen 

bond-based anionophores are described. 

 

Tripodal urea/thiourea anionophores based on the tris-2-aminoethylamine (TREN) scaffold 

represent a class of easily accessible, yet highly active anionophores as shown by Gale and 

coworkers.138, 227 Initially, a series of tripodal ureas and thioureas including 6-2 were reported to 

facilitate Cl−/NO3
− and Cl−/HCO3

- antiports, investigated by ISE assays with the anionophores 

added to the vesicle suspensions as DMSO solutions. In a subsequent study, fluorinated analogues 

were synthesized, leading to dramatic improvement in anion transport activity. The most active 

Cl−/NO3
− exchanger among the series, compound 6-3 could function at at concentrations as low as 

1:250000 carrier-to-lipid ratio. Later some of this series of compounds were found to facilitate the 

transport of highly hydrophilic SO4
2- (or HSO4

-) ion (in exchange for chloride), with 6-4 being the 

most active sulfate transporter.228 
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The TREN-based tripodal receptors are however, not the most active anionophores developed in 

the Gale group. Several anionophores from the simple ortho-phenylenediamine bisurea 

framework, such as 6-5, outperform the most active TREN-based anionophore 6-3 in Cl−/NO3
− 

antiport, allowing anion transport to be observed at a 1:1000000 carrier-to-lipid ratio.229-230 This is 

surprisingly considering the simplicity of the bisurea scaffold, and also the chloride binding 

constant of 6-5 (50 M-1 in DMSO-d6/0.5% H2O) that is an order of magnitude lower than that of 6-

3 (517 M-1 in DMSO-d6/0.5% H2O). The exact reason for the high activity of bisureas is unclear at 

this moment. In the first publication of bisurea-based anionophores, several compounds including 

6-6 were demonstrated to facilitate the transport of carboxylate anions including maleate and 

fumarate (in exchange for chloride).230 While maleate (pKa1 = 1.92, pKa2 = 6.22) transport can be 

observed at both pH 4 and pH 7, fumarate (pKa1 = 3.02, pKa2 = 4.38) transport was only observed 

at pH 4. It was proposed that the mono-anionic forms of maleate and fumarate were the species 

transported. 

 

The A. P. Davis group have been dedicated to developing highly efficient anionophores based on 

rigid, pre-organised scaffolds including the steroid (“cholapods”) 146, 231 and trans-decalin223 

scaffolds. In a very recent study, anionophores based on these scaffolds were optimised by 

introducing electro-withdrawing and lipophilic substitutes.142 The Cl−/NO3
− antiport activity was 

investigated by the lucigenin assay, with the anionophores pre-incorporated into the lipid bilayer 

membrane at the stage of vesicle preparation. Anionophores 6-7 and 6-8 were highly active, 

allowing chloride transport at a 1:1000000 carrier-to-lipid ratio. The activity of the most active 6-8 

per molecule in Cl−/NO3
− exchange in vesicle models can be translated to be ~1/250 the chloride 

transport activity of CFTR channel which is impressive considering that the molecular weight of 6-
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8 is ~1/200 that of the CFTR channel. Further improvements regarding the deliverability problem 

is required for real applications. 

In 2012, Gale and coworkers reported anion binding and transport study of a series of simple 

squaramides such as 6-9.144 Those simple monopodal squaramides were found to exhibit superior 

anion binding affinity and anion transport (Cl−/NO3
− and Cl−/HCO3

- antiports) activity compared to 

simple monopodal urea or thiourea analogues. Although the anion transport activity of the 

squaramides cannot rival the best anionophores reported, the use of squaramides instead of 

urea/thioureas as the anion binding motif represents an attractive approach to improving anion 

transport activity without increasing anionophore lipophilicity, an advantage for developing 

anionophores that can be delivered to cells for real applications. 

Later on, thiosquaramides such as 6-10 were reported to function as pH-switchable anion 

transporters.143 The thiosquaramides have a lower pKa of the N–H proton compared their 

squaramide analogues (e.g. pKa = 5.3 for 6-10, compared with pKa = 9.8 for 6-9 in 9:1 

acetonitrile/water). At pH 7.2, 6-10 exits as the mono-deprotonated form which is unable to 

facilitate anion transport. At pH 4.0, the anion transport activity is “switched on” as a result of 6-

10 existing in its neutral form capable of anion binding and transport. The strategy of achieving pH 

switchable anion transport by utilizing deprotonation of hydrogen bond donors, as demonstrated 

in this example, is attractive for designing pH sensitive anionophores for selectively targeting 

cancer cells that have abnormal pH dynamics. 

 

The squaramide moiety has been incorporated into the steroid scaffold by Edwards and 

coworkers to give anion receptors with exceptionally high chloride affinity.225 The strongest 

chloride binder, 6-11 shows a chloride affinity over 1014 M-1 in chloroform, the highest binding 

constant for chloride ever observed with a neutral anion receptor. It was found, however, that 

with the binding constant reaching a threshold value, the activity of Cl−/NO3
− exchange no longer 

benefits from high chloride binding affinity as was the normally observed trend. Presumably, this 

was due to unfavourable kinetics of anion release at the interface. Accordingly, the anion 
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transport activity of 6-11 is not impressive compared with best anionophores developed by the 

Davis group.  

Most anionophores reported feature traditional hydrogen bond motifs containing acidic N–H 

protons, or less often, O–H protons. Recently, anionophores based on weaker C–H hydrogen bond 

donors have been reported. Hou and coworkers developed aryltriazole foldamer 6-12 that 

interacts with chloride via C–H hydrogen bonds.232 X-ray crystallographic and 2D NMR studies 

have confirmed that free 6-12 is preorganised by a hydrogen-bonding network in the periphery, 

creating a cavity with five C–H hydrogen bond donors for anion binding. NMR titration of 6-12 

with halide ions show downfield shift of the inner C–H protons upon addition of anions, 

confirming involvement of C–H hydrogen bonds in anion binding. The anion binding selectivity 

follows the sequence of Cl− > Br− > I− in CD2Cl2.6-12 is able to facilitate Cl− transport that couples 

with K+ transport facilitated by valinomycin to give salt flux, as studied by the lucigenin assay. 6-12 

is moderately active with chloride transport observable at a 1:2000 carrier-to-lipid ratio. This 

result should not be compared with the activity obtain by Cl−/NO3
− exchange experiment for most 

of reported anionophores, because the kinetic characteristics of K+/Cl− co-transport (in the 

presence of valinomycin) and anion exchange are different, as exemplified by the case of 

prodigiosin discussed in Sections 6.1.1 and 6.2.4. 

 

In a very recent study, Lisbjerg and coworkers demonstrated a potential advantage of C–H 

hydrogen bond-based anionophores, Cl− > HCO3
- selectivity.233 Molecular modelling shows that 

biotin[6]uril esters including 6-13 and 6-14 can bind chloride ion by 12 C–H hydrogen bond donors 

from the six biotin units. 6-13 displays a binding constant for Cl− that is two orders of magnitude 

higher than those for NO3
− and HCO3

- in acetonitrile. The Cl− vs. HCO3
- selectivity study was 

conducted for the more active 6-14. With 6-14 pre-incorporated into the vesicle membranes at a 

1:1000 carrier-to-lipid molar ratio, chloride influx was observed for vesicles with internal-
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NO3
−/external-Cl−, but not for vesicles with internal-HCO3

-/external-Cl−. In contrast, using a trans-

decalin-bis-urea, chloride influx can be observed under both conditions mentioned above. These 

results demonstrate the selective anion transport of 6-14 for Cl− and NO3
−, over the more basic, 

charge dense anion HCO3
-. The “soft” nature of C–H hydrogen bond donors was proposed 

responsible for the observed selectivity.  

 

Halogen bonds are attractive interactions between covalently bonded electrophilic halogen atoms 

(donors) and nucleophilic species (acceptors, such as anions). With growing interest in the 

research of halogen bonding in recent years, halogen bond donors have been studied as anion 

transporters. I2 was found to induce conductance of I− and Br− across lipid bilayer membranes by 

reversibly forming halogen-halide complexes. Klotz and Benz performed steady-state and kinetics 

studies of I2-mediated halide transport, revealing that an interfacial complex mechanism operates 

instead of a solution-phase complexation mechanism.234 It was not until 2012, however, that the 

more common organic halogen bond donors were used for anion transport. Matile and coworkers 

reported that halogen bond donors including perfluoroalkyl iodides (such as 6-15) and fluorinated 

aryl iodides (such as 6-16) function as anion transporters.148 HPTS assays revealed that these 

compounds can dissipate pH gradients presumably by Cl−/OH− antiport. High Hill coefficients were 

found, indicating that the transport process involves several monodentate halogen bond donors 

forming a lipophilic shell around the transported anion (Cl− or OH−), which has been supported by 

DFT simulations. The halogen bond-based anionophores induce chloride conductance in planar 

lipid bilayer experiments, confirming the electrogenic nature of anion transport. Later, Matile and 

coworkers reported anion transport via hopping along transmembrane 

oligo(pentafluoroiodobenzene)-based halogen bonding cascades.147 The halogen bond-based 

anionophores reported so far are probably too inactive for real applications, most likely due to 

their weak anion binding affinity. Promising, however, is the potential of achieving selectivity for 

halides over oxoanions,235 if anion transport activity could be improved possibly by designing 

multidentate halogen bond receptors. 

6.1.4 Biological applications of synthetic anionophores 

Cystic fibrosis236 is a genetic disease caused by mutations leading to under-functioning of the 

cystic fibrosis transmembrane conductance regulator (CFTR) protein. CFTR is an ATP-gated 
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electrodiffusive anion channel that provides the only pathway for chloride movement in the apical 

membrane of epithelial, functioning with the epithelial sodium channel to enable transepithelial 

salt absorption. Defective CFTR function as in cystic fibrosis patients leads to various pathological 

conditions, most notably lung infection and inflammation. There is currently no cure for cystic 

fibrosis. It has been proposed that synthetic anionophores may be useful for cystic fibrosis 

treatment by performing the function of CFTR channel. Another incentive for developing synthetic 

anionophores is for cancer treatment. Ideally, for a particular purpose, a careful choice from 

different class of anionophores that have different anion transport mechanisms is important. 

Research into biological activities of anionophores, is, however only at an early stage. 

The investigation into anticancer activity of synthetic anionophores is most likely encouraged by 

the ability of the naturally occurring prodigiosins to selectively induce cancer cell apoptosis.237 Its 

ability to facilitate H+/Cl− symport, thereby disrupting pH gradients across acidic cellular 

compartments, is one of the possible molecular mechanisms for its toxicity effects. Sessler and 

coworkers examined the anion binding, anion transport and in vitro anticancer activity of a series 

of prodigiosin analogues including 6-17, 6-18 and 6-19.238 Single crystal of 1:1 6-19·HCl complex 

was obtained for X-ray crystallographic analysis. ITC binding studies revealed a strong affinity (105 

– 106 M-1) of monoprotonated form of these prodigiosin analogues for chloride, whereas their 

free bases displayed negligible chloride affinity. The ability of these compounds to facilitate H+/Cl− 

symport was confirmed by an HPTS assay showing their ability to dissipate a pH gradient across 

vesicles in a Cl−-containing medium. These compounds showed toxicity towards A549 human lung 

cancer and PC3 human prostate cell lines, with antiproliferative activity correlating with the anion 

transport activity but not anion binding affinity. These results support the hypothesis that the 

anticancer activity of prodigiosin is, at least in part, due to pH gradient disruption by H+/Cl− 

symport.  

 

Tambjamine derivatives such as 6-20 represent another class of natural products which can bind 

chloride in their deprotonated form and their ionophoric ability was reported by Quesada and 

coworkers.239 These compounds facilitated Cl−/NO3
− and Cl−/HCO3

- exchange in vesicles, and 

dissipated pH gradients in acidic cellular compartments such as lysosomes and endosomes, shown 

by fluorescence staining tests with acridine orange. 
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The prodigiosin and tambjamine derivatives and analogues contain protonatable nitrogen atoms 

and therefore pH gradient disruption by binding and transport of HCl is chemically plausible. 

Taking this into consideration, it may seem a surprise that the Gale group have observed similar 

behaviours by some bisureas (such as 6-6)230 and tripodal transporters (such as 6-3 and 6-4).138, 227 

Note that the amine group in the tripodal transporters remains neutral in their active form 

responsible for anion transport (confirmed in Section 6.2.4) unlike prodigiosins and tambjamines. 

In vesicle-based experiments, these anionophores facilitate H+/Cl− symport or Cl−/OH− antiport 

confirmed by HPTS assays. In vitro acridine orange experiments demonstrate their ability to de-

acidify acidic cellular compartments such as lysosomes. A plausible explanation is that these 

anionophores can transport OH− by hydrogen bonding, or transport H+ by deprotonation. This 

issue is the incentive for establishing the current project described in this chapter. 

 

Apart from pH gradient disruption, another mechanism through which synthetic anionophores 

can display anticancer activity was recently reported by Sessler and coworkers.136 A series of 

calixpyrrole-based anionophores were synthesized and their anion binding, anion transport and 

biological activities studied. Among the series, amide-strapped calixpyrroles 6-21 and 6-22 turned 

out to be much better anion binders and transporters compared to control compounds without 

the amide group or the calixpyrrole moiety. 6-21 and 6-22 can facilitate chloride transport that 

couples with valinomycin facilitated K+ transport to generate salt flux, indicating that they can 

function as electrogenic chloride transporters. With monensin used in place of valinomycin as the 

cationophore component, the rate of salt flus is significantly slower. This observation was not 

interpreted in the publication, but based on the current study this can be attributed to Cl− > 

H+/OH− selectivity of 6-21 and 6-22 (see Section 6.2.3 for explanations). The chloride transport 

activity of 6-21 and 6-22 is not very high compared to other literature examples as a 2 mol% (with 

respect to lipid) loading was used in the vesicle-based studies. However, they exhibit robust 

cytotoxicity in various cell lines with half maximum inhibitory concentration (IC50) values ranging 

from 10 to 15 μM. They were found to increase intracellular chloride and sodium concentrations 

shown by intracellular fluorescence indicators. This was interpreted as Cl− transport facilitated by 

6-21 or 6-22 coupling with Na+ transport facilitated by biological sodium channels. The NaCl flux 
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induced by 6-21 and 6-22 was proposed responsible for the observed apoptosis inducing effect, 

which was supported by the observations that the cell death was decreased by using Na+-free or 

Cl−-free media, or with sodium channel blocker amiloride. This study demonstrates the ability of 

anionophores to induce apoptosis via disrupting the ion homeostasis within cells by electrogenic 

chloride transport. This may pave the way for developing new anticancer drugs based on a new 

mechanism, but also raises concern regarding potential toxicity when using anionophores for 

treating cystic fibrosis. 

 

Very recently, to further investigate the potential of synthetic anionophores in performing the 

function of CFTR channel, Li and coworkers studied cellular anion transport activity of several 

synthetic anionophores based on the steroid, trans-decalin and cyclohexane-tripodal scaffolds.240 

Structural optimization on those previously reported scaffolds allows the anionophores to be 

delivered to phospholipid vesicles or cell membranes by an organic solvent or POPC. To assess 

anion transport activity in live cells, the authors devised a yellow fluorescent protein (YFP) assay, 

in which Cl−/I- exchange facilitated by the tested anionophore leads to fluorescence quenching of 

YFP inside Fischer rat thyroid (FRT) cells as a result of entry of externally added iodide ion. Trans-

decaline-based bisurea 6-23 turned out to be the most active in facilitating Cl−/I- exchange in FRT 

cells, although its activity in Cl−/NO3
− exchange in vesicle-based experiments is only modest 

among the series. This was explained by good deliverability of 6-23. In addition to the YFP tests, 6-

23 was shown to induce conductance of apical membrane of epithelia using a Ussing chamber 

assay. Interestingly, 6-23 showed no toxicity to Hela cells up to 30 μM, in contrast to the potent 

toxicity displayed by calixpyrroles 6-21 and 6-22 (IC50 = 10 μM) towards the same cell line.136 This 

is surprising because the calixpyrroles seem to be far less active chloride transporters compared 

with 6-23 in vesicle experiments (although direct comparison is not possible as the anionophores 

were subject to different assays employed by different authors), whereas the cytotoxicity of 6-21 

and 6-22 has been attributed to chloride transport. Thus it remains an open question whether and 

under what conditions chloride transport itself can lead to toxicity. Another question may be 

whether and under what circumstances the activity in Cl−/I− exchange could indicate the activity of 

the tested anionophore in performing the function of CFTR channel, which does not simply 

function as an anion exchanger but facilitates electrogenic chloride transport that is central to its 
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role in inducing salt reabsorption across epithelia. This is an interesting question because of 

different kinetic steps involved in anion exchange and electrogenic anion transport (e.g. Figure 

6.5). 

6.1.5 Anion selectivity 

 

Anion selectivity (excluding selectivity over hydroxide ion) is probably not an important issue for 

application of an anionophore in cystic fibrosis treatment, since the CFTR channel is not 

particularly selective for chloride.241 Anionophores selective for a particular biologically relevant 

anion, such as chloride, nitrate and fluoride may be useful for other purposes. However, a more 

intriguing question is the anion selectivity with regard to the hydrophilicity of anions (Hofmeister 

series242). It has been proposed in the context of anion extraction243 and anion transport244 that 

for relatively weakly-binding anionophores, the anion selectivity is governed by the energetic cost 

of anion hydration instead of hydrogen bond acceptor ability of different anions, leading to a 

“Hofmeister-selectivity”, i.e. more lipophilic and weakly binding anions are transported at faster 

rates than more hydrophilic, strongly binding anions. A Hofmeister-selectivity of ClO4
− > I− > NO3

− > 

Br− > Cl− has been reported for a bis-catechol anionophore 6-24.214 Breaking the Hofmeister bias 

for lipophilic anions is possible by employing stronger interactions (such as metal coordination) or 

interactions that favour a particular class of anions (e.g., halogen bonding for halides over 

oxoanions235), or by designing receptor structures that fit the size and geometry for particular 

ion(s).245-246 An experimental investigation into anion selectivity is presented in Section 6.2.6 

Planar lipid bilayer techniques represent a classical and reliable method to study anion selectivity 

of anionophores.247 For this purpose, bi-ionic conditions are employed with each of two anions to 

be compared present on each side of the membrane. Reverse potential, the voltage 

corresponding to zero ionic current, was measured, and a permeability ratio between the two 

anions can be calculated using the Goldman-Hodgkin-Katz voltage equation. Alternatively the 

HPTS assay based on pH gradient dissipation may be used to investigate ion selectivity.182 The 

HPTS assay is easier to perform for supramolecular chemists. However, its use in the investigation 

of anion selectivity requires precautions.244, 248 
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6.1.6 Proton/hydroxide transport and electroneutral/electrogenic transport mechanisms 

Due to the essential role of transmembrane pH249 and proton203 gradients in cellular functions, it 

is important to know whether an ionophore facilitates proton transport or functionally equivalent 

hydroxide transport. It is also important to understand whether the proton or hydroxide transport 

facilitated by an ionophore can occur via an electrogenic mechanism (functioning as a 

protonophore) or an electroneutral mechanism (coupled with cation or anion transport, the 

overall process being electroneutral, e.g., Na+/H+ exchange facilitated by monensin, Figure 6.2). 

With regard to this issue, many naturally occurring cationophores have been well studied. For 

example, valinomycin cannot facilitate proton or hydroxide transport.199 Gramicidin can facilitate 

electrogenic proton transport.250 Monensin can facilitate electroneutral M+/H+ exchange, but not 

electrogenic processes.200 

Whereas the behaviours of many cationophores are well studied, little is known about the 

possibility and mechanism of proton or hydroxide transport facilitated by anionophores, despite 

intensive research efforts in the design of novel anionophores A few examples of anionophores 

have been assessed using the HPTS assays which demonstrate that they are able to facilitate 

electroneutral processes of H+/Cl− symport or Cl−/OH− antiport. But it remains unclear which 

process is actually responsible and whether they can also facilitate electrogenic H+/OH− transport 

which leads to the same outcome of protonophores. On the other hand, the possibility of proton 

or hydroxide transport was not tested for most of the reported anionophores that have been 

typically assessed for their ability to facilitate Cl−/NO3
− exchange. It should be noted that under 

typical experimental setups in which chloride efflux is measured by ISE or lucigenin assays (e.g., 

with chloride inside vesicles and nitrate or sulfate outside vesicles), H+/Cl− symport or Cl−/OH− 

antiport can hardly be detected due to limited buffer capacity of the system. 

As discussed in Section 6.1.4, some of the most powerful synthetic anionophores and prodigiosin 

can deacidify acidic cellular organelles presumably by H+/Cl− symport or Cl−/OH− antiport. 

Although they may be promising anticancer agents due to their ability to disrupt transmembrane 

pH gradients, chloride ionophores that do not facilitate H+/OH− transport are required for other 

applications when pH gradient dissipation and protonophoric effects are unwanted. These include 

(i) using chloride carriers for biological research251 when other side effects beyond chloride 

transport will complicate the mechanism under study, and (ii) targeting cystic fibrosis when these 

side effects can lead to toxicity.248 

To develop chloride ionophores that do not actively facilitate undesired proton or hydroxide 

transport, it is helpful to gain a structurally insight into how anionophores can facilitate proton or 

hydroxide transport. Most anionophores are hydrogen bond donors. It can be expected that some 
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high acidity hydrogen bond donors can undergo deprotonatation in water which would allow a 

proton transfer process like the weak acid protonophore CCCP (Figure 6.3, pKa 6.0).252 However, 

the pKa values of hydrogen bond donors in most anionophores are higher than that of CCCP by 

several units.253 Some should have pKa values higher than 14 in which a proton transfer 

mechanism appears less unlikely. In addition, pH gradient dissipation has been observed even for 

halogen bond-based anionophores,148 which do not contain acidic protons thus excluding a 

deprotonation mechanism. These suggest another possibility that can result in pH gradient 

dissipation: hydroxide transport (accompanied by movement of Cl− in the opposite direction). 

The fact that anionophores featuring a Lewis acid metal centre facilitate hydroxide transport is 

not surprising, as they readily form covalent complexes with hydroxide even in water. The 

question is whether anionophores operating by noncovalent interactions can transport hydroxide 

in a similar way as they transport chloride. A literature theoretical investigation suggests that 

hydroxide transport by noncovalent interactions is unlikely, based on the argument that 

equilibrium concentration of hydroxide is low (~10-7 M at pH 7, 298 K).244 However, OH− is an 

extremely strongly binding anion. This might explain efficient hydroxide transport observed 

despite its low equilibrium concentration. The chapter examines the possibility of OH− transport 

and shows that the marked difference between the hydrophilicities of OH− and Cl− (ΔGhydration(OH−) 

= -430 kJ mol-1,ΔGhydration(Cl−) = -340 kJ mol-1)254 may be key to designing a Cl− > H+/OH− selective 

anionophore. 

6.1.7 Scope and objectives of this chapter 

 

Figure 6.8 Two mechanism through which anionophores can display protonophoric activity. 
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As mentioned above, currently anionophores studied in the literature are either (i) not examined 

for their ability to facilitate proton or hydroxide transport, most of them only assessed for their 

ability to facilitate anion exchange (exchange of chloride for another anion such as nitrate, 

bicarbonate and iodide) or (ii) examined for potential H+/Cl− symport or Cl−/OH− antiport but 

without further mechanistic study. Assays that measure Cl−/NO3
− exchange are currently the most 

frequently used methods to study anionophores, but, as discussed previously, unable to 

distinguish between electrogenic/electroneutral transport mechanisms and unable to shed lights 

on Cl− > H+/OH− selectivity. These are important issues for the potential application in cystic 

fibrosis treatment and for understanding the cytotoxic effects exhibited by some anionophores. In 

the present study, four fundamental questions are addressed regarding 

electrogenic/electroneutral transport mechanisms and the transport of proton or hydroxide: 

(1) Can anionophores facilitate electrogenic proton (Figure 6.8a) or hydroxide (Figure 6.8b) 

transport, thus giving the same outcome as protonophores? (Section 6.2.1) 

(2) Whether proton transport, or the functionally equivalent process of hydroxide transport, is 

responsible for the observations that some anionophores can dissipate a pH gradient? (Section 

6.2.1) 

(3) The electrogenic/electroneutral chloride transport mechanisms of prodigiosin and synthetic 

anionophores? (Sections 6.2.3 and 6.2.5) 

(4) Can we design an anionophore that facilitates electrogenic chloride transport with weakened 

activity in dissipating a pH gradient, i.e., a Cl− > H+/OH− selective anionophore, which we can 

describe as a “valinomycin for chloride (Figure 6.9)”? (Section 6.2.2) 

 

Figure 6.9 Cartoon presentation of a “valinomycin for chloride” – an electrogenic chloride carrier that 

does not facilitate proton or hydroxide transport. 
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To answer these questions, a library of 22 anionophores was studied, among them five novel 

compounds (marked with an asterisk). Unambiguous evidence is provided that (i) prodigiosin 

cannot facilitate electrogenic transport of Cl−, H+/OH− and can be best described as a “monensin 

for anions”; (ii) many synthetic anionophores can facilitate electrogenic H+/OH− transport, giving 

the same outcome as protonophores. The functionally equivalent processes of proton transport 

and hydroxide transport were examined, and it is proposed that the actual transport process 

responsible for the observed protonophoric outcome likely depends on the acidity of hydrogen 

bond donors in the anionophore. Most importantly, for the first time two “valinomycin-like” 

anionophores have been developed that show outstanding selectivity for chloride over H+/OH− as 

confirmed by several independent vesicle-based experiments. In addition, the interesting issue of 

Cl− vs NO3
− selectivity was investigated (Section 6.2.6). 
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6.2 Results and discussion 

6.2.1 Evidence of electrogenic proton or hydroxide transport 

Previously, the Gale group143 and others148 have observed that anionophores can dissipate a 

transmembrane pH gradient whenever subject to vesicle-based experiments employing an 

intravesicular pH indicator 8-hydroxypyrene-1,3,6-trisolfonic acid (HPTS). Provided that the 

anionophores do not cause membrane defects or HPTS leakage, this implies the ability of 

anionophores to facilitate H+/OH− transport (accompanied by Cl− transport to maintain the 

electroneutrality of the system), although an alternative mechanism of Cl− transport coupled to 

simple (unassisted) diffusion of H+ has been proposed244 and in theory buffer agent transport is 

also possible. Assuming H+/Cl− symport or Cl−/OH− antiport, such a process may be a concerted, 

inseparable electroneutral process (e.g. Figure 6.5a). In this case, as H+/OH− transport cannot be 

separated from Cl− transport, the anionophore is unable to facilitate electrogenic transport of 

H+/OH− like protonophores. Alternatively, H+/Cl− symport or Cl−/OH− antiport can be an electrically 

coupled process that consists of electrogenic H+ (or OH−) transport and electrogenic chloride 

transport. To the best of my knowledge, this issue is never examined experimentally in the 

literature. 

To distinguish among these possible mechanisms, a new HPTS assay (here termed the TBAOH 

assay, Figure 6.10a) was devised for purely testing electrogenic H+/OH− transport (in other words, 

protonophoric activity), in which carrier-induced dissipation of a pH gradient across vesicle 

membranes (induced by adding 5 mM of tetrabutylammonium hydroxide (TBAOH) to a vesicle 

suspension) in a lightly-buffered sodium D-gluconate medium was monitored. Gluconate 

transport should be negligible due to its large size and hydrophilicity, and in this case electrogenic 

transport of H+ or OH−, facilitated by the tested carrier, couples to simple diffusion of membrane 

permeable TBA+, leading to coupled TBA+/OH− symport or TBA+/H+ antiport. The results are 

compared with results from another HPTS assay (termed the NMDG-Cl assay, Figure 6.10b) set up 

for H+/Cl− symport or Cl−/OH− antiport, in which N-methyl-D-glucammonium chloride (NMDG-Cl) 

was used in place of sodium gluconate, and N-methyl-D-glucamine (NMDG, 5 mM) in place of 

TBAOH as the base pulse. The conditions for the NMDG-Cl assay are similar to the standard 

conditions employed by Matile and coworkers,148 but NMDG-Cl is used instead of commonly used 

NaCl for the sake of another selectivity assay to be described below. Control experiments were 

conducted to ensure that the HPTS response did correspond to the transport process assumed to 

occur and not to other processes such as Na+/H+ exchange, gluconate/OH− exchange and causing 

membrane defects. Dose-dependent experiments and Hill plot analyses were performed to obtain 

a Hill coefficient,180 which indicates the stoichiometry of the unstable179 active species involved in 

transport, and an effective concentration to reach 50% transport at 200s (EC50) value to quantify 

the activity. Several simple ureas/thioureas A1-A6, prodigiosin, and a known protonophore 
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carbonyl cyanide m-chlorophenyl hydrazine (CCCP) were tested and the results are presented in 

Table 6.1. 

 

Figure 6.10 Schematic representation of (a) TBAOH assay devised for electrogenic H
+
/OH

−
 transport 

and (b) NMDG-Cl assay devised for H
+
/Cl

−
 symport or Cl

−
/OH

−
 antiport. 

 

Table 5.1 Summary of acidity and membrane transport data of ureas/thioureas 1-6, prodigiosin and 

CCCP. 

Compound pKa EPN
e
 

/ Eh 

TBAOH assay
f
 NMDG-Cl assay

h
 

n EC50 / % n EC50 / % 

A1 13.8
a
 -18.2786 0.9 0.065 1.4 0.046 

A2 nd
d
 -18.2798 1.9 0.83 2.4 0.61 

A3 16.1
a
 -18.2947 1.5 0.26 2.3 0.16 

A4 8.5
a
, 8.9

b
 -18.2723 0.9 0.014 1.2 0.015 

A5 10.7
b
 -18.2774 1.1 0.013 1.9 0.26 

A6 nd
d
 -18.3453 2.9 12 3.2 20 

Prod nd
d
 nd

d
 -

g
 > 1

g
 1.3 0.000059 

CCCP 6.0
c
 nd

d
 1.0 0.0054 -

i
 >100

i
 

a
 In DMSO, reported by Schreiner et al.

32
 

b
 In acetonitrile/water (9:1, v:v, with 0.1 M TBAPF6), 

determined using potentiometric titrations (Figures 7.101 and 7.102). 
c
 In water, reported by Šturdík et 

al.
34

 
d
 Not determined. 

e
 Electrostatic potential at nitrogen nucleus, expressed in atomic unit. The 

structures were optimized using PM6 semi-empirical method, assuming the syn conformer. The EPN 

values were calculated at the B3LYP/6-311++G(d,p) level of theory with the SMD water solvation 

model. 
f
 A fluorescence assay for electrogenic H

+
/OH

−
 transport. Large unilamellar vesicles (LUVs) of 

POPC (mean diameter 200 nm) were loaded with HPTS (1 mM) and sodium gluconate (100 mM), 

buffered at pH 7.0 with 10 mM HEPES. The vesicles were suspended in an external solution of sodium 

gluconate (100 mM) buffered at pH 7.0 with 10 mM HEPES. At the beginning of the experiment, a base 

pulse of TBAOH (5 mM) was added to create a pH gradient, and the dissipation of the pH gradient 

induced by the compound tested (added as a DMSO solution) was monitored by HPTS fluorescence. 

Lipid concentration for fluorescence measurement is 0.10 mM. Dose-dependent Hill plot analysis was 

performed to obtain a Hill coefficient (n) and an effective concentration to reach 50% transport (EC50) 

at 200s for each carrier. Carrier concentrations were shown as carrier to lipid molar ratios. 
g
 No 

transport at 1 mol% loading. Higher loadings not tested due to interference with HPTS fluorescence. 
h
 A 

fluorescence assay for H
+
/Cl

−
 symport or Cl

−
/OH

−
 antiport. The internal and external media used was 

NMDG-Cl (100 mM) buffered at 7.0 with 10 mM HEPES, and the base pulse used was NMDG (5 mM). 
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The other conditions are the same as in the TBAOH assay. 
i
 No transport even at 100 mol% 

concentration. 

Although prodigiosin is extremely active in the NMDG-Cl assay that corresponds to H+/Cl− symport 

or Cl−/OH− antiport, consistent with its assumed electroneutral nature, it does not facilitate 

electrogenic H+/OH− transport and therefore cannot dissipate the pH gradient in the TBAOH assay. 

The conclusion is consistent with no protonophoric activity or alteration of cellular ATP levels 

reported for prodigiosin 25-C.205 It is likely that in the protonated form of prodigiosin the positive 

charge is insufficiently delocalised to allow it to move across the membrane, which is a 

requirement for facilitating electrogenic processes. This is supported by the observation that 

prodigiosin is unable to facilitate electrogenic chloride transport as confirmed in Section 6.2.3.  

CCCP can transport protons but not chloride, and is therefore active in the TBAOH assay and silent 

in the NMDG-Cl assay. The other hydrogen bond donors, in contrast, respond to both assays. The 

rates are essentially unaffected by switching the external buffer agent from HEPES to phosphate, 

indicating that buffer agent transport is unlikely. Further evidence for H+/OH− transport that 

completely rules out buffer agent transport is afforded by the observation of H+/OH− transport 

under buffer-free conditions (Section 7.5.9.1, Chapter 7). The results prove that these ureas and 

thioureas do facilitate electrogenic H+/OH− transport, leading to the same outcome as 

protonophore CCCP. 

The molecular mechanism for proton conductance induced by weak acid protonophores such as 

CCCP is currently understood as movement of both neutral and deprotonated, anionic forms of 

protonophore across the membrane (Figure 6.8a).194 Hydrogen bond donors may adopt a CCCP-

like deprotonation mechanism. Alternatively, reversible binding and release of OH− (Figure 6.8b) 

by the anionophore may be responsible for the apparent protonophoric outcome. In an attempt 

to investigate this issue, normal ureas/thioureas and their mono-N-methylated analogues were 

compared in both assays. N-methylation is expected to dramatically weaken anion (Cl− or OH−) 

binding and transport as only a single N–H hydrogen bond donor is present.219 

Interestingly, while N-methylation dramatically decreased the activities of both urea A2 and 

thiourea A4 in the NMDG-Cl assay as expected from weakened chloride binding by N-methylation, 

the situation was found to be more complex in the TBAOH assay, in which urea A1 is still far more 

active than N-methyl urea A2, but normal and N-methyl thioureas A4 and A5 show similar 

activities. To rationalize these effects, pKa values of some compounds were determined by 

potentiometric titrations in acetonitrile/water (9:1, v:v) and literature pKa values253 (in DMSO) 

tabulated. Electrostatic potential values at the nitrogen nucleus (EPN)255 obtained with DFT 

calculations were also used for acidity comparison when the pKa values are too high for 

determination by potentiometric titrations. 
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Due to its high acidity, a significant proportion of compound A4 is deprotonated under the 

experimental conditions (external pH ~8 after base pulse), likely allowing proton transport like 

CCCP. Despite its weaker acidity, compound A5 can also deprotonate in water and it was assumed 

to transport protons by a CCCP-like mechanism on the basis of the following observations: (i) A5 is 

a much better H+/OH− carrier than a chloride carrier (Table 1, compare EC50 values in the two 

assays); (ii) A5 shows a Hill coefficient of ~2 in the NMDG-Cl assay, indicating chloride transport 

via a 2 : 1 A5-Cl− complex. The different Hill coefficient of ~1 in the TBAOH assay, however, 

suggest a different process other than anion binding and this was attributed to a CCCP-like 

deprotonation mechanism. These observations for A5 are in sharp contrast to other 

ureas/thioureas, which show EC50 values of the same order of magnitude, and similar Hill 

coefficients in the two assays. Regarding proton transport, the disadvantage of weaker acidity in 

the case of A5 compared with A4 is likely compensated by (i) A4 binding to phosphate head group 

of lipids decreasing its activity (this effect is likely to be less pronounced for A5 which is a poor 

anion binder) and (ii) the higher lipophilicity of A5 which benefits membrane transport. These 

factors likely led to similar activities of A4 and A5 in H+ transport. 

Ureas A1-A3 have pKa values higher than 13, and therefore proton transport by a deprotonation 

mechanism is less likely at physiological pH compared to A4 and A5. The higher activity of A1 

compared with N-methyl urea A2 seems to support the hypothesis that A2 and possibly also A1 

facilitate OH− transport by hydrogen bonding to OH−. However, as N-methylation weakens the 

acidity, comparison between A2 and A3 is more conclusive. When compared with A3, compound 

A2 is more acidic based on its EPN values (Table 5.1) and it is also more lipophilic. Therefore if 

both A2 and A3 facilitated H+ transport via deprotonation, then A2 would be more active than A3 

in the TBAOH assay. However, the TBAOH assay revealed A2 to have a lower activity than A3, 

highlighting the importance of two NH hydrogen bond donors, which supports the hypothesis of 

OH− transport. This is also supported by the similar high Hill coefficients in the two assays, in the 

cases of A2, A3 and A6, indicating similar anion (Cl− and OH−) binding processes. Although A2 and 

A6 contain two convergent N–H protons, they show high Hill coefficients presumably due to the 

weaker acidity of N–H protons (lower electrostatic potential energy at the anion binding site) 

compared to those in A1 and A4, therefore needing more carrier molecules to sequester the 

negative charge of chloride. This is supported by the report that relatively weak halogen bond 

donors show high Hill coefficients in anion transport.148 The abovementioned results demonstrate 

that hydroxide transport is the more likely pathway for less acidic anionophores to facilitate 

H+/OH− transport, while the more acidic A5 can deprotonate in water and thereby transport H+ in 

the same way as CCCP. 
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It should be noted that the hydroxide complex (1:1) and the hydrated deprotonated form of a 

urea/thiourea are structurally similar, differing only by small proton movements (Figure 6.11). 

This highlights the fact that, when deprotonation of the hydrogen bond donor cannot take place, 

hydroxide can nonetheless form a strong complex with a moderately acidic receptor. Taking into 

account solvation of the free anionophore, hydroxide transport can actually be viewed as a 

proton transfer process. The next section, however, show that with judicious design of the 

anionophore structure, we can diminish hydroxide or proton transport relative to chloride 

transport. 

 

Figure 6.11 Equilibria involving hydrogen bonding to OH
−
 and deprotonation of ureas and thioureas. 

Hydrogen bonds are represented by red dashed lines. 

6.2.2 Development of chloride > proton/hydroxide selective ionophores 

In this section it is investigated whether it is possible for anionophores to possess Cl− > H+/OH− 

selectivity. Due to the high K+ > H+/OH− selectivity, valinomycin at low concentrations cannot 

facilitate K+/H+ exchange unless in the presence of a protonophore.35 A HPTS assay for Cl− > 

H+/OH− selectivity (Figure 6.12) was devised and employed based on the same rationale. The 

effect of proton channel gramicidin on the rate of pH gradient dissipation (indicating H+/Cl− 

symport or Cl−/OH− antiport) measured in the previously described NMDG-Cl assay was studied. 

The rationale is, if H+/OH− transport is rate-limiting, i.e., the carrier shows Cl− > H+/OH− selectivity, 

the pH gradient dissipation will be accelerated by gramidicin that facilities electrogenic H+ 

transport (e.g. Figure 6.13). Conversely, if Cl− transport is rate-limiting (or if the anionophore at 

the tested concentration does not facilitate electrogenic Cl− transport), the rate of pH gradient 

dissipation will be unaffected by gramidicin. Here the use of proton channel gramicidin, instead of 

proton carriers such as carbonyl cyanide phenylhydrazones, is to prevent potential intermolecular 

interaction between carrier molecules, which is less likely for the neutral channel molecule 

gramicidin. The use of inert NMDG+ as the counterion for chloride prevents gramicidin itself 

dissipating the pH gradient by facilitating M+/H+ exchange. The ratio between EC50 values 

obtained in the absence and presence of gramicidin (S-value shown in Table 6.2) is used to 

quantify the Cl− > H+/OH− selectivity. Subject to the selectivity test are 22 anionophores shown in 

Section 6.1.7, the majority of them being hydrogen bond receptors. 
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Figure 6.12 Schematic representation of using the NMDG-Cl assay in the absence and presence of 

proton channel gramicidin to determine Cl
−
 > H

+
/OH

−
 selectivity. 
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Figure 6.13 Cl

−
 > H

+
/OH

−
 selectivity of A12 demonstrated by a single-concentration comparison in 

NMDG-Cl assay. This is shown as the rate of pH gradient increased dramatically in the presence of 

proton channel gramicidin D (Gra). The progress of pH gradient dissipation was monitored by 

ratiometric fluorescence of HPTS (λex = 460 nm, λem = 510 nm, base form divided by λex = 403 nm, λem 

= 510 nm, acid form). The HPTS fluorescence response was normalized by addition of detergent at 200 

s to completely destroy the pH gradient. Note that the background change in HPTS fluorescence is due 

to simple diffusion of neutral form of NMDG that slowly dissipates the pH gradient. Error bars 

represent SD from two or three repeats. 
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Table 6.2 Summary of chloride transport activity and Cl
−
 > H

+
/OH

−
 selectivity. Hill plot analysis of 

anionophores A1-A18, trihexylamine (Hex3N), iodine (I2), prodigiosin (Prod), and MnTPPCl in the 

NMDG-Cl assay
a
 in the absence and presence of proton channel gramicidin D (Gra). 

 without Gra with Gra (0.1 mol%) Selectivity 

(S)
c
  n EC50 / mol% n EC50 / mol%

b
 

A1 1.4 0.046 1.4 0.043 1.1  

A2 2.4 0.61 1.9 0.29 2.1  

A3 2.3 0.16 2.0 0.11 1.4  

A4 1.2 0.015 1.2 0.015 1.0  

A5 1.9 0.26 1.8 0.33 0.8  

A6 3.2 20 3.1 13 1.5  

A7 2.5 7.9 2.7 5.9 1.3  

A8 1.3 0.00074 1.3 0.00085 0.9  

A9 1.3 0.042 1.1 0.0030 14  

A10 1.2 0.0011 1.2 0.0012 0.9  

A11 1.3 0.11 1.3 0.0028 39  

A12 1.2 0.067 1.4 0.00086 78  

A13 - too inactive - too inactive -
d
 

A14 1.2 9.5 1.0 1.3 7.4  

A15 1.5 0.25 1.2 0.077 3.3  

A16 1.3 0.016 1.4 0.017 0.9  

A17 - too inactive 0.9 0.089 -
e
 

A18 1.4 0.18 1.2 0.0017 100  

Hex3N 1.1 0.026 1.1 0.023 1.1  

I2 1.6 6.9 1.5 6.1 1.1  

Prod 1.4 0.000061 1.3 0.000059 1.0  

MnTPPCl 1.1 0.0051 1.2 0.0045 1.1  

a 
A fluorescence assay for H

+
/Cl

−
 symport or Cl

−
/OH

−
 antiport. Large unilamellar vesicles (LUVs) of 

POPC (mean diameter 200 nm) were loaded with HPTS (1 mM) and NMDG-Cl (100 mM), buffered at 

pH 7.0 with 10 mM HEPES. The vesicles were suspended in an external solution of NMDG-Cl (100 

mM) buffered at pH 7.0 with 10 mM HEPES. At the beginning of the experiment, a base pulse of 

NMDG (5 mM) was added to create a pH gradient, and the dissipation of the pH gradient induced by 

the compound tested (added as a DMSO solution) was monitored by HPTS fluorescence. Lipid 

concentration for fluorescence measurement is 0.10 mM. Dose-dependent Hill plot analysis was 

performed to obtain a Hill coefficient (n) and an effective concentration to reach 50% transport (EC50) 

at 200 s for each carrier. Carrier concentrations were shown as carrier to lipid molar ratios. 
b 

EC50 in the presence of Gra, instead of EC50 in the absence of Gra, indicates chloride transport activity, 

since without Gra, H
+
/OH

−
 transport may be rate-limiting. The activity here, however, refers to a “total” 

activity including electrogenic chloride transport and electroneutral H
+
/Cl

−
 symport or Cl

−
/OH

−
 antiport. 

c 
Cl

−
 > H

+
/OH

−
 selectivity (S) is quantified by the EC50 in the absence of Gra divided by EC50 in the 

presence of Gra, an S-value of 1 indicating H
+
/OH

−
 transport faster than Cl

−
 transport, i.e., no selectivity. 

d
 Too inactive for Hill plot analysis. A single-concentration comparison shows no selectivity. 

e 
No S-value given because without gramicidin A17 was too inactive for Hill plot analysis. This 

indicates a very high Cl
−
 > H

+
/OH

−
 selectivity that cannot be quantified by this method. 
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Prodigiosin shows no selectivity as consistent with its assumed electroneutr al nature. 

Commercially available chloride ionophore Mn(TPP)Cl is unselective as well, which is not 

unexpected as the Lewis acid metal centre binds hydroxide with appreciable affinity even in water. 

This implies that anionophores functioning via strong covalent interactions with anions are not 

suitable candidates for Cl− > OH− selective transport.  

Simple monopodal ureas/thioureas and a squaramide show rather weak to no selectivity. It is 

noticeable, however, that N-methyl urea A2 shows the highest selectivity of 2-fold among A1-A8. 

An explanation for this is given below. 

While screening the compounds developed in the Gale group, it was serendipitously identified 

that tripodal thiourea A9, but not other tripodal urea/thioureas containing electrowithdrawing –F 

or –CF3 substients,138 has a rather high selectivity of 14 fold while being comparatively active. New 

tripodal thioureas were synthesized in an attempt to gain further improvements in both activity 

and selectivity. Interestingly, adding electron-withdrawing cyano- substituents to A9 leads to loss 

of selectivity (pKa of A10 was determined to be 10.5 in 9:1 acetonitrile/water, Figure 7.109, 

Chapter 7), while changing the phenyl group to an n-pentyl group, on the contrary, improved the 

selectivity to 39 fold, so it seems that the selectivity is sensitive to the acidity of the N–H groups. 

By changing the linear n-pentyl group to the bulky tert-pentyl group, surprisingly, both the activity 

and the selectivity further improved from A11 to A12, with A12 showing a remarkable selectivity 

up to 78 fold (refer to Figure 6.13 for a single-concentration comparison) while its chloride 

transport activity matches that of squaramide A837 that is among the most active anionophores in 

the Gale group reported to date. It is shown in the Section 6.2.4 that despite the presence of a 

protonatable nitrogen atom, the tripodal thioureas transport chloride in their neutral forms 

(forming anionic complexes) unlike prodigiosin and trihexylamine. The ability of the neutral form 

of A12 to encapsulate chloride with six N–H···Cl− hydrogen bonds was demonstrated by the crystal 

structure of A12·tetraethylammonium chloride (TEACl) complex (Figure 6.14a). 

Two effects arising from the tripodal anionophores might be key to their superior Cl− > H+/OH− 

selectivity compared to monopodal ones: (i) enhanced affinity for chloride due to the chelate 

effect256 (e.g. compare the chloride affinity of A7 (K = 13.5 M-1)39 and A9 (K = 191 M-1)36 in DMSO-

d6/0.5% H2O); (ii) encapsulation of anion enforcing a high degree of anion desolvation. Although 

the Hill coefficient of ~2.6 in the case of A7 (Supplementary Information) suggests that chloride 

was sequestered by three thioureas similarly to binding of chloride within a tripodal thiourea cage 

A9, the alkyl spacer in A9 enforces a higher degree of desolvation. To rationalise these effects, the 

selectivity of bis-thioureas A13 and A14 was examined. Both compounds can bind chloride via 

four N–H···Cl− hydrogen bonds but the long alkyl spacer in A14 can enforce a higher degree of 
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anion desolvation (compare Figure 6.14b and 6.14c). Indeed, appending an additional thiourea 

moiety leads to enhancement of chloride affinities of both A13 (K1 = 151 M-1, K2 = 3.4 M-1) and 

A14 (K1 = 535 M-1, K2 = 6.2 M-1) in DMSO-d6/0.5% H2O relative to that of A7 (K = 13.5 M-1). But 

improvement of selectivity (relative to A7, 1.4 fold selectivity) was only observed for A14 (7-fold 

selectivity) while A13 shows precisely no selectivity, underscoring the importance of anion 

encapsulation. This was also supported by the higher selectivity of A12 compared with A11, as the 

bulky alkyl substituents in A12 makes the chloride ion less solvent-accessible compared with 

linear alkyl substituents in A11. The exact reason behind the benefit of anion encapsulation for 

selectivity is unclear at the moment. This could be related to the higher hydration enthalpy of 

hydroxide compared with that of chloride.40 The anion-binding dehydration enthalpic cost for 

receptors that enforces a higher degree of dehydration (when the dehydration is caused by the 

part of the receptor that does not contribute enthalpically to binding anions, such as a spacer 

group) will be higher than for those enforcing a lower degree of dehydration. This may confer a 

greater selectivity on anionophores that encapsulate anions to a higher degree. 

 

Figure 6.14 Crystallographic or optimized structures of chloride complexes. (a) X-ray crystal structure 

of A12·TEACl complex (ENWH performed the crystallographic studies); (b,c) Molecular models of 

chloride complexes of A14 and A13, optimized using semi-empirical PM6 method. Non-hydrogen 

bonding hydrogen atoms are omitted for clarity. Atom colours: C (gray), H (white), N (blue), S (yellow), 

and Cl (green). 
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Although in general more acidic hydrogen bond donors are favorable for anion binding and 

transport (in terms of activity),39,41 it seems that Cl− > H+/OH− selectivity is severely compromised 

when more acidic protons are present. For example the selectivity sequence of A11 > A9 >> A10 

illustrates this effect. The negative correlation between selectivity and acidity is also supported by 

a comparison between A2 (highest selectivity, binding anions with an N–H group and an N–CH3 

group as a C–H hydrogen bond donor as confirmed by downfield shift of CH3 proton NMR signals 

upon addition of TBACl in CDCl3, Figure 7.106, Chapter 7), A3 (decreased, yet observable 

selectivity, two N–H groups), and A1 (no selectivity, two N–H groups more acidic than those in A3). 

An obvious disadvantage of higher acidity anionophores is the possibility of proton transport by a 

deprotonation of a N–H proton. Deprotonation is, however, not the only reason for the observed 

negative correlation between selectivity and acidity, as even the halogen bonding-based carrier 

iodine shows no selectivity despite its inability to transport H+ by deprotonation. Comparison of 

A2 and A3 which are assumed to transport OH− but not H+, suggest that this correlation might also 

in part arise from the more charge dense nature of OH− compared to Cl−. It seems that more acidic 

(thus more electron-deficient) anionophores favor the transport of the more charge dense OH− 

over the less charge dense Cl−. This idea is consistent with the previous report that the CH 

hydrogen bond-based anionophore 6-14, which is much less acidic than NH hydrogen bond 

receptors, showed a high selectivity for Cl− over the more charge dense anion HCO3
−. In contrast, a 

highly acidic bis-urea anionophore lacked the Cl− > HCO3
− selectivity.233 

The steroid scaffold is known to preorganise two anion binding motifs, resulting in powerful 

chloride carriers. Several reported and new cholapod-based urea carriers were also subject to the 

selectivity test. Compound A15146 shows a modest selectivity of 3 fold, which completely vanished 

when a trifluoroacetamide group231 as an additional hydrogen bond donor was introduced, likely 

due to its high acidity. However, remarkable selectivity was shown for A17 and A18, which 

feature binding site enclosure.224 Compound A17 was extremely selective to the extent that 

H+/OH− transport is too inactive for performing Hill plot analysis, although this compound is not a 

very active chloride carrier. Despite containing an acidic trifluoroacetamide group, the more 

active A18 shows a surprising 100-fold selectivity. Presumably, the advantages of binding site 

enclosure, possibly also from decrease of urea N–H acidity due to electron-donating alkoxy 

substituents, outweigh the disadvantage of having an acidic trifluoroacetamide group. 

Further evidence for the Cl− > H+/OH− selectivity of A9, A12 and A18 has been afforded by another 

independent assay that shows their coupling to proton carrier CCCP to facilitate H+/Cl− symport or 

Cl−/OH− antiport, which couples to simple diffusion of NH3 leading to formal NH4Cl flux that can be 

measured using ion selective electrode (ISE, Section 7.5.8.2, Chapter 7) and osmotic response  

(Section 7.5.9.2, Chapter 7) assays. 
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6.2.3 Anion transport mechanisms – three types of anionophores 

As valinomycin (an electrogenic carrier) and monensin (an electroneutral carrier) function via 

fundamentally different mechanisms, these compounds were used to investigate the anion 

transport processes of representative anionophores. Carrier-induced chloride efflux was 

measured from vesicles entrapping KCl and suspended in an inert external K2SO4 solution. 

Valinomycin is able to dissipate the membrane potential from electrogenic chloride transport, 

allowing electrically coupled K+/Cl− flux in the presence of an electrogenic chloride transporter 

(Figure 6.15a).211 Monensin, instead, dissipates the transmembrane pH gradient from Cl−/OH− 

antiport (or H+/Cl− symport) by allowing K+/H+ exchange, leading to formal KCl flux in the presence 

of a H+/Cl− symporter or Cl−/OH− exchanger (Figure 6.15b). The ability of an anionophore to couple 

with valinomycin to facilitate K+/Cl− flux, but not the ability to couple with monensin, is relevant to 

cystic fibrosis treatment, as the epithelial salt absorption process is the result of electric coupling 

between Cl− flux through CFTR channel and Na+ flux through epithelial sodium channels.236 

 
Figure 6.15 Schematic representation of (a) anionophore-facilitated electrogenic Cl

−
 transport coupling 

to valinomycin facilitated K
+
 transport to give K

+
/Cl

−
 co-transport and (b) anionophore-facilitated 

H
+
/Cl

−
 symport or Cl

−
/OH

−
 antiport coupling to monensin-facilitated K

+
/H

+
 antiport to give formal 

K
+
/Cl

−
 co-transport. Buffer agent HEPES and K2SO4 used to balance the internal and external osmotic 

concentrations are omitted for clarity. 

Indeed, prodigiosin couples to monensin but not valinomycin (Figure 6.16a), proving the 

“monensin-likeness”, i.e., electroneutral nature of prodigiosin facilitated anion transport. As 

expected, unselective anionophore A1 couples to both valinomycin and monensin (Figure 6.16b), 

demonstrating that A1 can facilitate both electrogenic chloride transport and electroneutral 

Cl−/OH− exchange (or H+/Cl− symport) at the same concentration. Importantly, selective 

anionophores A12 and A18 couple to valinomycin but not to monensin (Figure 6.16c and 6.16d), 

indicating that they can facilitate electrogenic chloride transport with negligible H+/OH− transport 

at the same loading. Notably the ionophore coupling behaviors of anionophores A12 and A18 are 

exactly the same as that of cationophore valinomycin which couples to “valinomycin-like” 
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anionophores A12 and A18 but not to the “monensin-like” anionophore prodigiosin. The 

“valinomycin-likeness” of selective anionophores A12 and A18, but not of other unselective 

anionophores A1 and prodigiosin, is thereby firmly established. 

0 50 100 150 200 250 300

0

20

40

60

80

100

 DMSO

 Val (0.1 mol%)

 Mon (0.1 mol%)

 Prod (0.005 mol%)

 Val and Prod

 Mon and ProdC
h

lo
ri
d

e
 e

ff
lu

x
 /

 %

Time / s

(a)

 

 

0 50 100 150 200 250 300

0

20

40

60

80

100

 DMSO

 Val (0.1 mol%)

 Mon (0.1 mol%)

 A1 (0.2 mol%)

 Val and A1

 Mon and A1

C
h
lo

ri
d
e

 e
ff

lu
x
 /

 %

Time / s

(b)

 



Chapter 6 

110 

0 50 100 150 200 250 300

0

20

40

60

80

100

 DMSO

 Val (0.1 mol%)

 Mon (0.1 mol%)

 A12 (0.1 mol%)

 Val and A12

 Mon and A12

C
h

lo
ri
d

e
 e

ff
lu

x
 /

 %

Time / s

(c)

 

0 50 100 150 200 250 300

0

20

40

60

80

100
 DMSO

 Val (0.1 mol%)

 Mon (0.1 mol%)

 A18 (0.1 mol%)

 Val and A18

 Mon and A18

C
h

lo
ri
d
e

 e
ff

lu
x
 /

 %

Time / s

(d)

 

Figure 6.16 Coupling between cationophores and anionophores in facilitating net KCl flux. POPC 

LUVs (mean diameter 200 nm) were loaded with KCl (300 mM) and K2SO4 (200 mM), buffered at pH 

7.4 with 5 mM HEPES. The vesicles were suspended in an external solution of K2SO4 (200 mM) 

buffered at pH 7.4 with 5 mM HEPES. Chloride efflux induced by prodigiosin (Prod), A1, A12 or A18 

in the absence and presence of valinomycin (Val, 0.1 mol% with respect to lipid) or monensin (Mon, 

0.1 mol%) was monitored by a chloride selective electrode. All compounds were added to the vesicle 

suspensions as DMSO solutions. Detergent was added at 5 min to release all chloride and calibrate to 

100% chloride efflux. Lipid concentration is 1.0 mM. Error bars represent SD from two or three repeats. 

The above results demonstrate that prodigosin, A1, and A12&A18 are representative examples of 

three types of anionophores. The function of A1 can be roughly described as a combination of 

A12 (or A18) and a protonophore. To further demonstrate their characteristic behavior, the 

effects of K+ carrier valinomycin and proton carrier CCCP on the rates of pH gradient dissipation 

induced by these anionophores in a KCl medium were examined. Previously, valinomycin and 

cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP, which is similar to CCCP) have been used by 
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Matile and coworkers in HPTS base-pulse assays to identify the selectivity of ion channels with 

respect to proton transport.182 For ion channels that facilitate K+/H+ antiport, accelerated 

transport (dissipation of pH gradient) with valinomycin indicates the transport rates of H+ > K+ (K+ 

transport rate-limiting, valinomycin improves the rate-limiting step)257, while accelerated 

transport with FCCP, on the contrary, indicates the transport rates of K+ > H+ (H+ transport rate-

limiting, FCCP improves the rate-limiting step)258. The same rationale is likely also true for anion 

transporters that facilitate H+/Cl− symport or Cl−/OH− antiport: Accelerated transport with 

valinomycin indicates the transport rates of H+/OH− > Cl− (Cl− transport rate-limiting, valinomycin-

facilitated K+ transport replaces slow Cl− transport to accompany H+/OH− transport); accelerated 

transport with FCCP (or CCCP) indicates the transport rates of Cl− > H+/OH− (H+/OH− transport rate-

limiting). For ionophores that only facilitate electroneutral processes, the transport rate should 

not be affected by either valinomycin or FCCP (CCCP). 

Here HPTS tests were performed with valinomycin and CCCP (which is similar to FCCP but 

significantly cheaper) to support the conclusions regarding characteristic behaviour of different 

types of cationophores (Figure 6.17) and anionophores (Figure 6.18). The results are indeed as 

expected. Table 6.3 summarizes different behaviour of three types of ionophores in HPTS base-

pulse assays. Valinomycin itself leads to no pH gradient dissipation at 0.005 mol%, but in the 

presence of CCCP coupled K+/H+ exchange leads to rapid pH gradient dissipation (Figure 6.17a). 

Monensin is an electroneutral cationophore and therefore insensitive to electrogenic ionophores 

valinomycin and CCCP in this assay (Figure 6.17b), the same behaviour observed with prodigiosin 

(Figure 6.18a) that is an anionophore counterpart of monensin. The rate of pH gradient 

dissipation induced by A1 was accelerated by valinomycin and not by CCCP (Figure 6.18b), 

indicating H+/OH− > Cl− selectivity. Conversely, the sensitivity to CCCP and insensitivity to 

valinomycin observed with A12 (Figure 6.18c) and A18 (Figure 6.18d) in the HPTS assay is 

consistent with their Cl− > H+/OH− selectivity. Figure 6.19 showed that perfluorohexyl iodide (5-15), 

a halogen-bond based anionophore also has Cl− > OH− selectivity. Figure 6.20 illustrates the 

function of the ionophores studied in this section. 



Chapter 6 

112 

0 50 100 150 200 250

0.0

0.2

0.4

0.6

0.8

1.0

I f

Time / s

 DMSO

 CCCP (2 mol%)

 Val (0.005 mol%)

 CCCP and Val

(a)

0 50 100 150 200 250

0.0

0.2

0.4

0.6

0.8

1.0

I f

Time / s

 DMSO

 CCCP (2 mol%)

 Val (0.005 mol%)

 Mon (0.001 mol%)

 CCCP and Mon

 Val and Mon

(b)

 

Figure 6.17 (a) Effect of CCCP (2 mol%) on the rate of pH gradient dissipation (measured by HPTS 

fluorescence) induced by valinomycin (Val, 0.005 mol%) in POPC LUVs (mean diameter 200 nm) 

loaded with and suspended in a HEPES-buffered potassium gluconate (100 mM) solution. (b) Effects of 

CCCP (2 mol%) and valinomycin (Val, 0.005 mol%) on the rate of pH gradient dissipation induced by 

monensin (Mon, 0.001 mol%) in LUVs suspended in a potassium gluconate (100 mM) containing 

media. Carrier concentrations are shown as carrier to lipid molar ratios. Error bars represent SD from 

two or three repeats. 
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Figure 6.18 Effects of CCCP (2 mol%) and valinomycin (Val, 0.005 mol%) on the rate of pH gradient 

dissipation (measured by HPTS fluorescence) induced by prodigiosin (Prod, 0.00005 mol%), A1 (0.02 

mol%), A12 (0.02 mol%) or A18 (0.05 mol%) in POPC LUVs (mean diameter 200 nm) loaded with and 

suspended in a HEPES-buffered KCl (100 mM) solution. Carrier concentrations are shown as carrier to 

lipid molar ratios. Error bars represent SD from two or three repeats. 
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Figure 6.19 Effects of CCCP (2 mol%) on the rate of pH gradient dissipation (measured by HPTS 

fluorescence) induced by 6-15 (10 mol%) in POPC LUVs (mean diameter 200 nm) loaded with and 

suspended in a HEPES-buffered KCl (100 mM) solution. Carrier concentrations are shown as carrier to 

lipid molar ratios. Error bars represent SD from two or three repeats. The insensitivity of 6-15 to 

valinomycin in HPTS assays has been reported previously by Matile et al.
148
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Table 6.3 Different behaviour of three types of ionophores in HPTS base-pulse assays in response to 

the presence of a protonophore (e.g. FCCP, CCCP and gramidicin D
a
) and valinomycin. 

Ionophore type 
Electroneutral 

ionophores 

Electrogenic ionophores 

H+/OH−
 > K

+
 

(cationophores) 

H+/OH−
 > A

-
 

(anionophores) 

K
+
 > H+/OH−

 

(cationophores) 

A
-
 > H+/OH−

  

(anionophores) 

Accelerated transport with a 

protonophore? 
No No Yes 

Accelerated transport with 

valinomycin? 
No Yes No 

Examples  (cationophores) Monensin -
b
 Valinomycin

c
 

Examples  (anionophores) Prodigiosin A1 A12, A18 and 6-15 

a 
Gramicidin D cannot be used to study cationophores because it facilitates M

+
 transport. 

b 
No example available in this paper. 

c 
“Enhanced transport with valinomycin?” not applicable because of self-referencing. 

 

Figure 6.20 Schematic representation illustrating different functions of several cationophores and 

anionophores. M1
+
/M2

+
 antiport refers to exchange of two metal ions, e.g. K

+
/Rb

+
 antiport. A1

-
/A2

-
 

antiport refers to exchange of two anions, e.g. Cl
−
/NO3

−
 antiport.  
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6.2.4 pH dependence of chloride/nitrate exchange 

As the tripodal thioureas A9-A12 contain a protonatable nitrogen atom, a concern exits whether 

they carry anions in their protonated form (Figure 6.22b) as is the case with prodigiosin, or they 

function as neutral carriers (Figure 6.22a). The pH dependence of Cl−/NO3
− exchange facilitated by 

A9, A12, trihexylamine and prodigiosin, all of which contain a protonatable nitrogen atom, was 

examined, with 7 tested as a negative control. The experiments were conducted under conditions 

of our standard ISE assay for investigating pH-dependent Cl−/NO3
− exchange.143 Carrier-facilitated 

chloride efflux was measured from vesicles loaded with NaCl suspended in an external NaNO3 

solution. Both the internal and external solutions were buffered at the same pH (using sodium 

citrate salts for pH 4.5, sodium phosphate salts for pH 7.2, and NaOH for pH 11.5), and a constant 

ionic strength of 500 mM was used. Possible Metal+/Cl− symport that may contribute to the 

observed chloride efflux has been previously confirmed to be non-existing or negligible for A7259, 

A9227, trihexylamine227, and prodigiosin209, as replacement of external NaNO3 in the vesicle 

transport experiments by Na2SO4 (SO4
2- transport is unlikely due to the hydrophilicity of SO4

2-) 

leads to negligible chloride flux. This is also true for A12 as can be seen from Figure 6.16c, in 

which A12 itself induced negligible chloride efflux from vesicles loaded with KCl suspended in a 

K2SO4 solution. 

 

Figure 6.21 Schematic representation of ISE assay for Cl
−
/NO3

−
 exchange. Chloride efflux is measured 

by a chloride selective electrode. Buffer agent is omitted for clarity. 
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Figure 6.22 Two mechanisms for Cl
−
/NO3

−
 antiport facilitated by TREN-based tripodal thioureas: (a) 

Neutral carrier mechanism; (b) Protonated cationic carrier mechanism. pH-dependent studies have 

confirmed that (a) is the correct mechanism. 

The results are shown in Figure 6.23. Control compound A7 shows no appreciable pH dependence 

as expected (Figure 6.23a). The transport activity of tripodal thioureas A9 (Figure 24b) and A12 

(Figure 6.23c) shows almost no pH dependence from pH 11.5 to pH 7.2, but chloride transport 

was almost completely quenched at pH 4.5. This confirms our previous hypothesis that the 

species responsible for chloride and nitrate transport are their neutral forms while their 

protonated forms are inactive in facilitating anion transport. Taking into account results from the 

NMDG-Cl-gramicidin assay which show that their chloride transport can be coupled to 

electrogenic proton transport facilitated by gramicidin, this means that they can facilitate 

electrogenic transport of chloride by (in their neutral form) forming an anionic complex with 

chloride from the aqueous phase, the anionic complex diffusing through the lipid bilayer 

membrane, release of chloride at the lipid bilayer-water interface, and the neutral, uncomplexed 

form diffusing back to the other side of the membrane. 

Trihexylamine (Figure 6.23d) and prodigiosin (Figure 6.23e), on the contrary, show transport 

activity at neutral and acidic conditions (pH 4.5 and pH 7.2), whereas being inactive at pH 11.5. 

This confirms that they transport anions in their protonated forms, forming overall neutral 

chloride and nitrate complexes. The results with prodigosin support its assumed mechanism for 

facilitating Cl−/NO3
− exchange (Figure 6.5b), proposed by J. T. Davis et al.209 
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Figure 6.23 pH dependence of chloride efflux (measured using a chloride selective electrode) facilitated 

by A7 (5 mol%), A9 (0.5 mol%), A12 (0.05 mol%), trihexylamine (Hex3N, 0.5 mol%) and prodigiosin 

(Prod, 0.001 mol%) from POPC LUVs (mean diameter 200 nm) loaded with NaCl (~500 mM) and 

suspended in a NaNO3 (~500 mM) solution buffered at different pH. Carrier concentrations are shown 

as carrier to lipid molar ratios. Error bars represent SD from two or three repeats.  
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6.2.5 Effect of anion binding affinity on electrogenic/electroneutral mechanisms 

In Section 6.2.3, vesicle-based assays are presented that allow distinguishing between 

electrogenic (e.g. valinomycin, A1, A12 and A18) and electroneutral (e.g. monensin and 

prodigiosin) ionophores. It can be seen that among these limited examples that electrogenic 

ionophores are neutral receptors that form charged complexes with the transported ionic species, 

whereas electroneutral ionophores contain a pH-sensitive groups that allows ion transport via 

formation of an overall neutral ion pair complex. Similarly, Pressman have categorized naturally 

occurring cationophores into “electrogenic” or “electrophoretic” carriers (usually neutral 

cationophores, e.g. valinomycin) and “exchange diffusion” carriers (carboxylate-containing 

cationophores, e.g. monensin, which belong to the class of electroneutral ionophores).189 

However, this rule is not always true for anionophores. Even without a pH-sensitive group, an 

anionophore can behave as an electroneutral anionophore that facilitates electroneutral 

processes including Cl−/OH−antiport (or H+/Cl− symport) and Cl−/NO3
− antiport, but is inactive in 

facilitating electrogenic Cl− transport. A10 (Figure 6.24a) and A16 (Figure 6.24b) are found to 

behave in such manner, in which respect they appeared functionally similar to prodigiosin (Figure 

6.5 and Figure 6.16a). 

It is surprising that neutral anionophores A10 and A16 are inactive in facilitating electrogenic 

chloride transport, despite their high activity in facilitating electroneutral anion exchange of Cl− 

for NO3
− or OH−. Interestingly, a similar statement was made by Edwards and coworkers that 

cholapod bis-squaramides are active in anion exchange but inactive in unidirectional anion 

transport (or in other words “electrogenic chloride transport”), although the data have not been 

published.225 It was proposed by Edwards and coworkers that strong anion binders cannot 

decomplex (which is a requirement for electrogenic chloride transport, Figure 6.25b) and 

therefore are inactive in electrogenic transport. But they can undergo direct anion exchange at 

the lipid-water interface, effectivel facilitating electroneutral anion exchange and HCl cotransport 

which do not require back diffusion of the uncomplexed form (Figure 6.25c). Another likely cause 

for their low electrogenic activity is binding to the lipid phosphate head group which inhibits back 

diffusion of the uncomplexed form. The current results indeed support the hypothesis that too 

strong anion binders have poor electrogenic activities. Compared with their respective analogues 

A12 and A18, A10 and A16 have higher affinity for anions due to more acidic N–H protons (also 

A18 has electron-rich oxygen atoms which repulse anions and therefore binds anions more 

weakly than A16). Presumably due to the “too strong” anion binding affinity, A10 and A16 cannot 

facilitate electrogenic chloride transport, whereas weaker binders A12 and A18 are rather active 

electrogenic chloride carriers (Figure 6.25a). 
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The results imply that in some cases (e.g. A10 and A16) the activity in facilitating Cl−/NO3
− 

exchange cannot indicate the usefulness of an anionophore in cystic fibrosis treatment which 

requires an electrogenic mechanism. To design active electrogenic chloride ionophores, the anion 

binding affinity cannot be too strong. 
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Figure 6.24 Coupling between cationophores and anionophores in facilitating net KCl flux. POPC 

LUVs (mean diameter 200 nm) were loaded with KCl (300 mM) and K2SO4 (200 mM), buffered at pH 

7.4 with 5 mM HEPES. The vesicles were suspended in an external solution of K2SO4 (200 mM) 

buffered at pH 7.4 with 5 mM HEPES. Chloride efflux induced by A10 or A16 in the absence and 

presence of valinomycin (Val, 0.1 mol% with respect to lipid) or monensin (Mon, 0.1 mol%) was 

monitored by a chloride selective electrode. All compounds were added to the vesicle suspensions as 

DMSO solutions. Detergent was added at 5 min to release all chloride and calibrate to 100% chloride 

efflux. Lipid concentration is 1.0 mM. Error bars represent SD from two or three repeats. The 

behaviours of A10 and A16 in this test are similar to those of prodigiosin shown in Figure 6.16a. 
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Figure 6.25 (a) Electrogenic Cl
−
 transport facilitated by a neutral urea or thiourea (e.g. A1, A12, and 

A18); (b) Electroneutral anion exchange (i.e., Cl
−
/NO3

−
 antiport) facilitated by a neutral urea or thiourea 

(e.g. A1, A12, A18, A10 and A16); (c) Inability of a neutral urea/thiourea that binds Cl
−
 or lipid head 

group too strongly to facilitate electrogenic Cl
−
 transport (e.g. A10 and A16). 

6.2.6 Chloride vs. nitrate selectivity 

The interest in studying chloride vs. nitrate selectivity (in membrane transport) of synthetic 

anionophores is mainly motivated by the curiosity whether that the chloride transport activity can 

be underestimated for some Cl− > NO3
− selective anionophores if they were only assessed in the 

Cl−/NO3
− exchange experiment, the most popular assay currently being used. In addition, chloride 

vs. nitrate selectivity provides insight into the relationship between anion transport selectivity 

and the Hofmeister series. Moreover, chloride or nitrate selective anionophores may be peculiarly 

useful for certain biological research. 

Initially the observation that A9 is very active in the NMDG-Cl HPTS assay (EC50 (200s) = 0.0030 

mol% with gramicidin, Table 6.2) but comparably inactive in Cl−/NO3
− exchange (EC50 (270 s) = 0.31 

mol%227) attracted my attention. Although the EC50 values in the two different assays are not 

directly comparable, for most anionophores tested the EC50 (270 s) value in the Cl−/NO3
− exchange 

ISE assay is around 10 times of the EC50 (200 s) value in the NMDG-Cl HPTS assay (with gramicidin). 
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For A9 however, these two values differed by two orders of magnitude. To examine the possibility 

of slow NO3
− transport that led to the modest activity of A9 in Cl−/NO3

− exchange, EC50 values 

were determined in the HPTS assays with NMDG-NO3 used as the internal and external salt 

component, while gramicidin was added to allow proton permeation thus making the transport 

process rate-limited by nitrate transport. The results were compared with those from the HPTS 

assays using NMDG-Cl as the salt component. Table 6.4 shows that A9 indeed has a remarkable 

~10-fold Cl− > NO3
− selectivity, whereas A12 is only weakly Cl− > NO3

− selective and trihexylamine 

on the contrary shows a remarkable 20-fold NO3
− > Cl− selectivity. This explains the relatively 

modest activity of A9 in the Cl−/NO3
− exchange assay. 

Table 6.4 Quantitative determination of Cl
−
 vs NO3

−
 selectivity using HPTS assays. 

 HPTS, NMDG-Cl 
a
 HPTS, NMDG-NO3 

b
 

 n EC50 / % n EC50 / % 

A9 1.3 0.0029 1.0 0.027 

A12 1.4 0.000856 1.2 0.00146 

Hex3N 1.1 0.023 1.0 0.0012 

a 
A fluorescence assay to determine chloride transport activity. Large unilamellar vesicles (LUVs) of 

POPC (mean diameter 200 nm) were loaded with HPTS (1 mM) and NMDG-Cl (100 mM), buffered at 

pH 7.0 with 10 mM HEPES. The vesicles were suspended in an external solution of NMDG-Cl (100 

mM) buffered at pH 7.0 with 10 mM HEPES. At the beginning of the experiment, a base pulse of 

NMDG (5 mM) was added to create a pH gradient, gramicidin D (0.1 mol%) was added to allow proton 

permeation and the dissipation of the pH gradient induced by the compound tested (added as a DMSO 

solution) was monitored by HPTS fluorescence. Lipid concentration for fluorescence measurement is 

0.10 mM. Dose-dependent Hill plot analysis was performed to obtain a Hill coefficient (n) and an 

effective concentration to reach 50% transport (EC50) at 200s for each carrier. Carrier concentrations 

were shown as carrier to lipid molar ratios. 
b 

A fluorescence assay to determine nitrate transport activity. The conditions are the same as the above 

assay for chloride transport, except that NMDG-NO3 (100 mM, both inside and outside) was used in 

place of NMDG-Cl. 

The Cl− > NO3
− selectivity determined for A9 and the inverted selectivity determined for 

trihexylamine are consistent with the previous hypothesis by Gale and coworkers regarding the 

observation of a HPTS experiment.227 In that test, vesicle suspensions with internal NaCl and 

external NaNO3, upon treatment with A9 or other tripodal urea/thioureas, show an initial increase 

of the internal pH (pHi) followed by a slow pHi decrease. This was explained by faster Cl−/OH− 

antiport (or functionally equivalent H+/Cl− symport, Figure 6.26a) followed by slower NO3
−/OH− 

antiport (or H+/NO3
− symport), which corresponds to Cl− > NO3

− selectivity as confirmed here. In 
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contrast, the NO3
− > Cl− selective anionophore trihexylamine was reported to induce initial pHi 

decrease followed by a slow pHi increase in this test (Figure 6.26b). 

 

Figure 6.26 HPTS assay to identify Cl
−
 vs. NO3

−
 selectivity. Note that the functionally equivalent 

processes of H
+
/anion symport are not shown for clarity. 

Based on this rationale, it was decided to screen several anionophores using this simple assay in 

Figure 6.26, determining whether they are Cl− > NO3
− selective or vice versa without quantitatively 

measuring the extent of selectivity. An advantage of this assay is the ability to detect a very weak 

selectivity. In contrast, the assay described in Table 6.4 required comparison of results obtained 

from two different batches of vesicle preparations, and thus has a high error not amenable to 

discerning a very small difference in transport rates. The results are summarized in Figure 6.27. 

Most mono- and di-podal ureas/thioureas and a monopodal squaramide show NO3
− > Cl− 

selectivity, which follows the relative lipophilicities of the two anions in the Hofemister series. 

This indicates that in these cases the transport selectivity was governed by the ease of 

dehydrating the transported anion. 

Interestingly, as discussed previously, the two tripodal thioureas A9 and A11, as well as other 

tripodal ureas/thioureas reported previously,227 on the contrary, show Cl− > NO3
− selectivity. This 

may be attributed to different geometries of chloride and nitrate. Compared with the planar 

nitrate, the spherical geometry of chloride favours interactions with the 3D binding cavity of a 

tripodal receptor by forming six N–H···Cl− hydrogen bond. This effect overcomes the Hofmeister 

bias favouring the transport of the more lipophilic nitrate. Note that a Cl− > NO3
− selectivity has 

been observed also for monopodal thiourea A7, in contrast to the behaviour of monopodal 

anionophores A1 and A8. This apparent discrepancy can be explained by the Hill coefficient of ~3 

of A7 in chloride transport (Table 6.2), indicating that chloride is sequestered by three thiourea 

moieties in the membrane similarly to the situation with tripodal anionophores. The other 

hydrogen bond-based anionophores shown in Figure 6.27, in contrast to A7, show Hill coefficient 

values close to 1, implying chloride transport likely via 1:1 recepter-chloride complexes. 
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It is interesting also to note that halogen bond anionophore iodine shows Cl− > NO3
− selectivity. 

This should not be interpreted as “anti-Hofmeister” selectivity, as iodine has been previously 

shown to transport iodide and bromide faster than it transports chloride.234 Instead, the Cl− > NO3
− 

selectivity can be attributed to the intrinsic selectivity of iodine for halides over oxoanions due to 

the charge-transfer character of iodine-halide interactions.2 

 

Figure 6.27 Cl
−
 vs. NO3

−
 selectivity examined for several anionophores using the assay described in 

Figure 6.26. 

6.3 Conclusions 

(1) It is shown that prodigiosin is unable to facilitate electrogenic transport (conductance) of H+, 

OH− or Cl− at low concentrations, despite its powerful activity in facilitating H+/Cl− symport and 

Cl−/NO3
− exchange which are electroneutral processes. Therefore prodigiosin cannot function as a 



Chapter 6 

126 

protonophore or an electrogenic anionophore, and should not be used to perform the function of 

CFTR channel. 

(2) It is demonstrated for the first time the side-effect of electrogenic H+/OH− transport facilitated 

by many synthetic anionophores. By comparison between normal and mono-N-methylated 

ureas/thioureas evidence was provided that receptors acting through hydrogen bonding can 

transport protons by a CCCP-like deprotonation mechanism or hydroxide ions by hydrogen 

bonding, the latter pathway more likely for less acidic hydrogen bond donors.  

(3) Synthetic small molecule chloride carriers A12 and A18 have been developed for which H+/OH− 

transport is suppressed, and thus act as counterparts to the highly-evolved electrogenic K+ carrier 

valinomycin. The remarkable Cl− > H+/OH− selectivity of these systems is confirmed by (i) coupling 

to both proton channel gramicidin and proton carrier CCCP in facilitating H+/Cl− symport (or 

Cl−/OH− antiport) as shown by fluorescence, ISE and osmotic response assays; (ii) coupling to 

valinomycin but not to monensin to facilitate net KCl flux. A12 and A18 represent the first proven 

examples of chloride ionophores that facilitate “pure” electrogenic chloride transport. 

Compounds of this type can play a unique role in physiological research, and are potentially more 

suitable for treating “channelopathies” such as cystic fibrosis. 

(4) The results provide guidelines in designing/choosing different types of anionophores 

(electroneutral or electrogenic, dissipate pH/proton gradient or not) for different biological 

applications: (i) The ability to encapsulate chloride with weakly acidic hydrogen bond donors 

seems to be crucial for the Cl− > H+/OH− selective electrogenic ionophores. (ii) Strong anion 

binders are active in facilitating electroneutral anion exchange, but can be inactive in facilitating 

electrogenic chloride transport due to slow decomplexation kinetics. 

(5) Some literature anionophores show noticeable Cl− > H+/OH− selectivity. These include organic 

halogen bond donor 6-15, strapped calixpyrroles 6-21 and 6-22, which can be inferred from the 

data shown in the literature or obtained here. Such a merit was not noted in the original 

publications of these anionophores. Notably, all of these anionophores feature encapsulation of 

chloride with weakly acidic hydrogen or halogen bond donors, supporting the proposed structure-

selectivity relationship. 

(6) In general most neutral hydrogen bond-based anionophores show NO3
− > Cl− selectivity 

following the Hofmeister bias favouring the transport of more lipophilic anions. Exceptions are 

found for tripodal urea/thiourea anionophores that show Cl− > NO3
− selectivity, presumably due to 

better geometry fit of the 3D binding cavity for spherical anions than for planar anions. 
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Chapter 7: Supporting information 

7.1 Supporting information for Chapter 2 

7.1.1 General 

All commercial reagents and solvents were used as received. 3,4,9,10-Perylenetetracarboxylic acid 

dianhydride, R-mandelic acid, S-mandelic acid, S-lactic acid, S-tartaric acid, S-1-phenylethylamine 

and R-1-phenylpropionic acid were purchased from Energy Chemicals. N,N-

dimethylethylenediamine, R-2-chloromandelic acid, S-phenyllactic acid, R-malic acid, and L-

phenylalanine were purchased from Aladdin Reagents. 1,8-Bis(dimethylamino)naphthalene, S-2-

chloromandelic acid, R-hexahydromandelic acid and S-hexahydromandelic acid were purchased 

from Sigma-Aldrich. R-2-phenyllactic acid, R-lactic acid and S-malic acid were products of J&K 

Scientific. 4-Bromomethylphenylboronic acid was obtained from Frontier Scientific. S-1-

phenylethanol was purchased from Alfa Aesar, (1R,2S)-1,2-diphenyl-2-aminoethanol was 

purchased from Shanghai Darui Fine Chemical Co. Ltd. 2-Bromomethylphenylboronic acid was 

purchased from Bepharm Limited. Other reagents such as R-tartaric acid and 2-butanol were 

products of Sinopharm Chemical Reagent Co. Ltd. 

1H NMR and 13C NMR spectra were recorded on a Bruker AV500 NMR spectrometer. High-

resolution mass spectra (HRMS) were taken on a Bruker En Apex ultra 7.0T FT-MS mass 

spectrometer. Absorption spectra were obtained on a Varian Cary 300 UV-Vis spectrophotometer. 

Circular dichroism (CD) spectra were recorded on a Jasco J-810 CD spectropolarimeter, using a 1 

cm quartz cuvette. Dynamic light scattering measurements were performed on a Malvern 

Zetasizer Nano ZS. All spectroscopic and DLS measurements were carried out at the ambient 

temperature of 298 K. Linear discriminant analysis (LDA) was carried out using the software 

XLSTAT 2013. 
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7.1.2 Experimental 

Synthesis of Sensors C1 and C2 

Synthesis of PDIEt 

N,N’-Bis(ethylenedimethylamine)-3,4,9,10-perylenediimide (PDIEt) was synthesized according to a 

reported procedure61. 3,4,9,10-Perylenetetracarboxylic acid dianhydride (PTCDA, 1.18 g, 3 mmol) 

and N,N-dimethylethylenediamine (3 mL, 27.3 mmol) were added to 40 mL of isobutanol and 

stirred at 90 oC for 24 h under nitrogen atmosphere. The reaction mixture was allowed to cool to 

room temperature and the crude product was filtered and washed with deionized water and 

ethanol. The obtained residue was suspended in 5% aqueous NaOH solution and heated at 90°C 

for 30 min to remove the unreacted PTCDA. The suspension was filtered and washed with water 

and ethanol, dried under vacuum to give PDIEt as a black solid (1.55g, 97%). 1H NMR (500 MHz, 

TFA) δ 9.15 (d, J = 8.2 Hz, 4H), 9.08 (d, J = 8.1 Hz, 4H), 5.07 (m, 4H), 4.04 (m, 4H), 3.48 (s, 12H). 13C 

NMR (126 MHz, TFA) δ 166.39, 136.58, 133.33, 129.48, 126.57, 124.60, 121.60, 58.39, 44.04, 

36.36. 

General procedure for the synthesis of C1 and C2 

PDIEt (0.107g, 0.2 mmol), bromomethylphenylboronic acid (0.108 g, 0.5 mmol), and 1,8-

bis(dimethylamino)naphthalene (0.02 g, 0.1 mmol) was mixed and subject to grinding for 30 min, 

during which process several drops of MeCN was added to assist mixing. To the mixture was 

added bromomethylphenylboronic acid (0.108 g, 0.5 mmol) and 1,8-

bis(dimethylamino)naphthalene (0.02 g, 0.1 mmol) again, and the mixture was subject to further 

grinding for 30 min with several drops of MeCN. The resultant mixture was dissolved in hot 
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methanol and the product was precipitated by adding Et2O after cooling. The red product was 

collected and dried under vacuum. 

Compound C1. 0.18 g, yield: 95%. 1H NMR (500 MHz, 9.1% (vol%) D2O-CF3COOD) δ (ppm) 11.75 (d, 

J = 8.0 Hz, 4H), 11.68 (d, J = 8.0 Hz, 4H), 10.82 (d, J = 7.5 Hz, 4H), 10.47 (d, J = 7.6 Hz, 4H), 7.78 (t, J 

= 6.4 Hz, 4H), 7.54 (s, 4H), 6.70 (t, J = 6.4 Hz, 4H), 6.16 (s, 12H). 13C NMR (126 MHz, 9.1% (vol%) 

D2O-CF3COOD) δ (ppm) 167.79, 138.89, 137.05, 135.54, 134.52, 131.89, 130.94, 128.99, 126.81, 

124.03, 72.24, 63.41, 52.40, 36.73. HRMS (ESI-TOF) m/z: [M + 2CH3OH – 2H2O]2+ Calcd for 

C48H48B2N4O8 415.1831; Found 415.1835. 

Compound C2. 0.14 g, yield: 74%. 1H NMR (500 MHz, 9.1% (vol%) D2O-CF3COOD) δ (ppm) 11.94 (d, 

J = 8.1 Hz, 4H), 11.87 (d, J = 8.1 Hz, 4H), 10.99 (d, J = 6.8 Hz, 2H), 10.74 – 10.59 (m, 6H), 8.18 (s, 4H), 

7.98 (t, J = 7.1 Hz, 4H), 6.94 (t, J = 7.1 Hz, 4H), 6.32 (s, 12H). 13C NMR (126 MHz, 9.1% (vol%) D2O-

CF3COOD) δ (ppm) 168.18, 139.25, 138.86, 136.48, 135.90, 134.71, 133.86, 133.61, 132.33, 129.39, 

127.23, 124.55, 71.14, 64.68, 52.68, 37.13. HRMS (ESI-TOF) m/z: [M + 4CH3OH – 4H2O]2+ Calcd for 

C50H52B2N4O8 429.1980; Found 429.1977. 

CD and UV-Vis titrations 

Stock solutions of 1 and 2 (2.0 mM) were prepared in MeOH. Stock solutions of α-hydroxy 

carboxylic acids (1 mM, 0.1 mM or 0.01 mM) were prepared in water. In the cases of lactic acid 

and malic acid titrations where high guest concentrations were used, the guests were converted 

to the sodium salts using NaOH before use. The guest solutions were diluted using 100 mM 

acetate buffer and water to the desired concentrations. To 1.95 mL of the guest solutions in 50 

mM pH 5.0 acetate buffer was added 50 μL 2.0 mM MeOH sensor stock solutions and the 

resultant samples were instantly subject to CD and absorption spectra measurements.  

Determination of “unknown” ee with known guest concentration 

The samples with different ee’s were prepared by adding stock solutions of each enantiomer to 

buffer. 2.0 mM MeOH stock solution of the sensor that gives the larger CD to the guest was added 

and the resultant solutions were subject to CD measurements. In the cases where the CD signal 

depends linearly on ee, the ee of the “unknown” samples was calculated by dividing the CD 

intensity of the 2nd Cotton effect of the sample with 100% ee by that of the “unknown” sample. 

In the cases where non-linear CD-ee relationship was found, the “unknown” ee was calculated by 

linear interpolation of the adjacent data points from the CD-ee plot, using the 2nd Cotton effect 

for calculation. 
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Determination of “unknown” ee with “unknown” guest concentration 

Mandelic acid solutions with different concentrations and ee were prepared by adding stock 

solutions of each enantiomer to buffer. 2.0 mM MeOH stock solution of C1 and the resultant 

solutions were subject to absorption measurements. The sample concentration was calculated by 

linear interpolation of the adjacent data points from the A500nm-[Man] plot. Once the sample 

concentration was determined, a separate sample with the same sample concentration as the 

determined value and 100% ee was prepared, and the two samples with C1 were subject to CD 

measurements. The ee of the “unknown” sample was calculated by dividing the CD intensity at 

476 nm of the sample with 100% ee by that of the “unknown” sample. 
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7.1.3 NMR spectra of C1 and C2 

 

Figure 7.1 
1
H NMR (500 MHz) spectrum of C1 in 9.1% (vol%) D2O-CF3COOD. 

 

 

Figure 7.2 
13

C NMR (126 MHz) spectrum of C1 in 9.1% (vol%) D2O-CF3COOD. 
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Figure 7.3 
1
H NMR (500 MHz) spectrum of C2 in 9.1% (vol%) D2O-CF3COOD. 

 

 

Figure 7.4 
13

C NMR (126 MHz) spectrum of C2 in 9.1% (vol%) D2O-CF3COOD. 
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7.1.4 Time-dependent CD spectra of C1 with Man 
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Figure 7.5 (a) Time-dependent CD spectra of 1 (50 μM) in the presence of 1.0 mM R-Man and (b) plots 

of CD intensity at 520 nm and 476 nm versus time in pH 5.0 acetate buffer containing 2.5% (vol%) 

MeOH. 

7.1.5 Absorption and CD titrations of C1 with 2-phenylpropionate 
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Figure 7.6 Absorption (a) and CD (b) spectra of C1 (50 μM) in the presence of R-2-phenylpropionate 

of increasing concentration in pH 5.0 acetate buffer containing 2.5% (vol%) MeOH. 
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7.1.6 Absorption and CD titrations of C2 with Man 
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Figure 7.7 Absorption (a) and CD (b) spectra of C2 (50 μM) in the presence of Man of increasing 

concentration in pH 5.0 acetate buffer containing 2.5% (vol%) MeOH. 
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Figure 7.8 CD intensity of C2 (50 μM) at 520 nm and 476 nm versus concentration of R- or S-Man in 

pH 5.0 acetate buffer containing 2.5% (vol%) MeOH. 
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7.1.7 CD titrations with other α-hydroxy carboxylates 
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Figure 7.9 (a) CD spectra of C1 (50 μM) in the presence of R- or S-2-ClMan of increasing 

concentration and (b) CD intensity of C1 at 520 nm and 477 nm versus concentration of R- and S-2-

ClMan in pH 5.0 acetate buffer containing 2.5% (vol%) MeOH. 

240 320 400 480 560 640
-15

-10

-5

0

5

10

15

0 1 2 3 4 5

[S-2ClMan] / mM

(b)

 


 /

 m
d
e
g

Wavelength / nm

[R-2ClMan] / mM

0.2

1

0.2

1

(a)

 

 R-2ClMan 525 nm

 R-2ClMan 477 nm

 S-2ClMan 525 nm

 S-2ClMan 477 nm

[2ClMan] / mM  

Figure 7.10 (a) CD spectra of C2 (50 μM) in the presence of R- or S-2-ClMan of increasing 

concentration and (b) CD intensity of C2 at 525 nm and 477 nm versus concentration of R- and S-

2ClMan in pH 5.0 acetate buffer containing 2.5% (vol%) MeOH. 
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Figure 7.11 (a) CD spectra of C1 (50 μM) in the presence of R- or S-PhLac of increasing concentration 

and (b) CD intensity of C1 at 517 nm and 477 nm versus concentration of R- and S-PhLac in pH 5.0 

acetate buffer containing 2.5% (vol%) MeOH. 
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Figure 7.12 (a) CD spectra of 2 (50 μM) in the presence of R- or S-PhLac of increasing concentration 

and (b) CD intensity of 2 at 515 nm and 474 nm versus concentration of R- and S-PhLac in pH 5.0 

acetate buffer containing 2.5% (vol%) MeOH. 
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Figure 7.13 (a) CD spectra of C1 (50 μM) in the presence of R- or S-HHMan of increasing 

concentration and (b) CD intensity of C1 at 517 nm and 475 nm versus concentration of R- and S-

HHMan in pH 5.0 acetate buffer containing 2.5% (vol%) MeOH. 
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Figure 7.14 (a) CD spectra of C2 (50 μM) in the presence of R- or S-HHMan of increasing 

concentration and (b) CD intensity of C2 at 516 nm and 474 nm versus concentration of R- and S-

HHMan in pH 5.0 acetate buffer containing 2.5% (vol%) MeOH. 
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Figure 7.15 (a) CD spectra of C1 (50 μM) in the presence of R- or S-Lac of increasing concentration 

and (b) CD intensity of C1 at 530 nm and 478 nm versus concentration of R- and S-Lac in pH 5.0 

acetate buffer containing 2.5% (vol%) MeOH. 

 

240 320 400 480 560 640
-80

-40

0

40

80

0.5

20

[S-Lac] / mM

20

0.5

 

 


 /

 m
d

e
g

Wavelength / nm

[R-Lac] / mM

(a)

0 10 20 30 40 50

 R-Lac 515 nm

 R-Lac 474 nm

 S-Lac 515 nm

 S-Lac 474 nm

 

[Lac] / mM

(b)

 

Figure 7.16 (a) CD spectra of C2 (50 μM) in the presence of R- or S-Lac of increasing concentration 

and (b) CD intensity of C2 at 515 nm and 474 nm versus concentration of R- and S-Lac in pH 5.0 

acetate buffer containing 2.5% (vol%) MeOH. 
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Figure 7.17 (a) CD spectra of C1 (50 μM) in the presence of R- or S-Tar of increasing concentration 

and (b) CD intensity of C1 at 520 nm and 474 nm versus concentration of R- and S-Tar in pH 5.0 

acetate buffer containing 2.5% (vol%) MeOH. 
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Figure 7.18 (a) CD spectra of C2 (50 μM) in the presence of R- or S-Tar of increasing concentration 

and (b) CD intensity of C2 at 520 nm and 478 nm versus concentration of R- and S-Tar in pH 5.0 

acetate buffer containing 2.5% (vol%) MeOH. 
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Figure 7.19 (a) CD spectra of C1 (50 μM) in the presence of R- or S-Mal of increasing concentration 

and (b) CD intensity of C1 at 510 nm versus concentration of R- and S-Mal in pH 5.0 acetate buffer 

containing 2.5% (vol%) MeOH. 
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Figure 7.20 (a) CD spectra of C2 (50 μM) in the presence of R- or S-Mal of increasing concentration 

and (b) CD intensity of C2 at 518 nm and 478 nm versus concentration of R- and S-Mal in pH 5.0 

acetate buffer containing 2.5% (vol%) MeOH. 



Chapter 7 

141 

7.1.8 Job plots 
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Figure 7.21 Job plot for the C1-R-Tar complex created from the CD intensity at 474 nm. [C1] + [R-Tar] 

= 50 μM. 
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Figure 7.22 Job plot for the C2-R-Tar complex created from the CD intensity at 478 nm. [C2] + [R-Tar] 

= 50 μM. 
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Figure 7.23 Job plot for the C2-S-Mal complex created from the CD intensity at 478 nm. [C2] + [S-Mal] 

= 50 μM. 

7.1.9 CD spectra with different ee 
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Figure 7.24 (a) CD spectra of C1 (50 μM) in the presence of 2-ClMan with different ee’s and (b) CD 

intensity of C1 at 520 nm and 477 nm versus ee in pH 5.0 acetate buffer containing 2.5% (vol%) MeOH. 

[R-2ClMan] + [S-2ClMan] = 1.0 mM. 
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Figure 7.25 (a) CD spectra of C1 (50 μM) in the presence of PhLac with different ee’s and (b) CD 

intensity of C1 at 517 nm and 477 nm versus ee in pH 5.0 acetate buffer containing 2.5% (vol%) MeOH. 

[R-PhLac] + [S-PhLac] = 1.0 mM. 
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Figure 7.26 (a) CD spectra of C1 (50 μM) in the presence of HHMan with different ee’s and (b) CD 

intensity of C1 at 517 nm and 475 nm versus ee in pH 5.0 acetate buffer containing 2.5% (vol%) MeOH. 

[R-HHMan] + [S-HHMan] = 2.0 mM. 
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Figure 7.27 (a) CD spectra of C2 (50 μM) in the presence of Lac with different ee’s and (b) CD 

intensity of C2 at 515 nm and 474 nm versus ee in pH 5.0 acetate buffer containing 2.5% (vol%) MeOH. 

[R-Lac] + [S-Lac] = 1.0 mM. 
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Figure 7.28 (a) CD spectra of C1 (50 μM) in the presence of Tar with different ee’s and (b) CD 

intensity of C1 at 520 nm and 474 nm versus ee in pH 5.0 acetate buffer containing 2.5% (vol%) MeOH. 

[R-Tar] + [S-Tar] = 30 μM. 
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7.1.10 Absorption spectra with different ee 

240 320 400 480 560 640
0.0

0.4

0.8

1.2

A
b
s
.

Wavelength / nm  

Figure 7.29 Absorption spectra of C1 (50 μM) in the presence of PhLac with different ee (-100% to 

100%) in pH 5.0 acetate buffer containing 2.5% (vol%) MeOH. [R-PhLac] + [S-PhLac] = 1.0 mM. 
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Figure 7.30 Absorption spectra of C2 (50 μM) in the presence of Mal with different ee (-100% to 100%) 

in pH 5.0 acetate buffer containing 2.5% (vol%) MeOH. [R-Mal] + [S-Mal] = 0.3 mM. 
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7.1.11 CD-ee relationship at different analyte concentrations 

(Experimental work in this section was performed by XXC) 
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Figure 7.31 Normalized CD intensity (normalized value of 1st Cotton effect minus 2nd Cotton effect) 

of C1 versus ee of PhLac with total PhLac concentration of 1.0 mM (black line) and 0.4 mM (red line) 

in pH 5.0 acetate buffer containing 2.5% (vol%) MeOH.  
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Figure 7.32 Normalized CD intensity (normalized value of 1st Cotton effect minus 2nd Cotton effect) 

of C2 versus ee of Mal with total Mal concentration of 0.3 mM (black line) and 0.1 mM (red line) in pH 

5.0 acetate buffer containing 2.5% (vol%) MeOH. 
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7.1.12 CD response of C1 to R-Man in the presence of various chiral compounds 

(Experimental work in this section was performed by XXC) 
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Figure 7.33 Histogram showing CD responses of C1 to R-Man (1.0 mM) in the absence and presence 

of various coexisting chiral compounds (1.0 mM) including S-1-phenylethylamine (PEA), S-1-

phenylethanol (PE), R-2-phenylpropionic acid (PPA), (1R,2S)-1,2-diphenyl-2-aminoethanol (DPAE) 

and L-phenylalanine (Phe). 

7.1.13 Absorption and CD spectra of C1-Man complex in MeOH 

(Experimental work in this section was performed by XXC) 
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Figure 7.34 Absorption (a) and CD (b) spectra of C1 (50 μM) in the presence of sodium R-mandelate or 

sodium S-mandelate (1 mM) in MeOH. 
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7.2 Supporting information for Chapter 3 

7.2.1 General 

All commercial reagents and solvents were used as received. Protocatechuic acid (PCA) was 

purchased from Energy Chemicals. D-glucose was purchased from Acros. D-fructose was 

purchased from TCI. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) was purchased 

from Aladdin Industrial Inc. Other chemicals were products of Sinopharm Chemical Reagent Co. 

Ltd. F1 was synthesized by WJOY.106 Absorption spectra and turbidity measurements were 

performed on a Varian Cary 300 UV-Vis spectrophotometer. Fluorescence spectra were recorded 

on Hitachi F-4500 fluorescence spectrophotometer. All spectroscopic measurements were carried 

out at ambient temperature of 298 K. 

7.2.2 Experimental 

Procedure for sample preparation for spectroscopic measurements 

Stock solutions of F1 (10 mM), PCA (1 M, 2 M or 4 M) and catechol (1 M, 2 M, or 4 M) were 

prepared in MeOH. Stock solutions of NaF (10 mM, 0.1 M or 0.5 M), glucose (1 M) and fructose (1 

M) were prepared in water. The NaF solutions were diluted by buffer and water to the desired 

concentrations. Spectroscopic measurements were carried out in default buffer (pH 2.0 50 mM 

sodium phosphate buffer with 50 mM NaCl). To 2 mL of the NaF solutions in default buffer was 

added 20 μL 10 mM MeOH stock solution of F1, followed by a stock solution of the diol 

component if a diol was used. The samples were incubated for 20 min and then subject to 

spectroscopic measurements. 

pH dependence of fluoride sensing by the F1-PCA ensemble 

The samples for fluorescence measurements were prepared following the general procedure 

described above, except that different buffering agents (50 mM) were used in place of the sodium 

phosphate buffer for pH above 2.5. The buffering agents used are H3PO4-NaH2PO4 (pH 1.5-2.5), 

HCOOH-HCOONa (pH 3.0-3.5), HOAc-NaOAc (pH 4.0-5.0), 4-morpholineethanesulfonic acid (MES, 

pH 6.0), NaH2PO4-Na2HPO4 (7.0), HEPES (8.0), NaHCO3-Na2CO3 (9.0-10.0). 

7.2.3 Data analysis 

Binding constants (K) for 1:3 (host to guest) stoichiometry were calculated by fitting the 

fluorescence titration data to the following eq 1, where x denotes the fluoride concentration, y is 
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the fluorescence intensity, y0 is the fluorescence intensity in the absence of fluoride and y∞ is the 

saturated value. 
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Binding constants (K) for 1:1 stoichiometry were calculated by fitting the data to eq 2, where the 

denotations of x, y and y0 are the same as in eq 1, c is the concentration of the host, and a is the 

proportionality efficient of fluorescence intensity change versus fraction of guest-bound host. 
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Bindingconstants K1 and K2 for 1:2 (host:guest) stoichiometry were calculated by fitting the data 

to eq 3, where the where the denotations of x, y and y0 are the same as in eq 1, and a and b are 

proportionality efficients of fluorescence intensity change versus fraction of guest-bound host for 

the 1:1 host-guest complex and 1:2 host-guest complex, respectively. 
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Stepwise acid dissociation constants (pKa1 and pKa2) for a “diprotic acid (H2A)” were calculated by 

fitting the fluorescence-pH titration data to eq 4, where Isubscript is the relative fluorescence 

intensity of the respective species. 
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7.2.4 Spectral traces 
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Figure 7.35 (a) Absorption spectra of F1 at varying concentrations (10 μM – 0.1 mM) in default buffer. 

(b) Absorbance of F1 at 344 nm vs concentration of F1. 
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Figure 7.36 (a) Fluorescence spectra of F1 (0.1 mM) in the presence of NaF over 0 – 10 mM in default 

buffer. (b) Fluorescence intensity of F1 at 526 nm vs NaF concentration and the curve fit (line) using eq 

1. λex = 328 nm. 
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Figure 7.37 (a) Fluorescence spectra of F1 (0.1 mM) in the presence of NaF (0 – 0.2 M) in default 

buffer with 2 mM CTAB. Note that CTAB micelles solubilize F1 and prevent its aggregation, as no 

excimer emission is observed and F1 shows enhancement of the pyrene monomer fluorescence with 

addition of fluoride. (b) Fluorescence intensity of 1 at 526 nm vs NaF concentration and the curve fit 

(line) using eq 2. λex = 328 nm. 
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Figure 7.38 (a) Fluorescence spectra of F1 (0.1 mM) in the presence of PCA (10 mM) and NaF (0 – 0.2 

M) in default buffer with 2 mM CTAB. (b) Fluorescence intensity of F1 at 526 nm vs NaF 

concentration. λex = 328 nm. Fluorescence intensity of F1 at 526 nm vs NaF concentration and the curve 

fit (line) using a 1:2 (host:guest) binding model. This is because the fluoride titration curve shows two 

distinct regions, likely due to the formation of both ternary F1-PCA-fluoride complex and binary F1-

fluoride complex. Using a 1:1 model gave a poor fitting of the data. λex = 328 nm.  
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Figure 7.39 Fluorescence intensity of F1 (0.1 mM) at 526 nm vs NaF concentration over 0 – 20 mM in 

the presence of 5 mM PCA in default buffer and curve fit (line) using eq 2, which gives a poor fitting of 

the data. λex = 328 nm. 
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Figure 7.40 Fluorescence intensity of F1 (0.1 mM) at 526 nm vs NaF concentration over 0 – 20 mM in 

the presence of 10 mM PCA in default buffer and curve fit (line) using eq 2, which gives a poor fitting 

of the data. λex = 328 nm. 
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Figure 7.41 Fluorescence intensity of F1 (0.1 mM) at 526 nm vs NaF concentration over 0 – 1 mM in 

the presence of 5 mM PCA in default buffer and the curve fit (line) using eq 2. λex = 328 nm.  
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Figure 7.42 Fluorescence intensity of F1 (0.1 mM) at 526 nm vs NaF concentration over 0 – 1 mM in 

the presence of 10 mM PCA in default buffer and curve fit (line) using eq 2. λex = 328 nm. 
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Figure 7.43 Fluorescence intensity of F1 (0.1 mM) at 526 nm vs PCA concentration in the absence 

(black line) and presence (red line) of 1 mM NaF in default buffer. Note that without NaF there is 

negligible interaction between F1 and PCA with [PCA] ≤ 5 mM.  In contrast, in the absence of fluoride, 

the titration curve almost levels off at PCA concentration of 5 mM, suggesting that binding of PCA and 

fluoride to F1 occurred in a cooperative manner to form a tetrahedral boronate ester of F1-PCA-fluoride. 
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Figure 7.44 Fluorescence intensity of F1 (0.1 mM) at 526 nm vs catechol concentration in the absence 

(black line) and presence (red line) of 1 mM NaF in default buffer. 
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Figure 7.45 Fluorescence intensity of F1 (0.1 mM) at 526 nm vs D-fructose concentration in the 

absence (black line) and presence (red line) of 1 mM NaF in default buffer.  
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Figure 7.46 Fluorescence intensity of F1 (0.1 mM) at 526 nm vs D-glucose concentration in the 

absence (black line) and presence (red line) of 1 mM NaF in default buffer. Note that the difference 

between the two curves hardly changes with increasing glucose concentration, indicating that fluoride 

ion did not enhance the aggregation of the F1-glucose complex. 
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Figure 7.47 Fluorescence intensity of F1 (0.1 mM) at 526 nm vs pH with 5 mM PCA in the absence 

and presence of 1 mM NaF in buffered aqueous solutions. λex = 328 nm. 
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Figure 7.48 Curve fit for Figure 7.47 (F1 + PCA) using eq 4. The data obtained with higher pH were 

not used for fitting since appreciable deprotonation of the phenol group of PCA occurs (pKa 8.83). 
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Figure 7.49 Enhancement of fluorescence of F1 (0.1 mM) at 526 nm in response to fluoride and other 

anions alone (b) or in the presence of fluoride coexisting with other anions (a) in the presence of 5 mM 

PCA in default buffer. λex = 328 nm. 
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7.3 Supporting information for Chapter 4 

7.3.1 General 

All commercial reagents and solvents were used as received. Turbidity measurements were 

performed on a Varian Cary 300 UV-Vis spectrophotometer. Fluorescence spectra were obtained 

on Hitachi F-4500 fluorescence spectrophotometer. 1H NMR spectra were recorded on a Bruker 

AV500 NMR spectrometer. Dynamic light scattering (DLS) measurements were performed on a 

Malvern Zetasizer Nano ZS. Transmission electron microscope (TEM) images were taken on a JEOL 

JEM-1400 transmission electron microscope. All sample preparation and spectroscopic 

measurements were carried out at ambient temperature of 298 K. 

7.3.2 Experimental 

A stock solution of 50 mM 4-formylphenylboronic acid (4FBA) was prepared in 100 mM sodium 

carbonate buffer of pH 10.5, with 2 eqv of NaOH (i.e. 100 mM) added (to ionize the boronic acid 

and neutralize octylamine-HCl for the self-assembly study). A stock solution of 500 mM 

octylamine-HCl (C8AM-HCl) was prepared in water. Stock solutions of D-glucose (1 M), D-fructose 

(1 M) and D-galactose (0.5 M) were prepared in water and diluted with buffer prior to use. For 1H 

NMR determination of imine formation, the solutions were prepared in D2O. 

In the self-assembly study, stock solutions of a saccharide (if used), C8AM-HCl, 4FBA-2NaOH were 

added to 100 mM sodium carbonate buffer of pH 10.5 to obtain the final solution with desired 

component concentrations. For NMR and DLS studies, the solution was incubated for 30 min and 

then subject to the measurements. For the fluorescence experiments, the solution (2 mL) was 

incubated for 30 min, treated with Nile red (10 μL of 1 mM methanol solution), and then 

immediately subject to fluorescence measurements. For TEM imaging, the solution was incubated 

for 30 min, pipetted onto a copper grid, dried under vacuum for 30 min and subject to TEM 

imaging.  
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7.3.3 NMR evidence of imine and boronate ester formation 

To confirm the ability of 4FBA to form an imine with C8AM and bind saccharides via boronate 

ester linkages, NMR binding studies were conducted. 4FBA (10 mM) was mixed with a large 

excess of C8AM (100 mM), in the presence of the non-ionic detergent octaethylene glycol 

monododecyl ether (C12E8, 200 mM, to solubilize all components and prevent vesicle formation). 

1H NMR spectrum in the absence of saccharides (Figure 7.50 black) showed that the boronic acid 

existed predominantly as the imine. The presence of saccharides led to appearance of new signals 

in the 1H NMR spectra of the imine, confirming saccharide binding to the imine. 11B NMR was 

attempted on those micelle samples; however, the 11B NMR signals of the imine broadened to 

baseline, likely due to restricted molecule motion as a result of the imine aligning with the C12E8 

surfactant molecules in micelles. Therefore 11B NMR saccharide binding study was only performed 

for 4FBA (Figure 7.51). 

 

Figure 7.50 1H NMR spectra (400 MHz) of a mixture of 4FBA (10 mM, sodium salt used), C8AM 

(100 mM) and C12E8 (200 mM) in the absence and presence of saccharides (10 mM) in 9:1 H2O/D2O. 

The imine product was solubilized in C12E8 micelles. 
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Figure 7.51 
11

B NMR spectra (160 MHz, without decoupling, referenced to BF3·Et2O in CDCl3) of 

4FBA (10 mM) in the absence and presence of saccharides (10 mM) in 9:1 H2O/D2O buffered at pH 

10.5 with 100 mM NaHCO3–Na2CO3. 
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7.3.4 Fluorescence spectra 
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Figure 7.52 Fluorescence spectra of Nile red (5 μM) added to a mixture of 4FBA (3 mM), C8AM (3 

mM) and increasing concentration of D-glucose (a), D-fructose (b) and D-galactose (c) in pH 10.5 100 

mM NaHCO3–Na2CO3 buffer. 4FBA, C8AM and the saccharide component (if used) were mixed in the 

buffer for 30 min before the addition of Nile red. 
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Figure 7.53 Fluorescence spectra of Nile red (5 μM) added to a mixture of 4-formylbenzoate (4FBZ, 2 

mM, 2.5 mM or 3 mM) and C8AM (2 mM, 2.5 mM or 3 mM) in the absence and presence of 

saccharides (5 mM) in pH 10.5 100 mM NaHCO3–Na2CO3 buffer. 4FBZ, C8AM and the saccharide 

component (if used) were mixed in the buffer for 30 min before the addition of Nile red. Inset shows the 

structure of 4FBZ. 
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7.3.5 NMR determination of imine formation 

 

Figure 7.54 
1
H NMR (500 MHz) spectrum of a mixture of 4FBA (3 mM) and C8AM (3 mM) in D2O 

buffered at pD 10.5 with 100 mM NaHCO3–Na2CO3. DMF (3 mM) was added as an internal reference 

for determination of imine formation. 
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Figure 7.55 
1
H NMR (500 MHz) spectrum of a mixture of 4FBA (3 mM), C8AM (3 mM) and glucose 

(5 mM) in D2O buffered at pD 10.5 with 100 mM NaHCO3–Na2CO3. DMF (3 mM) was added as an 

internal reference for determination of imine formation. Note that multiple sets of signals were observed 

in the aldehyde CHO region and the aromatic regions of aldehydes and imines. This is due to the 

coexistence of the free aldehyde, glucose-bound aldehydes, free imine, and glucose-bound imines. The 

aldehyde region was zoomed and compared with the control sample without the amine component 

C8AM (red spectrum). Similar multiple signals were observed without C8AM, indicating that the 

multiple signals are due to coexistence of the free aldehyde and glucose-bound aldehydes (a mixture of 

complexes
260

). 
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Figure 7.56 
1
H NMR (500 MHz) spectra of a mixture of 4FBA (3 mM), C8AM (3 mM) and fructose (5 

mM) in D2O buffered at pD 10.5 with 100 mM NaHCO3–Na2CO3. DMF (3 mM) was added as an 

internal reference for determination of imine formation. Note that multiple sets of signals were observed 

in the aldehyde CHO region and the aromatic regions of aldehydes and imines. This is due to the 

coexistence of the free aldehyde, fructose-bound aldehydes, free imine, and fructose-bound imines. The 

aldehyde region was zoomed and compared with the control sample without the amine component 

C8AM. Similar multiple signals were observed without C8AM, indicating that the multiple signals are 

due to coexistence of the free aldehyde and fructose-bound aldehydes (a mixture of complexes
261

). Note 

that comparison of Figure 7.55 and Figure 7.56 reveals that in the bulk solution most of 4FBA was 

bound to fructose whereas glucose binding only occurred to a low extent. This is consistent with the 

much higher affinity of monoboronic acid for fructose than for glucose.
117, 126
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Figure 7.57 
1
H NMR (500 MHz) spectra of a mixture of 4FBA (3 mM), C8AM (3 mM) and galactose 

(5 mM) in D2O buffered at pD 10.5 with 100 mM NaHCO3–Na2CO3. DMF (3 mM) was added as an 

internal reference for determination of imine formation. Note that multiple signals were observed in the 

aldehyde CHO region and the aromatic regions of aldehydes and imines. This is due to the coexistence 

of the free aldehyde, galactose-bound aldehydes, free imine, and galactose-bound imines. The aldehyde 

region was zoomed and compared with the control sample without the amine component C8AM. 

Similar double signals were observed without C8AM, indicating that the multiple signals are due to 

coexistence of the free aldehyde and the galactose-bound aldehydes. 
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7.4 Supporting information for Chapter 5 

7.4.1 General 

T1 was synthesized by NB.144 The lipids POPC, DPPC and POPG were purchased from Avanti Lipids. 

Other chemicals were purchased from Sigma-Aldrich, Alfa-Aesar, Apollo Scientific or Tokyo 

Chemical Industry, and used as received. 1H NMR and 13C NMR spectra were obtained on a Bruker 

AVIII HD400 FT–NMR Spectrometer. Fluorescence measurements were performed using a Varian 

Cary Eclipse Fluorescence Spectrophotometer equipped with a stirrer plate and a temperature 

controller. 

7.4.2 13C NMR assay for Gly transport 

Giant multilamellar vesicles of POPC were prepared as follows. A chloroform solution of POPC was 

evaporated in a round-bottle flask and the lipid film formed was dried under vacuum for at least 6 

h. The lipid film was hydrated by vortexing with a buffered aqueous solution (pH 7.4, 20 mM 

HEPES, 100 mM Na2SO4) to a lipid concentration of 40 mM. The lipid solution was subjected to 6 

freeze/thaw cycles, and vortexed after every 3 cycles for 30 s to facilitate hydration. The lipid 

solution was then extruded 35 times through a 5.0 μm polycarbonate membrane to obtain a 

concentrated lipid stock solution. 

For each 13C NMR transport experiment, the lipid stock solution prepared as stated above (300 µL) 

was added to an external Gly-1-13C solution (300 µL, pH 7.4, 20 mM HEPES, 100 mM Na2SO4, 100 

mM Gly-1-13C). To this solution was added DMSO solutions of T1(8 mM) or an aldehyde (T2 or T3, 

80 mM), or both of them, or DMSO as control. The total volume of DMSO added for each sample 

was fixed at 30 µL. The resulting solution was stirred at room temperature for 2 h. An aqueous 

solution of MnSO4 (30 µL, 10 mM) and D2O (67 µL) were then added, and the sample was subject 

to 13C NMR measurement. Acquisition parameters: frequency, 100.6 MHz; acquisition time, 1.36 s; 

spectrum width, 24038 Hz; 90° pulse width, 7.91 µs; relaxation delay, 2 s; number of scans, 512; 

temperature, 298 K. 
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Figure 7.58 
13

C NMR spectra (100.6 MHz) of POPC vesicles suspensions with external Gly-1-
13

C (50 

mM), obtained 2 h after the addition of DMSO or DMSO solutions of transporters, with Mn
2+

 added 

externally (0.5 mM) to quench the signal from external Gly-1-
13

C. Both the internal and external 

solutions contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. Transporter loadings 

are shown as transporter to lipid molar ratios. 
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Figure 7.59 Comparison of Gly influx into POPC giant multilamellar vesicles facilitated by T1 (1 

mol%), T2 (10 mol%), T3 (10 mol%), or their mixtures, measured by the 
13

C NMR assay. Transporter 

loadings are shown as transporter to lipid molar ratios. 
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7.4.3 Osmotic response assay for Gly transport 

POPC LUVs (mean diameter 400 nm) were prepared as follows. A chloroform solution of lipids was 

evaporated in a round-bottle flask and the lipid film formed was dried under vacuum for at least 6 

h. The lipid film was hydrated by vortexing with an aqueous solution of Gly (pH 7.4, 20 mM HEPES, 

600 mM Gly) to a lipid concentration of 40 mM. The lipid solution was subjected to nine 

freeze/thaw cycles and then extruded 25 times through a 400 nm polycarbonate membrane to 

obtain a lipid stock solution. For each measurement, the lipid stock solution (50 μL) was added to 

an isosmotic external solution of Na2SO4 (1950 μL, pH 7.4, 20 mM HEPES, 200 mM Na2SO4) in the 

absence or presence of CuSO4 (0.2 mM). The lipid solution was stirred and thermostated in a 

polystyrene cuvette at 25 °C. The 90° light scattering intensity at 600 nm was monitored using a 

fluorimeter. After 3 min when the light scattering intensity stabilized, DMSO solutions of 

transporters (20 µL, in the cases of mixed transporters, the DMSO solutions of different 

transporters were added separately instead of being pre-mixed in DMSO) or DMSO (20 µL) was 

added to the lipid solution to start the measurement of Gly transport, and the light scattering 

intensity was recorded over 30 min. Each experiment was run in triplicate and the data were 

averaged over three runs. 
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Figure 7.60 Gly transport measured by an osmotic response assay in the absence and presence of 

CuSO4 (0.2 mM). POPC LUVs (mean diameter 400 nm) loaded with Gly (600 mM) were suspended in 

an external solution containing Na2SO4 (195 mM) and Gly (15 mM). Both the internal and external 

solutions were buffered at pH 7.4 with HEPES (20 mM). At time 0, DMSO solutions of transporters or 

DMSO was added, and the 90° light scattering intensity at 600 nm was recorded. Transporter loadings 

are shown as transporter to lipid molar ratios. 

The control experiment was conducted to exclude the possibility that the increase of light 

scattering observed was due to aggregation or precipitation of the added transporters. POPC 

LUVs (mean diameter 400 nm) were prepared as follows. A chloroform solution of lipids was 



Chapter 7 

170 

evaporated in a round-bottle flask and the lipid film formed was dried under vacuum for at least 6 

h. The lipid film was hydrated by vortexing with an aqueous solution of Gly (pH 7.4, 20 mM HEPES, 

195 mM Na2SO4, 15 mM Gly) to a lipid concentration of 40 mM. The lipid solution was subjected 

to 25 freeze/thaw cycles and then extruded 25 times through a 400 nm polycarbonate membrane 

to obtain a lipid stock solution. The lipid solution was diluted with an external solution (pH 7.4, 20 

mM HEPES, 195 mM Na2SO4, 15 mM Gly) to a final lipid concentration of 1 mM. The lipid solution 

(2  mL) was stirred and thermostated in a polystyrene cuvette at 25 °C. The 90° light scattering 

intensity at 600 nm was monitored using a fluorimeter. After 3 min when the light scattering 

intensity stabilized, DMSO solutions of T1 (10 μL, 2 mM) and T2 or T3 (10 μL, 20 mM), or DMSO 

(20 µL) was added, and the light scattering intensity was recorded over 30 min. Each experiment 

was run in triplicate and the data were averaged over three runs. The results show no change in 

light scattering intensity after the addition of the transporters, excluding aggregation or 

precipitation of the transporters as the cause of the light scattering change. 
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Figure 7.61 Intensity of 90° light scattering intensity at 600 nm with time of POPC LUV (mean 

diameter 400 nm) solutions with the same internal and external content (pH 7.4, 20 mM HEPES, 195 

mM Na2SO4, 15 mM Gly). At time 0, DMSO solutions of transporters or DMSO was added. 

Transporter loadings are shown as transporter to lipid molar ratios. 
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7.4.4 Cu(II)-Calcein assay for Gly transport 

7.4.4.1 Method 

LUVs (mean diameter 200 nm) of POPC, POPC-cholesterol (7 : 3, molar ratio), or POPG were 

prepared as follows. A chloroform solution of lipids was evaporated in a round-bottle flask and 

the lipid film formed was dried under vacuum for at least 6 h. The lipid film was hydrated by 

vortexing with a buffered aqueous solution containing Cu2+ and Calcein (pH 7.4, 20 mM HEPES, 

100 mM Na2SO4, 0.2 mM CuSO4, 0.2 mM Calcein). The lipid solution was subjected to 25 

freeze/thaw cycles and then extruded 25 times through a 200 nm polycarbonate membrane. The 

unentrapped Cu2+ and Calcein were removed by size exclusion chromatography on a Sephadex G-

25 column using a buffer solution as the eluent (pH 7.4, 20 mM HEPES, 100 mM Na2SO4).  

For each run, the LUV stock solution prepared as stated above was added to an external solution 

containing Cu2+ and Gly (pH 7.4, 20 mM HEPES, 100 mM Na2SO4, 0.2 mM CuSO4, 30 mM Gly) to a 

final lipid concentration of 1 mM and a final volume of 2 mL. The lipid solution was stirred and 

thermostated in a polystyrene cuvette at 25 °C. DMSO solutions of the transporters (DMSO 

volume ≤ 20 µL, in the cases of mixed transporters, the DMSO solutions of different transporters 

were added separately instead of being pre-mixed in DMSO) or DMSO (20 µL) was added to the 

lipid solution to start the measurement of Gly transport, and the fluorescence emission (λex = 495 

nm, λem = 515 nm) was recorded over 30 min. Each experiment was run in triplicate and the data 

were averaged over three runs. For each vesicle preparation, using a mixture of T1 (1 mol%) and 

T3 (50 mol%), a maximum change of fluorescence intensity (ΔImax = Imax – I0, where Imax is the 

maximum fluorescence intensity reached and I0 is the fluorescence intensity before the addition 

of transporters) was obtained for calibration. The fractional fluorescence intensity, which is an 

approximate of the percentage of Gly influx compared to the maximum transport, is calculated 

using the following equation. 

   
     
     

 

where It is the fluorescence intensity at time t, and I0 is the fluorescence intensity at time 0. 
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7.4.4.2 Effect of external Cu2+ on measurement of simple diffusion 

The purpose of this experiment is to examine if Cu2+ diffusion can be observed without any 

transporter. POPC LUVs prepared according to the general method were suspended in external 

solutions (pH 7.4, 20 mM HEPES, 100 mM Na2SO4) with different concentrations of Gly and Cu2+. 

DMSO (20 µL) was added to the samples and the fluorescence emission (λex = 495 nm, λem = 515 

nm) was recorded. By comparing the changes of Calcein fluorescence of samples with the same 

external Gly concentration (30 mM) but different external Cu2+ concentrations (0 mM, 0.2 mM, or 

0.4 mM), it can be seen that without external Cu2+, simple diffusion or Gly-mediated efflux of Cu2+ 

occurs significantly, as the presence of high concentration of external Gly has an overwhelming 

tendency to bind Cu2+ from inside whose overall concentration is in the submicromolar range. The 

presence of external Cu2+ up to 0.2 mM effectively suppresses Cu2+ transport, and the relatively 

small enhancement of Calcein fluorescence is ascribed to simple diffusion of Gly, since doubling 

the concentration of external Cu2+ has precisely no effect on the fluorescence intensity change 

(ΔI), while doubling the concentration of external Gly (60 mM) increased the ΔI value by 63%. The 

sensitivity to the external Gly concentration and insensitivity to the external Cu2+ concentration 

proves Gly diffusion, instead of Cu2+ diffusion to be the cause of the observed fluorescence 

enhancement in the presence of external Cu2+. 
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Figure 7.62 Change of fluorescence intensity (λex = 495 nm, λem = 515 nm) vs time of POPC LUVs 

(mean diameter 200 nm) loaded with CuSO4 (0.2 mM) and Calcein (0.2 mM), suspended in an external 

solution containing Gly (30 mM or 60 mM) and CuSO4 (0, 0.2 mM or 0.4 mM). Both the internal and 

external solutions contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. 
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7.4.4.3 Dependence of maximum fluorescence intensity change on Gly concentration 

Dependence of maximum fluorescence intensity change (ΔImax) on the concentration of externally 

added Gly was examined to check in what concentration range of Gly the fluorescence intensity 

shows a linear relationship with the internal Gly concentration. POPC LUVs prepared according to 

the general method were suspended in external solutions (pH 7.4, 20 mM HEPES, 100 mM Na2SO4, 

0.2 mM CuSO4) with different Gly concentrations, and after the addition of a mixture of T1 (1 

mol%) and T3 (50 mol%), the maximum change of fluorescence intensity (ΔImax = Imax – I0, where 

Imax is the maximum fluorescence intensity reached and I0 is the fluorescence intensity before the 

addition of transporters) was obtained. The results show that ΔImax is reasonably linear with the 

concentration of externally added Gly up to 30 mM, while significant deviation from linearity is 

observed with higher concentration of Gly (Figure 7.63). 
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Figure 7.63 Maximum change of fluorescence intensity ΔImax (λex = 495 nm, λem = 515 nm) vs 

concentration of external Gly of POPC LUVs loaded with CuSO4 (0.2 mM) and Calcein (0.2 mM), 

treated with T1 (1 mol%, transporter to lipid) and T3 (50 mol%). Both the internal and external 

solutions contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. Only data with [Gly] ≤ 

30 mM were subject to the linear fit shown in the inset. 
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7.4.4.4 Interference of transporters with the fluorescence assay 

The purpose of this set of experiments is to examine if the transporters or the imines formed 

between the transporters and Gly interfere with the Cu2+-Calcein assay by competing with Calcein 

to bind Cu2+. POPC LUVs prepared according to the general method were suspended in an 

external solution containing Cu2+ and Gly (pH 7.4, 20 mM HEPES, 100 mM Na2SO4, 0.2 mM CuSO4, 

30 mM Gly). A detergent (20 μl of 0.232 mM octaethylene glycol monododecyl ether in 7 : 1 (v / v) 

H2O-DMSO) was added to lyse the vesicles. The fluorescence emission (λex = 495 nm, λem = 515 nm) 

was recorded. At 5 min, DMSO solutions of transporters were added to the solutions. The results 

show little interference (Figure 7.64). 
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Figure 7.64 Relative fluorescence intensity I / I0 (λex = 495 nm, λem = 515 nm) vs time of detergent-

treated POPC LUV solutions. Vesicles were originally loaded with CuSO4 (0.2 mM) and Calcein (0.2 

mM) and suspended in an external solution containing CuSO4 (0.2 mM) and Gly (30 mM). Both the 

internal and external solutions contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. At 

5 min, DMSO solutions of transporters were added to the detergent-treated solutions. Transporter 

loadings are shown as transporter to lipid molar ratios. 
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7.4.4.5 Gly transport by non-aldehyde analogues 
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Figure 7.65 Gly influx (measured by the Cu

2+
-Calcein assay) facilitated by T4-T9 in the absence and 

presence of T1. POPC LUVs (mean diameter 200 nm) loaded with CuSO4 (0.2 mM) and Calcein (0.2 

mM) were suspended in an external solution containing Gly (30 mM) and CuSO4 (0.2 mM). Both the 

internal and external solutions contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. At 

time 0, DMSO solutions of transporters or DMSO was added, and the fluorescence intensity (λex = 495 

nm, λem = 515 nm) was recorded. The fluorescence intensity was normalized to a fractional fluorescence 

intensity by saturation using a mixture of T1 (1 mol%) and T3 (50 mol%). Transporter loadings are 

shown as transporter to lipid molar ratios. Inset in (d) shows a possible mechanism for facilitated 

transport of Gly by the imine formed between the aldehyde and Gly, which was excluded as the model 

compound T7 shows no Gly transport activity. 

7.4.4.6 Effect of CCCP on Gly transport 
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Figure 7.66 Effect of CCCP (1 mol%) on Gly influx (measured by the Cu

2+
-Calcein assay). POPC 

LUVs (mean diameter 200 nm) loaded with CuSO4 (0.2 mM) and Calcein (0.2 mM) were suspended in 

an external solution containing Gly (30 mM) and CuSO4 (0.2 mM). Both the internal and external 

solutions contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. At time 0, DMSO 

solutions of transporters or DMSO was added, and the fluorescence intensity (λex = 495 nm, λem = 515 

nm) was recorded. The fluorescence intensity was normalized to a fractional fluorescence intensity by 

saturation using a mixture of 1 (1 mol%) and 3 (50 mol%). Transporter loadings are shown as 

transporter to lipid molar ratios. 

7.4.4.7 Gly transport by T1 and aldehydes 

The Gly transport kinetics of T1 and aldehydes at different concentrations was measured by the 

Cu2+-Calcein assay. The fractional fluorescence intensity If  at 30 min was plotted as a function of 

the transporter loading. Hill coefficients and EC50 (30 min) values were calculated by fitting the 

curves to the following equation: 

n

n

xK

x
yyyy


 )( 0max0

 

where y is If  (30 min) value with the transporter loaded at concentration x, y0 is If  (30 min) value 

obtained without the transporter (in the cases of transporter pairs, y0 is If  (30 min) value obtained 

with the transporter with a fixed concentration throughout the Hill analysis), ymax is the maximum 

If value (which is set as 1), n is the Hill coefficient, and K is the EC50 (30 min) value. 
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Figure 7.67 (a) Gly influx (measured by the Cu
2+

-Calcein assay) facilitated by T1. POPC LUVs (mean 

diameter 200 nm) loaded with CuSO4 (0.2 mM) and Calcein (0.2 mM) were suspended in an external 

solution containing Gly (30 mM) and CuSO4 (0.2 mM). Both the internal and external solutions 

contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. At time 0, DMSO solutions of 

transporters or DMSO was added, and the fluorescence intensity (λex = 495 nm, λem = 515 nm) was 

recorded. The fluorescence intensity was normalized to a fractional fluorescence intensity by saturation 

using a mixture of T1 (1 mol%) and T3 (50 mol%). Due to limited solubility of T1 in DMSO, higher 

loadings were not tested. (b) Hill plot for Gly transport facilitated by T1. Transporter loadings are 

shown as transporter to lipid molar ratios. Error bars represent SD from two or three repeats. 
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Figure 7.68 (a) Gly influx (measured by the Cu
2+

-Calcein assay) facilitated by T1 in the presence of T2 

(10 mol%). POPC LUVs (mean diameter 200 nm) loaded with CuSO4 (0.2 mM) and Calcein (0.2 mM) 

were suspended in an external solution containing Gly (30 mM) and CuSO4 (0.2 mM). Both the internal 

and external solutions contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. At time 0, 

DMSO solutions of transporters or DMSO was added, and the fluorescence intensity (λex = 495 nm, λem 

= 515 nm) was recorded. The fluorescence intensity was normalized to a fractional fluorescence 

intensity by saturation using a mixture of T1 (1 mol%) and T3 (50 mol%). (b) Hill plot for Gly transport 

facilitated by T1 in the presence of T2 (10 mol%). Transporter loadings are shown as transporter to 

lipid molar ratios. Error bars represent SD from two or three repeats. 
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Figure 7.69 (a) Gly influx (measured by the Cu
2+

-Calcein assay) facilitated by T2 in the presence of T1 

(1 mol%). POPC LUVs (mean diameter 200 nm) loaded with CuSO4 (0.2 mM) and Calcein (0.2 mM) 

were suspended in an external solution containing Gly (30 mM) and CuSO4 (0.2 mM). Both the internal 

and external solutions contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. At time 0, 

DMSO solutions of transporters or DMSO was added, and the fluorescence intensity (λex = 495 nm, λem 

= 515 nm) was recorded. The fluorescence intensity was normalized to a fractional fluorescence 

intensity by saturation using a mixture of T1 (1 mol%) and T3 (50 mol%). (b) Hill plot for Gly transport 

facilitated by T2 in the presence of T1 (1 mol%). Transporter loadings are shown as transporter to lipid 

molar ratios. Error bars represent SD from two or three repeats. 
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Figure 7.70 (a) Gly influx (measured by the Cu
2+

-Calcein assay) facilitated by T2. POPC LUVs (mean 

diameter 200 nm) loaded with CuSO4 (0.2 mM) and Calcein (0.2 mM) were suspended in an external 

solution containing Gly (30 mM) and CuSO4 (0.2 mM). Both the internal and external solutions 

contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. At time 0, DMSO solutions of 

transporters or DMSO was added, and the fluorescence intensity (λex = 495 nm, λem = 515 nm) was 

recorded. The fluorescence intensity was normalized to a fractional fluorescence intensity by saturation 

using a mixture of T1 (1 mol%) and T3 (50 mol%). (b) Hill plot for Gly transport facilitated by T2. 

Transporter loadings are shown as transporter to lipid molar ratios. Error bars represent SD from two or 

three repeats. 
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Figure 7.71 (a) Gly influx (measured by the Cu
2+

-Calcein assay) facilitated by T3 in the presence of T1 

(1 mol%). POPC LUVs (mean diameter 200 nm) loaded with CuSO4 (0.2 mM) and Calcein (0.2 mM) 

were suspended in an external solution containing Gly (30 mM) and CuSO4 (0.2 mM). Both the internal 

and external solutions contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. At time 0, 

DMSO solutions of transporters or DMSO was added, and the fluorescence intensity (λex = 495 nm, λem 

= 515 nm) was recorded. The fluorescence intensity was normalized to a fractional fluorescence 

intensity by saturation using a mixture of T1 (1 mol%) and T3 (50 mol%). (b) Hill plot for Gly transport 

facilitated by T3 in the presence of T1 (1 mol%). Transporter loadings are shown as transporter to lipid 

molar ratios. Error bars represent SD from two or three repeats. 
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Figure 7.72 (a) Gly influx (measured by the Cu
2+

-Calcein assay) facilitated by T3. POPC LUVs (mean 

diameter 200 nm) loaded with CuSO4 (0.2 mM) and Calcein (0.2 mM) were suspended in an external 

solution containing Gly (30 mM) and CuSO4 (0.2 mM). Both the internal and external solutions 

contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. At time 0, DMSO solutions of 

transporters or DMSO was added, and the fluorescence intensity (λex = 495 nm, λem = 515 nm) was 

recorded. The fluorescence intensity was normalized to a fractional fluorescence intensity by saturation 

using a mixture of T1 (1 mol%) and T3 (50 mol%). (b) Hill plot for Gly transport facilitated by T3. 

Transporter loadings are shown as transporter to lipid molar ratios. Error bars represent SD from two or 

three repeats. 
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Figure 7.73 (a) Gly influx (measured by the Cu
2+

-Calcein assay) facilitated by T10 in the presence of 

T1 (1 mol%). POPC LUVs (mean diameter 200 nm) loaded with CuSO4 (0.2 mM) and Calcein (0.2 mM) 

were suspended in an external solution containing Gly (30 mM) and CuSO4 (0.2 mM). Both the internal 

and external solutions contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. At time 0, 

DMSO solutions of transporters or DMSO was added, and the fluorescence intensity (λex = 495 nm, λem 

= 515 nm) was recorded. The fluorescence intensity was normalized to a fractional fluorescence 

intensity by saturation using a mixture of T1 (1 mol%) and T3 (50 mol%). (b) Hill plot for Gly transport 

facilitated by T10 in the presence of T1 (1 mol%). Transporter loadings are shown as transporter to 

lipid molar ratios. Error bars represent SD from two or three repeats. 
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Figure 7.74 (a) Gly influx (measured by the Cu
2+

-Calcein assay) facilitated by T10. POPC LUVs (mean 

diameter 200 nm) loaded with CuSO4 (0.2 mM) and Calcein (0.2 mM) were suspended in an external 

solution containing Gly (30 mM) and CuSO4 (0.2 mM). Both the internal and external solutions 

contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. At time 0, DMSO solutions of 

transporters or DMSO was added, and the fluorescence intensity (λex = 495 nm, λem = 515 nm) was 

recorded. The fluorescence intensity was normalized to a fractional fluorescence intensity by saturation 

using a mixture of T1 (1 mol%) and T3 (50 mol%). (b) Hill plot for Gly transport facilitated by T10. 

Transporter loadings are shown as transporter to lipid molar ratios. Error bars represent SD from two or 

three repeats. 
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Figure 7.75 (a) Gly influx (measured by the Cu
2+

-Calcein assay) facilitated by T11 in the presence of 

T1 (1 mol%). POPC LUVs (mean diameter 200 nm) loaded with CuSO4 (0.2 mM) and Calcein (0.2 mM) 

were suspended in an external solution containing Gly (30 mM) and CuSO4 (0.2 mM). Both the internal 

and external solutions contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4.  At time 0, 

DMSO solutions of transporters or DMSO was added, and the fluorescence intensity (λex = 495 nm, λem 

= 515 nm) was recorded. The fluorescence intensity was normalized to a fractional fluorescence 

intensity by saturation using a mixture of T1 (1 mol%) and T3 (50 mol%). (b) Hill plot for Gly transport 

facilitated by T11 in the presence of T1 (1 mol%). Transporter loadings are shown as transporter to 

lipid molar ratios. Error bars represent SD from two or three repeats. 
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Figure 7.76 (a) Gly influx (measured by the Cu
2+

-Calcein assay) facilitated by T11. POPC LUVs (mean 

diameter 200 nm) loaded with CuSO4 (0.2 mM) and Calcein (0.2 mM) were suspended in an external 

solution containing Gly (30 mM) and CuSO4 (0.2 mM). Both the internal and external solutions 

contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. At time 0, DMSO solutions of 

transporters or DMSO was added, and the fluorescence intensity (λex = 495 nm, λem = 515 nm) was 

recorded. The fluorescence intensity was normalized to a fractional fluorescence intensity by saturation 

using a mixture of T1 (1 mol%) and T3 (50 mol%). (b) Hill plot for Gly transport facilitated by T11. 

Transporter loadings are shown as transporter to lipid molar ratios. Error bars represent SD from two or 

three repeats. 
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Figure 7.77 Gly influx (measured by the Cu
2+

-Calcein assay) facilitated by T12 in the absence and 

presence of T1 (1 mol%). POPC LUVs (mean diameter 200 nm) loaded with CuSO4 (0.2 mM) and 

Calcein (0.2 mM) were suspended in an external solution containing Gly (30 mM) and CuSO4 (0.2 mM). 

Both the internal and external solutions contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at 

pH 7.4. At time 0, DMSO solutions of transporters or DMSO was added, and the fluorescence intensity 

(λex = 495 nm, λem = 515 nm) was recorded. The fluorescence intensity was normalized to a fractional 

fluorescence intensity by saturation using a mixture of T1 (1 mol%) and T3 (50 mol%). Transporter 

loadings are shown as transporter to lipid molar ratios. Hill analysis was not performed due to the low 

activity. 

7.4.4.8 Effect of external Cu2+ on measurement of facilitated transport 
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Figure 7.78 Effect of concentration of external Cu
2+

 on fluorescence intensity change (λex = 495 nm, 

λem = 515 nm) with time. POPC LUVs (mean diameter 200 nm) loaded with CuSO4 (0.2 mM) and 

Calcein (0.2 mM) were suspended in an external solution containing Gly (30 mM) and CuSO4 (0.2 mM 

or 0.4 mM). Both the internal and external solutions contained Na2SO4 (100 mM) and HEPES (20 mM) 

buffered at pH 7.4. At time 0, DMSO solutions of various compounds were added. Transporter loadings 

are shown as transporter to lipid molar ratios. 
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7.4.4.9 Cholesterol test 
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Figure 7.79 Comparison of Gly influx (measured by the Cu
2+

-Calcein assay) into POPC and POPC-

cholesterol (7 : 3, molar ratio) LUVs (mean diameter 200 nm). The vesicles were loaded with CuSO4 

(0.2 mM) and Calcein (0.2 mM) and suspended in an external solution containing Gly (30 mM) and 

CuSO4 (0.2 mM). Both the internal and external solutions contained Na2SO4 (100 mM) and HEPES (20 

mM) buffered at pH 7.4. At time 0, DMSO solutions of transporters were added, and the fluorescence 

intensity (λex = 495 nm, λem = 515 nm) was recorded. The fluorescence intensity was normalized to a 

fractional fluorescence intensity by saturation using a mixture of T1 (1 mol%) and T3 (50 mol%). 

Transporter loadings are shown as transporter to lipid molar ratios. 



Chapter 7 

196 

7.4.4.10 DPPC test 

DPPG LUVs (mean diameter 200 nm) were prepared as follows. A chloroform solution of lipids 

was evaporated in a round-bottle flask and the lipid film formed was dried under vacuum for at 

least 6 h. The lipid film was hydrated by vortexing with a buffered aqueous solution containing 

Cu2+ and Calcein (pH 7.4, 20 mM HEPES, 100 mM Na2SO4, 0.2 mM CuSO4, 0.2 mM Calcein) at 50°C. 

The lipid solution was subjected to 25 freeze/thaw cycles (50°C water bath was used) and then 

extruded 25 times through a 200 nm polycarbonate membrane at 50°C. The unentrapped Cu2+ 

and Calcein were removed by size exclusion chromatography on a Sephadex G-25 column using a 

buffer solution as the eluent (pH 7.4, 20 mM HEPES, 100 mM Na2SO4).  

For each run, the LUV stock solution prepared as stated above was added to an external solution 

containing Cu2+ and Gly (pH 7.4, 20 mM HEPES, 100 mM Na2SO4, 0.2 mM CuSO4, 30 mM Gly) to a 

final lipid concentration of 1 mM and a final volume of 2 mL. The lipid solution was stirred and 

thermostated in a polystyrene cuvette at 37 °C or 45 °C. DMSO solutions of the transporters 

(DMSO volume ≤ 20 µL, in the cases of mixed transporters, the DMSO solutions of different 

transporters were added separately instead of being pre-mixed in DMSO) or DMSO (20 µL) was 

added to the lipid solution to start the measurement of Gly transport, and the fluorescence 

emission (λex = 495 nm, λem = 515 nm) was recorded over 30 min. Each experiment was run in 

triplicate and the data were averaged over three runs. A maximum change of fluorescence 

intensity (ΔImax = Imax – I0, where Imax is the maximum fluorescence intensity reached and I0 is the 

fluorescence intensity before the addition of transporters) was obtained using a mixture of T1 (1 

mol%) and T2 (10 mol%) for calibration. The fractional fluorescence intensity, which is an 

approximate of the percentage of Gly influx compared to the maximum transport, is calculated 

using the following equation: 

   
     
     

 

where It is the fluorescence intensity at time t, and I0 is the fluorescence intensity at time 0. 
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Figure 7.80 Comparison of Gly influx (measured by the Cu
2+

-Calcein assay) into DPPC LUVs at 37 °C 

and 45 °C. The LUVs (mean diameter 200 nm) were loaded with CuSO4 (0.2 mM) and Calcein (0.2 

mM) and suspended in an external solution containing Gly (30 mM) and CuSO4 (0.2 mM). Both the 

internal and external solutions contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. At 

time 0, DMSO solutions of transporters or DMSO was added, and the fluorescence intensity (λex = 495 

nm, λem = 515 nm) was recorded. The fluorescence intensity was normalized to a fractional fluorescence 

intensity by saturation using a mixture of T1 (1 mol%) and T2 (10 mol%). Transporter loadings are 

shown as transporter to lipid molar ratios. Refer to Section 7.4.6 for an explanation for the slight 

decrease of fluorescence observed in magenta lines. 
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7.4.4.11 POPG test 
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Figure 7.81 Comparison of Gly influx (measured by the Cu
2+

-Calcein assay) into POPC and POPG 

LUVs (mean diameter 200 nm). The vesicles were loaded with CuSO4 (0.2 mM) and Calcein (0.2 mM) 

and suspended in an external solution containing Gly (30 mM) and CuSO4 (0.2 mM). Both the internal 

and external solutions contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. At time 0, 

DMSO solutions of transporters or DMSO was added, and the fluorescence intensity (λex = 495 nm, λem 

= 515 nm) was recorded. The fluorescence intensity was normalized to a fractional fluorescence 

intensity by saturation using a mixture of T1 (1 mol%) and T3 (50 mol%). Transporter loadings are 

shown as transporter to lipid molar ratios. 

7.4.5 Cu2+-Calcein assay for transport of other substrates 

7.4.5.1 Method 

Similar to the general procedure described in 7.4.4.1. Gly was replaced by the substrate studied 

(30 mM). For N,N-dimethylglycine (DMG) transport, because the later Cu2+ influx observed in 

some cases reduces the fluorescence intensity over time, the maximum fluorescence intensity 

over the course of each run was used for calibration to a fractional fluorescence intensity (If) for 

the same run. For the transport of other substrates, the maximum fluorescence intensity change 

for calibration (ΔImax) was obtained using a mixture of T1 (1 mol%) and T3 (50 mol%). 



Chapter 7 

200 

7.4.5.2 Sarcosine transport 
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Figure 7.82 Sarcosine (Sar) transport kinetics measured by the Cu
2+

-Calcein assay. POPC LUVs (mean 

diameter 200 nm) loaded with CuSO4 (0.2 mM) and Calcein (0.2 mM) were suspended in an external 

solution containing Sar (30 mM) and CuSO4 (0.2 mM). Both the internal and external solutions 

contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. At time 0, DMSO solutions of 

transporters or DMSO was added, and the fluorescence intensity (λex = 495 nm, λem = 515 nm) was 

recorded. The fluorescence intensity was normalized by saturation using a mixture of T1 (1 mol%) and 

T3 (50 mol%). Transporter loadings are shown as transporter to lipid molar ratios. 

7.4.5.3 Dimethylglycine transport 

0 2 4 6 8 10 12 14 16

0.0

0.2

0.4

0.6

0.8

1.0

I f

Time / min

 DMSO

 T1 (1 mol%)

 T3 (10 mol%)

 "T1 (1 mol%)" + "T3 (10 mol%)" - "DMSO"

 T1 (1 mol%) and T3 (10 mol%)

 

Figure 7.83 N,N-dimethylglycine (DMG) transport kinetics measured by the Cu
2+

-Calcein assay. POPC 

LUVs (mean diameter 200 nm) loaded with CuSO4 (0.2 mM) and Calcein (0.2 mM) were suspended in 

an external solution containing DMG (30 mM) and CuSO4 (0.2 mM). Both the internal and external 

solutions contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. At time 0, DMSO 

solutions of transporters or DMSO was added, and the fluorescence intensity (λex = 495 nm, λem = 515 

nm) was recorded. The fluorescence intensity was normalized using the maximum fluorescence 

intensity over the course of each run. Transporter loadings are shown as transporter to lipid molar ratios. 
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7.4.5.4 Alanine transport 
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Figure 7.84 Alanine (Ala) transport kinetics measured by the Cu
2+

-Calcein assay. POPC LUVs (mean 

diameter 200 nm) loaded with CuSO4 (0.2 mM) and Calcein (0.2 mM) were suspended in an external 

solution containing Ala (30 mM) and CuSO4 (0.2 mM). Both the internal and external solutions 

contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. At time 0, DMSO solutions of 

transporters or DMSO was added, and the fluorescence intensity (λex = 495 nm, λem = 515 nm) was 

recorded. The fluorescence intensity was normalized to by saturation using a mixture of T1 (1 mol%) 

and T3 (50 mol%). Transporter loadings are shown as transporter to lipid molar ratios. 

7.4.5.5 Serine transport 
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Figure 7.85 Serine (Ser) transport kinetics measured by the Cu

2+
-Calcein assay. POPC LUVs (mean 

diameter 200 nm) loaded with CuSO4 (0.2 mM) and Calcein (0.2 mM) were suspended in an external 

solution containing Ser (30 mM) and CuSO4 (0.2 mM). Both the internal and external solutions 

contained Na2SO4 (100 mM) and HEPES (20 mM) buffered at pH 7.4. At time 0, DMSO solutions of 

transporters or DMSO was added, and the fluorescence intensity (λex = 495 nm, λem = 515 nm) was 

recorded. The fluorescence intensity was normalized to by saturation using a mixture of T1 (1 mol%) 

and T3 (50 mol%). Transporter loadings are shown as transporter to lipid molar ratios. 
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7.4.6 Additional comments on the Cu2+-Calcein assay 

As discussed in Chapter 5, the feasibility of this assay depends on the rate of Cu2+ diffusion, which 

depends on the concentration difference of free Cu2+ (unbound to Calcein or amino acid) on 

opposite sides of the lipid bilayer (denoted here by Δ[Cu2+]) and whether a compound is present 

that facilitates Cu2+ transport. Little to no Cu2+ transport was observed using the described 

experimental conditions: 

Before Gly influx: Inside: 0.2 mM Cu2+, 0.2 mM Calcein; Outside: 0.2 mM Cu2+, 30 mM Gly.  

After completion of Gly influx: Inside: 0.2 mM Cu2+, 0.2 mM Calcein, 30 mM Gly; Outside: 0.2 mM 

Cu2+, 30 mM Gly).  

Before significant Gly influx occurs, the presence of Calcein in the internal solution and Gly in the 

external solution balances Δ[Cu2+] to the extent that no Cu2+ flux is observable from the time-

dependent Calcein fluorescence intensity (Figure 7.62). After completion of Gly influx, there is a 

larger difference in between the internal and external free Cu2+ concentration (i.e., a higher 

Δ[Cu2+], in this case inside < outside) since the internal solution and the external solution now 

differs by the presence of Calcein (0.2 mM) which has a high affinity for Cu2+. Therefore influx of 

Cu2+ might possibly occur that would lead to decrease of Calcein fluorescence after completion of 

Gly influx. This has not been observed, however, under standard conditions (25 °C, with 30 mM 

Gly, with 0.2 mM Cu2+ both inside and outside). In a few cases, influx of Cu2+ was observed in the 

presence of T1 that can slightly facilitate Cu2+ transport (see Figure 7.78a). These include: (i) 

Figure 5.8b and Figure 7.83, when DMG (30 mM) was used in place of Gly. DMG has a lower 

affinity for Cu2+ because of the larger steric hindrance. Therefore the Δ[Cu2+] due to the presence 

of internal 0.2 mM Calcein after completion of DMG transport is higher compared to the case of 

Gly transport; (ii) Figure 7.80 magenta, at a higher temperature (45 °C). 

7.4.7 HPTS assay for Oxalic Acid/Oxalate transport 

POPC LUVs (mean diameter 200 nm) were prepared as follows. A chloroform solution of POPC 

was evaporated in a round-bottle flask and the lipid film formed was dried under vacuum for at 

least 6 h. The lipid film was hydrated by vortexing with an aqueous solution containing pH 

sensitive dye HPTS and sodium oxalate (pH 7.0, 10 mM HEPES, 100 mM sodium oxalate, 1 mM 

HPTS). The lipid solution was subjected to nine freeze/thaw cycles and then extruded 25 times 

through a 200 nm polycarbonate membrane. The unentrapped HPTS was removed by size 

exclusion chromatography on a Sephadex G-25 column using a buffered sodium oxalate solution 

(pH 7.0, 10 mM HEPES, 100 mM sodium oxalate) as the eluent. 

For each run, the LUV stock solution prepared as stated above was added to an external solution 

(pH 7.0, 10 mM HEPES, 100 mM sodium oxalate) to a final lipid concentration of 1 mM and a final 
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volume of 2 mL. The lipid solutions were stirred and thermostated in polystyrene cuvettes at 25 °C. 

The fluorescence ratio of HPTS (λex = 460 nm, λem = 510 nm, base form vs λex = 403 nm, λem = 510 

nm, acid form) was recorded. DMSO solutions of the transporters (20 µL, in the cases of mixed 

transporters, the DMSO solutions of different transporters were added separately) or DMSO (20 

µL) was added to the lipid solution. After the baseline stabilized, a pulse of NaOH (20 μL, 0.5 M in 

H2O) was added to the lipid solution at time 0 to generate a transmembrane pH gradient. At 5 min, 

a detergent (20 μl of 0.232 mM octaethylene glycol monododecyl ether in 7 : 1 (v : v) H2O-DMSO) 

was added to lyse the vesicles and destroy the pH gradient. Each experiment was run in triplicate 

and the data were averaged over three runs. The fractional fluorescence intensity is calculated 

using the following equation182: 

   
     

     
 

where Rt is the fluorescence ratio at time t, R0 is the fluorescence ratio at time 0, and Rd is the 

fluorescence ratio after detergent addition. 
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Figure 7.86 Oxalic acid/oxalate transport kinetics studied by a HPTS assay. POPC LUVs (mean 

diameter 200 nm) were loaded with HPTS (1 mM). Both the internal and external solutions contain 

sodium oxalate (100 mM) and HEPES (10 mM) buffered at pH 7.0. DMSO solutions of transporters or 

DMSO was added, followed by a pulse of NaOH (5 mM) at time 0, and the fluorescence ratio of HPTS 

(λex = 460 nm, λem = 510 nm, base form vs λex = 403 nm, λem = 510 nm, acid form) was recorded. The 

fluorescence ratio was normalized by calibration using a detergent to lyse the vesicles at 5 min. 
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Figure 7.87 HPTS assay conducted with Na2SO4 vesicles. POPC LUVs (mean diameter 200 nm) were 

loaded with HPTS (1 mM). Both the internal and external solutions contain Na2SO4 (100 mM) and 

HEPES (10 mM) buffered at pH 7.0. DMSO solutions of transporters or DMSO was added, followed by 

a pulse of NaOH (5 mM) at time 0, and the fluorescence ratio of HPTS (λex = 460 nm, λem = 510 nm, 

base form vs λex = 403 nm, λem = 510 nm, acid form) was recorded. The fluorescence ratio was 

normalized by calibration using a detergent to lyse the vesicles at 5 min. 

7.4.8 HPTS assay for studying Gly transport 

POPC LUVs (mean diameter 200 nm) were prepared as follows. A chloroform solution of POPC 

was evaporated in a round-bottle flask and the lipid film formed was dried under vacuum for at 

least 6 h. The lipid film was hydrated by vortexing with a buffered aqueous solution containing pH 

sensitive dye HPTS (pH 7.4, 5 mM HEPES, 100 mM Na2SO4, 1 mM HPTS). The lipid solution was 

subjected to nine freeze/thaw cycles and then extruded 25 times through a 200 nm 

polycarbonate membrane. The unentrapped HPTS was removed by size exclusion 

chromatography on a Sephadex G-25 column using a buffer solution (pH 7.4, 5 mM HEPES, 100 

mM Na2SO4) as the eluent. 

For each run, the LUV stock solution prepared as stated above added to a buffer solution (pH 7.4, 

5 mM HEPES, 100 mM Na2SO4) to a final lipid concentration of 1 mM and a final volume of 2 mL. 

The lipid solutions were stirred and thermostated in polystyrene cuvettes at 25 °C. The 

fluorescence intensity of HPTS (λem = 510 nm) at two excitation wavelengths (λex = 460 nm, 

corresponding to the base form of HPTS and λex = 403 nm, corresponding to the acid form of HPTS) 

was recorded. DMSO solutions of the transporters (DMSO volume ≤ 20 µL, in the cases of mixed 

transporters, the DMSO solutions of different transporters were added separately) or DMSO (20 

µL) was added to the lipid solution within the first 2 min, followed by the addition of a solution of 

Gly (30 μL, 2 M Gly in pH 7.4 20 mM HEPES buffer containing 100 mM Na2SO4) if applicable. Each 

experiment was run in triplicate and the data were averaged over three runs.  
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Upon the addition of 1 (1 mol%), the I460 nm / I403 nm value underwent an initial increase followed by 

a slow relaxation (Figure 7.88a and Figure 7.88b). Upon the addition of 2 (100 mol%), the I460 nm / 

I403 nm value underwent a sudden decrease (Figure 7.88c). There changes are due to interference 

with the HPTS fluorescence, induced by 1 (1 mol%) and 2 (100 mol%), respectively, since they 

occur without a transmembrane pH gradient or any concentration gradient potentially able to 

generate a pH gradient. The effect of 2 in decreasing the I460 nm / I403 nm value is also observable in 

Figure 7.88a. Because of the interference, the HPTS fluorescence ratios were not converted to 

internal pH values. Nevertheless, by referring to a reported calibration equation,143 the pH change 

induced by Gly is found always less than 0.05 pH unit. It should be mentioned that this minor 

change in HPTS fluorescence ratio induced by Gly may not indicate a real change in the 

intravesicular pH but may also result from the Gly-transporter interaction that changed the extent 

to which the transporters interfered with the HPTS fluorescence. 

The initial increase of I460 nm / I403 nm value induced by T1 is accompanied by a slow relaxation 

(Figure 7.88a and Figure 7.88b), which is not due to the later addition of T2 or T3 (Figure 7.89a 

black). The observed slow relaxation might result from T1 slowly re-partitioning from the lipid 

bilayer into the aqueous solution since the relaxation was not observed after the vesicles were 

lysed by a detergent (Figure 7.89a red). It is likely that the HPTS fluorescence is perturbed most 

effectively by T1 when T1 partitions in the lipid bilayer, considering the high-surface-area-to-

internal-volume ratio of the LUVs that would increase the “local concentration” of T1 (here the 

concentration is calculated by the amount of T1 present in one vesicle, divided by the volume of 

one vesicle including both the inner aqueous pool and the lipid bilayer), and also the possibility of 

HPTS absorption to the membrane exterior.262 In contrast, if T1 fully partitions in the aqueous 

phase, the interference would be much weaker, since the internal volume of POPC LUVs used 

(diameter 200 nm, lipid concentration 1 mM) is only ~0.67% that of the external volume263 and 

therefore only a small portion of T1 can interact with HPTS. Based on the above hypothesis, the 

percentage of T1 that left the lipid bilayer at 30 min can be estimated by an exponential fit of the 

decay part of the curve assuming first-order kinetics and linear relationship between the I460 nm / 

I403 nm value and the percentage of T1 that partitioned in the lipid bilayer. According to this 

calculation, there would be a 76% loss of T1 in the lipid bilayer 30 min after the addition of T1 to 

the lipid solution. Since the activity of T1 is not affected seriously when the loading of T1 is 

lowered from 1 mol% to 0.2 mol% (Figure 7.68), the kinetic studies using 1 mol% of T1 over the 

course of 30 min should be valid. 
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Figure 7.88 Fluorescence intensity ratio (λex = 460 nm, λem = 510 nm, base form vs λex = 403 nm, λem = 

510 nm, acid form) of HPTS vs time. POPC LUVs (mean diameter 200 nm) were loaded with HPTS (1 

mM) and suspended in an external buffer solution. Both the internal and external solutions contained 

Na2SO4 (100 mM) and HEPES (5 mM) buffered at pH 7.4. DMSO solutions of transporters were added 

to the lipid solution within the first 2 min, followed by the addition of Gly (30 mM) at t = 3 min. The 

changes in HPTS fluorescence ratio due to the addition of a transporter are shown with arrows. 

Transporter loadings are shown as transporter to lipid molar ratios. 
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Figure 7.89 (a) Interference of T1 with the HPTS fluorescence ratio (λex = 460 nm, λem = 510 nm, base 

form vs λex = 403 nm, λem = 510 nm, acid form) when HPTS was entrapped in vesicles (black) or 

dispersed in the solution (red, vesicles were lysed with a detergent before the start). POPC LUVs (mean 

diameter 200 nm) were loaded with HPTS (1 mM) and suspended in an external buffer solution. Both 

the internal and external solutions contained Na2SO4 (100 mM) and HEPES (5 mM) buffered at pH 7.4. 

At time 0, DMSO solutions of T1 (10 μL, 2 mM) was added to the lipid solution. Transporter loadings 

are shown as transporter to lipid molar ratios. (b) First order exponential fit of the decay part of (a) 

black. 
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7.4.9 Calcein leakage assay 

POPC LUVs (mean diameter 200 nm) were prepared as follows. A chloroform solution of POPC 

was evaporated in a round-bottle flask and the lipid film formed was dried under vacuum for at 

least 6 h. The lipid film was hydrated by vortexing with a concentrated Calcein solution (pH 7.4, 20 

mM HEPES, 100 mM Na2SO4, 100 mM Calcein). The lipid solution was subjected to nine 

freeze/thaw cycles and then extruded 25 times through a 200 nm polycarbonate membrane. The 

unentrapped Calcein were removed by by size exclusion chromatography on a Sephadex G-25 

column using a buffer solution as the eluent (pH 7.4, 20 mM HEPES, 150 mM Na2SO4). 

For each run, the LUV stock solution prepared as stated above was added to an external solution 

(pH 7.4, 20 mM HEPES, 150 mM Na2SO4) to a final lipid concentration of 1 mM. The lipid solution 

was stirred and thermostated in a polystyrene cuvette at 25 °C. At 0 min, DMSO solutions of the 

transporters (DMSO volume ≤ 20 µL) or DMSO (20 µL) was added to the lipid solution to start the 

transport, and the fluorescence emission at time t (λex = 495 nm, λem = 515 nm) was recorded over 

30 min. At the end of each experiment, a detergent (20 μl of 0.232 mM octaethylene glycol 

monododecyl ether in 7 : 1 (v : v) H2O/DMSO) was added to lyse the vesicles. Each experiment 

was run in triplicate and the data were averaged over three runs. The fractional fluorescence 

intensity If is calculated using the following equation: 

   
     

       
 

where It is the fluorescence intensity at time t, I0 is the fluorescence intensity at time 0, and Imax is 

the fluorescence intensity after detergent addition. 
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Figure 7.90 Fraction of Calcein leakage with time in the presence of various transporters. POPC LUVs 

(mean diameter 200 nm) loaded with an internal solution of Calcein (100 mM), Na2SO4 (100 mM) and 

HEPES (20 mM) buffered at pH 7.4 were suspended in an external solution of Na2SO4 (150 mM) and 

HEPES (20 mM) buffered at pH 7.4. At time 0, DMSO solutions of transporters or DMSO was added, 

and the fluorescence intensity (λex = 495 nm, λem = 515 nm) was recorded. The fluorescence intensity 

was normalized to a fractional fluorescence intensity by adding a detergent to lyse the vesicles. 

Transporter loadings are shown as transporter to lipid molar ratios. 
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7.4.10 1H NMR study 

A mixture of a CDCl3 solution (0.6 mL) of T2 (10 mM) and an aqueous solution (0.6 mL) of the 

indicated substrates was vortexed for 5 min and then left to stand until phase separation. The 

aqueous phase was removed, and the CDCl3 phase was subject to 1H NMR measurements. 

 

Figure 7.91 
1
H NMR spectra (400 MHz) of CDCl3 solutions of T2 (10 mM) after being treated with an 

aqueous solution of 2 M Gly (a) or 2 M Sar (b). Observed in the spectra are 2 and trace of 3,5-

bis(trifluoromethyl)benzoic acid that results from oxidation of T2. 
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7.5 Supporting information for Chapter 6 

7.5.1 General 

POPC was purchased from Avanti Lipids. Other chemicals were purchased from Sigma-Aldrich, 

Alfa-Aesar, Apollo Scientific or Tokyo Chemical Industry, and used as received. 1H NMR and 13C 

NMR spectra were obtained on a Bruker AVII400 or a Bruker AVIII HD400 NMR spectrometer. 

High resolution mass spectra (HRMS) were were recorded on a Bruker Apex III Fourier Transform 

Mass Spectrometer. Infrared spectra were recorded on a Perkin Elmer Spectrum One FT-IR. 

Fluorescence measurements were performed using a Varian Cary Eclipse Fluorescence 

Spectrophotometer equipped with a stirrer plate and a temperature controller. Compounds A1144 

and A4264 were synthesized by ILK, A7259 and A9227 by MW, A8144 by NB, A15265 by TL, A16266 by AS, 

and A17267 and A18267 by LWJ. A5144 and A10268 were synthesized following reported procedures. 

7.5.2 Compound synthesis and characterization 

Synthesis of A2 

 

A solution of 3,5-bis(trifluoromethyl)phenylisocyanate (0.60 g, 2.4 mmol) and 3,5-

bis(trifluoromethyl)-N-methylaniline (0.57 g, 2.4 mmol, prepared according to a literature 

procedure264) in DCM (7 mL) was stirred overnight. The white precipitate formed was collected by 

filtration and washed with DCM. Yield: 0.79 g (65%); 1H NMR (400 MHz, DMSO-d6): δ = 9.22 (s, 1H), 

8.20 (s, 2H), 8.15 (s, 2H), 7.97 (s, 1H), 7.67 (s, 1H), 3.43 (s, 3H); 13C NMR (101 MHz, DMSO-d6): δ = 

154.08, 145.47, 142.00, 130.99 (q, J = 33.0 Hz), 130.38 (q, J = 32.6 Hz), 126.90, 123.34 (q, J = 272.5 

Hz), 123.12 (q, J = 272.8 Hz), 119.52, 118.88, 114.79, 37.25; HRMS (ES+) m/z: [M+H]+ calculated 

499.0674, found 499.0669. 

Synthesis of A3 

 

3,5-Bis(trifluoromethyl)phenylisocyanate (0.49 g, 1.9 mmol) and aniline (0.18 g, 1.9 mmol) were 

mixed in DCM (20 mL) as a white precipitate formed immediately. The mixture was stirred for 10 

min. The precipitate was collected by filtration and washed with DCM. Yield: 0.60 g (89%); 1H 

NMR (400 MHz, DMSO-d6): δ = 9.39 (s, 1H), 8.99 (s, 1H), 8.13 (s, 2H), 7.64 (s, 1H), 7.48 (dd, J = 8.6, 

1.1 Hz, 2H), 7.30 (dd, J = 8.4, 7.5 Hz, 2H), 7.02 (tt, J = 7.4, 1.1 Hz, 1H). The 1H NMR spectrum is 

consistent with literature data.253 
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Synthesis of A6 

 

Phenylisocyanate (0.36 g, 3.0 mmol) and n-hexylamine (0.30 g, 3.0 mmol) was stirred in DCM (5 

mL) overnight. The solvent was evaporated. The white solid was recrystallized from hexane. Yield: 

0.52 g (79%); 1H NMR (400 MHz, DMSO-d6): δ = 8.35 (s, 1H), 7.36 (d, J = 7.6 Hz, 2H), 7.20 (t, J = 7.9 

Hz, 2H), 6.87 (t, J = 7.3 Hz, 1H), 6.09 (t, J = 5.5 Hz, 1H), 3.05 (td, J = 6.7, 5.9 Hz, 2H), 1.46 – 1.30 (m, 

2H), 1.32 – 1.18 (m, 6H), 0.86 (t, J = 6.7 Hz, 3H). The 1H NMR spectrum is consistent with literature 

data. 

Synthesis of A11 

 

A solution of tris(2-aminoethyl)amine (0.077 g, 0.53 mmol) and n-pentylisothiocyanate (0.21 g, 1.6 

mmol) in DCM (3 mL) was stirred overnight. The solvent was evaporated, resulting in a light 

yellow oil. The residue was immersed in hexane for 24 h as it gradually became a white solid. The 

product was collected by filtration, washed with hexane, and dried under vacuum. Yield: 0.25 g 

(88%); 1H NMR (400 MHz, DMSO-d6): δ = 7.48 (s, 3H), 7.18 (s, 3H), 3.44 (s, 6H), 3.33 (s, 6H), 2.61 (t, 

J = 6.6 Hz, 6H), 1.52 – 1.38 (m, 6H), 1.33 – 1.19 (m, 12H), 0.86 (t, J = 6.9 Hz, 9H); 13C NMR (101 

MHz, DMSO-d6): δ = 181.93, 52.60, 43.45, 41.51, 28.59, 28.39, 21.86, 13.87. HRMS (ES+) m/z: 

[M+H]+ calculated 534.3441, found 534.3451. 
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Synthesis of A12 

 
A solution of tris(2-isothiocyanatoethyl)amine (0.34 g, 1.2 mmol, prepared according to a 

literature procedure269) and tert-pentylamine (0.33 g, 3.8 mmol) in DCM (3 mL) was stirred for 24 

h. The solvent was evaporated. The residue was dissolved in DCM (1 mL) and then hexane (5 mL) 

was added as the product became a yellow sticky oil at the bottom of the flask. The mixture was 

left to stand till complete phase separation. The solvent was carefully poured and discarded. The 

oil was washed with hexane and dried under vacuum as it gradually became a yellow solid. The 

yellow solid was dissolved in hot DCM and left to stand overnight as white solid precipitated, 

which was collected by filtration. Yield: 0.30 g (45%); 1H NMR (400 MHz, DMSO-d6): δ = 7.10 (t, J = 

4.8 Hz, 3H), 6.95 (s, 3H), 3.50 – 3.38 (m, 6H), 2.60 (t, J = 6.7 Hz, 6H), 1.85 (q, J = 7.3 Hz, 6H), 1.33 (s, 

18H), 0.76 (t, J = 7.4 Hz, 9H); 13C NMR (101 MHz, DMSO-d6): δ = 181.27, 54.73, 52.50, 41.04, 32.02, 

26.81, 8.27. HRMS (ES+) m/z: [M+H]+ calculated 534.3441, found 534.3457. 

Synthesis of A13 

 

Phenylisothiocyanate (0.98 g, 7.2 mmol) and ethylenediamine (0.22 g, 3.6 mmol) were mixed in 

DCM (15 mL) as a white precipitate formed immediately. The mixture was stirred for 2 h. The 

precipitate was collected by filtration and washed with DCM. Yield: 1.07 g (90%); 1H NMR (400 

MHz, DMSO): δ = 9.59 (s, 2H), 7.83 (s, 2H), 7.39 (d, J = 7.7 Hz, 4H), 7.32 (t, J = 7.8 Hz, 4H), 7.12 (t, J 

= 7.2 Hz, 2H), 3.69 (s, 4H). The 1H NMR spectrum is consistent with literature data.270 

Synthesis of A14 

 

A solution of phenylisothiocyanate (0.292 g, 2.16 mmol) and 1,5-diaminopentane (0.11 g, 1.08 

mmol) in DCM (10 mL) was stirred overnight. The solvent was evaporated and the solid obtained 

was recrystallized from methanol. Yield: 0.14 g (35%); 1H NMR (400 MHz, DMSO): δ = 9.46 (s, 2H), 

7.75 (s, 2H), 7.39 (dd, J = 8.5, 1.1 Hz, 1H), 7.34 – 7.27 (m, 4H), 7.09 (tt, J = 7.3, 1.0 Hz, 2H), 3.46 (s, 

4H), 1.64 – 1.46 (quint, J = 7.3 Hz, 4H), 1.39 – 1.22 (quint, J = 7.3 Hz, 2H). The 1H NMR spectrum is 

consistent with literature data.271 
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Figure 7.92 
1
H NMR spectra (400 MHz) of A2 in DMSO-d6. 

 

 

Figure 7.93 
13

C NMR spectra (101 MHz) of A2 in DMSO-d6. 
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Figure 7.94 
1
H NMR spectra (400 MHz) of A3 in DMSO-d6. 

 

 

Figure 7.95 
1
H NMR spectra (400 MHz) of A6 in DMSO-d6. 
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Figure 7.96 
1
H NMR spectra (400 MHz) of A11 in DMSO-d6. 

 

 

Figure 7.97 
13

C NMR spectra (101 MHz) of A11 in DMSO-d6. 
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Figure 7.98 
1
H NMR spectra (400 MHz) of A12 in DMSO-d6. 

 

 

Figure 7.99 
13

C NMR spectra (101 MHz) of A12 in DMSO-d6. 
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Figure 7.100 
1
H NMR spectra (400 MHz) of A13 in DMSO-d6. 

 

 

Figure 7.101 
1
H NMR spectra (400 MHz) of A14 in DMSO-d6.  
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7.5.3 NMR binding studies 

7.5.3.1 Binding constant determination 

11H NMR binding studies were conducted to evaluate the affinity of A13 and A14 for chloride. To 

a solution of the host (10 mM) in DMSO-d6/0.5% H2O were added aliquots of a solution containing 

TBACl (0.5 M) and the host (10 mM) in DMSO-d6/0.5% H2O, and 1H NMR spectra were recorded, 

which show downfield shift of both thiourea NH proton resonances with increasing concentration 

of TBACl. Binding isotherms were obtained by plotting the chemical shift of two thiourea NH 

protons against concentration of TBACl. For both A13 and A14, the addition of TBACl leads to 

initial sharpening of one of the thiourea NH proton peaks followed by broadening with higher 

concentration of TBACl (Figure 7.102 and Figure 7.104). This is indicative of stepwise binding of 

chloride.272 The binding isotherms were therefore fitted according to the 1:2 (host to guest) 

binding model,273 using global fitting with both NH proton signals. Data fit was performed using an 

online tool ( www.supramolecular.org). 
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Figure 7.102 
1
H NMR spectra of A13 (10 mM) with increasing concentration of TBACl in DMSO-d6 

containing 0.5% (v%) H2O at 293 K. 
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Figure 7.103 Chemical shifts of two thiourea NH protons of A13 (10 mM) with increasing 

concentration of TBACl in DMSO-d6 containing 0.5% (v%) H2O at 293 K. The data were fitted to a 1:2 

(host to guest) binding model, giving K1 = 151 M
-1

, and K2 = 3.42 M
-1

. 
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Figure 7.104 
1
H NMR spectra of A14 (10 mM) with increasing concentration of TBACl in DMSO-d6 

containing 0.5% (v%) H2O at 293 K. 
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Figure 7.105 Chemical shifts of two thiourea NH protons of A14 (10 mM) with increasing 

concentration of TBACl in DMSO-d6 containing 0.5% (v%) H2O at 293 K. The data were fitted to a 1:2 

(host to guest) binding model, giving K1 = 535 M
-1

, and K2 = 6.16 M
-1

. 
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7.5.3.2 Interaction of A2 with TBACl 

To investigate the existence of possible CH hydrogen bond between the N–CH3 group of A2 and 

chloride, the 1H NMR spectra of A2 (10 mM) in CDCl3 were recorded in the absence and presence 

of TBACl (50 mM). Figure 7.106 shows the downfield shift of N–CH3 resonance upon the addition 

of TBACl, supporting involvement of weak C–H···Cl− hydrogen bonding. 

 

Figure 7.106 
1
H NMR spectra of A2 (10 mM) in the absence and presence of TBACl (50 mM) in 

CDCl3 at 293 K. 
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7.5.4 pKa determination 

Potentiometric titration methods were employed to determine pKa values of A4, A5 and A10. To a 

solution of the tested compound (~1 mM) in acetonitrile/H2O (9:1, v:v, with 0.1 M TBAPF6) was 

added increments of TBAOH (using a 0.125 M solution in the same solvent mixture), and the pH of 

the solution was recorded after each addition. The equivalence point (where the concentration of 

the compound tested equals that of TBAOH) was determined by finding the point where the 

second derivative of pH vs VTBAOH passes through zero, and the pKa value was the pH 

corresponding to the half-equivalence point. 
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Figure 7.107 Determination of pKa of A4 by potentiometric titration in acetonitrile/H2O (9:1, v:v, with 

0.1 M TBAPF6). 
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Figure 7.108 Determination of pKa of A5 by potentiometric titration in acetonitrile/H2O (9:1, v:v, with 

0.1 M TBAPF6). 
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Figure 7.109 Determination of pKa of A10 by potentiometric titration in acetonitrile/H2O (9:1, v:v, with 

0.1 M TBAPF6). 

7.5.5 Computation studies 

The electrostatic potential at nucleus RA is given by the following equation:255 

   
 ∑

  

|     |
    

 ∫
    

|    |
   

The structures of A1-A6 were initially optimized by semi-empirical PM6 methods,274 starting with 

the syn conformation. The EPN values were then calculated using DFT at the B3LYP/6-

311++G(d,p)275 level of theory with the SMD276 water solvation model. All calculations were 

performed using the Gaussian 09 software package, revision B.01.277 

The structures of chloride complexes of A13 and A14 were optimized with semi-empirical PM6 

methods.274. All calculations were performed using the Gaussian 09 software package, revision 

B.01.277 
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7.5.6 X-ray crystallography 

(This section was contributed by ENWH) 

Single crystals of TEACl complex of A12 were obtained by slow diffusion of diethyl ether into a 

DCM solution of A12 in the presence of TEACl. The X-ray diffraction data was collected on a 

Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn724+ detector 

mounted at the window of an FR-E+ Superbright MoKα (λ=0.71075 Å) rotating anode generator 

with HF Varimax optics, using the CrystalClear-SM Expert 3.1 b27 (Rigaku, 2013) software. Data 

set was collected at 100 K using an Oxford Cryostream low temperature device. Data reduction 

and cell refinement was carried out using CrysAlisPro (Version 1.171.37.31, Agilent Technologies). 

The structure was solved by direct methods as implemented in SHELXT278 and refined by full-

matrix least-squares refinements using SHELXL279 to the final R value, carried out using the OLEX2 

(Version 1.2.7) software280. All non-hydrogen atoms were refined with anisotropic displacement 

parameters. Most hydrogen atoms were added at calculated positions and refined using a riding 

model with isotropic displacement parameters based on the equivalent isotropic displacement 

parameters (Ueq) of the parent atom. The hydrogen atoms on the nitrogen atoms were assigned 

manually from the observed electron density peaks and refined with isotropic displacement 

parameters. C1, C9 and C17 are disordered over two positions; as such these atoms were refined 

with EADP constraint anisotropically, with occupancies of 0.78 and 0.22 respectively. 

Crystal data for A12·TEACl complex: C24H51N7S3·C8H20NCl, crystal size = 0.06 × 0.05 × 0.04 mm3, 

clear colourless block, monoclinic, space group: P 21/c, a = 10.6344(3) Å, b = 35.5597(7) Å, c = 

10.6467(3) Å, α = 90°, β = 106.039(3)°, γ = 90°, V = 3869.39 Å3, Z = 4, R1 = 4.03%. The CIF has been 

deposited in the Cambridge Crystallographic Database Centre (CCDC number 1431251). 

 
Figure 7.110 Crystal structure of A12·TEACl complex with thermal ellipsoids shown at 50% 

probability at 100 K. Non-hydrogen bonding hydrogen atoms are omitted for clarity. Atom colours: C 

(gray), H (white), N (blue), S (yellow), and Cl (green). 
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7.5.7 HPTS assays 

7.5.7.1 General 

Base-pulse HPTS assays182 were conducted using POPC LUVs (mean diameter 200 nm) loaded with 

the pH sensitive fluorescence dye HPTS (1 mM). The HPTS-loaded POPC LUVs were prepared as 

follows. A chloroform solution of POPC was evaporated in a round-bottle flask and the lipid film 

formed was dried under vacuum for at least 6 h. The lipid film was hydrated by vortexing with a 

HPTS (1 mM) containing internal solution. The lipid solution was subjected to nine freeze/thaw 

cycles and then extruded 25 times through a 200 nm polycarbonate membrane. The unentrapped 

HPTS was removed by size exclusion chromatography on a Sephadex G-25 column using a HPTS- 

free external solution as the eluent. 

The internal and external solutions used are identical salt solution (sodium gluconate, NMDG-Cl, 

(NMDG)2SO4, potassium gluconate or KCl, depending on the assay) buffered with 10 mM HEPES at 

pH 7.0 (except that the external solution does not contain HPTS). For each measurement, a 

concentrated vesicle stock solution (lipid concentration ~10 mM) was diluted using the external 

solution to obtain a 2 mL solution containing 0.1 mM of lipid. To this solution was added a base 

pulse (20 μL of 0.5 M TBAOH, NaOH, KOH or NMDG, depending on the assay, final base 

concentration 5 mM) to generate a transmembrane pH gradient. At the beginning of each 

measurement, 10 μL of a DMSO solution (except in the cases of trihexylamine and iodine where 

ethanol and acetonitrile solutions were used, respectively) of the tested carrier were added, and 

the ratiometric fluorescence of HPTS (λex = 460 nm, λem = 510 nm, base form divided by λex = 403 

nm, λem = 510 nm, acid form) was recorded. In the cases when an assisting ionophore (gramicidin 

D, CCCP or valinomycin) was used, the assisting ionophore (as a 4 μL DMSO solution except in the 

case of experiments with iodine where a 4 μL acetonitrile solution was used) was added to the 

vesicle solution after the addition of base pulse and prior to the addition of the tested carrier. At 

200 s, a detergent (20 μL of 11% (w%) Triton X-100 in 7 : 1 (v/v) H2O-DMSO) was added to destroy 

the pH gradient for calibration. The results are the average over at least two repeats. The 

fractional fluorescence intensity (If) is calculated using the following equation: 

   
     

     
 

where Rt is the fluorescence ratio at time t, R0 is the fluorescence ratio at time 0, and Rd is the 

fluorescence ratio after detergent addition. 

In some assays, Hill plot analyses were performed with the tested carrier loaded at different 

concentrations. The fractional fluorescence intensity If  at 200s was plotted as a function of the 

compound concentration. Hill coefficients (n) and EC50 (200 s) values were calculated by fitting the 

curves to the following equation: 
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where y is If  (200 s) value with the carrier loaded at concentration x, y0 is If  (200 s) value obtained 

without the carrier, ymax is the maximum If value, n is the Hill coefficient, and K is the EC50 (200 s) 

value. The carrier concentration is expressed as carrier to lipid molar ratio. 

7.5.7.2 TBAOH assay 

7.5.7.2.1 Method 

Conditions: Internal and external solutions (excluding HPTS): 100 mM sodium gluconate, buffered 

at pH 7.0 with 10 mM HEPES; Base pulse: 5 mM TBAOH. 

Rationale: This assay is intended to evaluate the activity of the tested compound in facilitating 

electrogenic H+/OH− transport. In the presence of membrane permeable TBA+ ion, the tested 

compound only needs to facilitate electrogenic H+/OH− transport to dissipate the pH gradient. As 

no Cl− or other transportable anions are present, a carrier that cannot facilitate electrogenic 

transport of H+/OH− (but only facilitates electroneutral H+/Cl− symport or Cl−/OH− antiport) cannot 

couple to electrogenic diffusion of TBA+ and therefore gives no response in this assay. 

7.5.7.2.2 Hill plots 
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Figure 7.111 Hill plot analyses of electrogenic H
+
/OH

−
 transport facilitated by compounds A1-A6 and 

CCCP using TBAOH assay. Carrier concentrations are shown as carrier to lipid molar ratios. Error bars 

represent SD from two or three repeats. 
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Prodigiosin was found to significantly interfere with HPTS fluorescence above 1 mol%. Refer to 

Figure 7.112b in which an increase of I460/I406 was observed even without the base pulse to 

generate a pH gradient, and therefore the prodigiosin-induced HPTS response observed in Figure 

7.112a arises from interference instead of from ion transport. Since prodigiosin can facilitate 

H+/Cl− symport at lower loadings (EC50 = 0.000059 mol% in NMDG-Cl assay) while no electrogenic 

H+/OH− transport even at 1 mol% loading, its effect is hence confirmed to be electrically silent. 
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Figure 7.112 (a) Normalized HPTS response induced by prodigiosin in TBAOH assay. (b) Ratiometric 

HPTS response (λem = 510 nm, λex = 460/403 nm) induced by prodigiosin (1 mol%) in the absence and 

presence of TBAOH (5 mM) pulse. Carrier concentrations are shown as carrier to lipid molar ratios. 

Error bars represent SD from two or three repeats. 

 

Table 7.1 Hill plot analyses of anionophores A1-A6, prodigiosin (Prod), and CCCP in the TBAOH 

assay. Hill coefficients (n) and effective concentrations to reach 50% transport at 200 s (EC50) were 

obtained by fitting the If (200 s) vs carrier concentration curve to the Hill equation. Carrier 

concentrations are shown as carrier to lipid molar ratios. 

 n EC50 (mol%) 

A1 0.90 ± 0.06 0.065 ± 0.005 

A2 1.9 ± 0.5 0.83 ± 0.11 

A3 1.5 ± 0.2 0.26 ± 0.02 

A4 0.92 ± 0.04 0.014 ± 0.001 

A5 1.1 ± 0.1 0.013 ± 0.001 

A6 2.9 ± 0.4 12 ± 0.6 

Prodigiosin -
a
 > 1

a
 

CCCP 1.0 ± 0.0 0.0054 ± 0.0003 

a 
No transport at 1 mol% loading. Higher loadings not tested due to interference with HPTS 

fluorescence. 
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7.5.7.2.3 Control experiments 

NaOH pulse 

To rule out other processes that may lead to HPTS response, including Na+/H+ antiport, Na+/OH− 

symport, gluconate/OH− antiport, gluconate/H+ symport, HPTS leakage, membrane instability and 

carrier interference with HPTS fluorescence, NaOH instead of TBAOH was used as the base pulse, 

and carrier-induced HPTS response was recorded, with the other conditions kept the same as in 

the TBAOH assay. The results show that in the absence of TBA+, the HPTS response was negligible 

or minor compared to when TBA+ was used, confirming that any of the abovementioned 

processes is negligible or insignificant. 

Conditions: Internal and external solution (excluding HPTS): 100 mM sodium gluconate, buffered 

at pH 7.0 with 10 mM HEPES; Base pulse: 5 mM NaOH. 
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Figure 7.113 Control experiments for TBAOH assay. NaOH (5 mM) instead of TBAOH was used as 

the base pulse, and the results were compared to those obtained using TBAOH (5 mM) as the base pulse. 

Carrier concentrations are shown as carrier to lipid molar ratios. The same DMSO controls are used in 

all figures. Error bars represent SD from two or three repeats. 
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Effect of buffer agent 

Another possibility that may lead to dissipation of the pH gradient in TBAOH assay is TBA+/HEPES- 

symport. This cannot be excluded using the NaOH pulse control experiment described above. To 

examine this possibility, TBAOH assay was conducted with the external buffer agent changed to 

phosphate salts, with A1 and A6 tested as representative examples. In this case, apart from the 

assumed process TBA+/H+ antiport (or TBA+/OH− symport) and other processes that have already 

been ruled out, the only available pathways to dissipate the pH gradient are TBA+/HPO4
2- symport 

and TBA+/PO4
3- symport. Transport of basic phosphate species including HPO4

2- and PO4
3- is less 

likely than HEPES-- transport due to their high hydrophilicity. If the dissipation of the pH gradient 

observed in the TBAOH assay is due to TBA+/HEPES- symport, the rate of transport will decrease 

when the external buffer agent is changed from HEPES to phosphate. The results show no 

influence by change of the external buffer agent, indicating buffer agent transport unlikely. Refer 

to Section 7.5.9.1 for unambiguous evidence of H+/OH− transport that rules out buffer agent 

transport. 

Conditions: Internal solution: 1 mM HPTS, 100 mM sodium gluconate, buffered at pH 7.0 with 10 

mM HEPES; External solution: 100 mM sodium gluconate, buffered at pH 7.0 with 14 mM sodium 

phosphate salts; Base pulse: 5 mM TBAOH. 
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Figure 7.114 Effect of external buffer agent on HPTS response induced by A1 (0.2 mol%) or A6 (20 

mol%) in TBAOH assay. Carrier concentrations are shown as carrier to lipid molar ratios. The same 

DMSO controls are used in both figures. Error bars represent SD from two or three repeats. 
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7.5.7.3 NMDG-Cl assay 

7.5.7.3.1 Method 

Conditions: Internal and external solutions (excluding HPTS): 100 mM NMDG-Cl, buffered at pH 

7.0 with 10 mM HEPES; Base pulse: 5 mM NMDG. 

Rationale: This assay is intended to evaluate the chloride transport activity and Cl− > H+/OH− 

selectivity of the tested compound. The pH gradient after addition of NMDG (5 mM) can be 

dissipated by H+/Cl− symport or functionally equivalent Cl−/OH− antiport. The effect of proton 

channel gramicidin D (0.1 mol%) on the rate of pH gradient dissipation induced by the tested 

carrier is monitored. If H+/OH− transport is the rate-limiting process in H+/Cl− symport or Cl−/OH− 

antiport, i.e., the carrier shows Cl− > H+/OH− selectivity, the HPTS response will be accelerated by 

gramidicin that facilities electrogenic proton transport. Conversely, if H+/OH− transport is faster 

than Cl− transport, the rate of HPTS response will be unaffected by gramidicin. The ratio between 

EC50 values obtained in the absence and presence of gramicidin (S-value shown in Table 7.2) is 

used to quantify the Cl− > H+/OH− selectivity. The EC50 value obtained in the presence of 

gramicidin is used to evaluate chloride transport activity, as under this condition the tested carrier 

only needs to facilitate chloride transport to dissipate the pH gradient with proton permeation 

facilitated by gramicidin channel. Note that the background change in HPTS fluorescence is due to 

simple diffusion of neutral form of NMDG that slowly dissipates the pH gradient. Control 

experiments with (NMDG)2SO4 (Figure 7.116) show that none of the tested anionophores 

accelerated this process. 

7.5.7.3.2 Hill plots 
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A13 was too inactive for performing Hill plot analysis. However the transport rates in the absence 

and presence of gramicidin are the same. Therefore A13 shows no Cl− > H+/OH− selectivity. 
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In the absence of gramidicin, A17 was too inactive for performing Hill plot analysis in the NMDG-

Cl assay.  
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CCCP facilitates no observable chloride transport even at 100 mol% loading.  

Figure 7.115 Hill plot analyses of H
+
/Cl

−
 symport or Cl

−
/OH

−
 antiport facilitated by compounds A1-

A18, trihexylamine (Hex3N), iodine (I2), prodigiosin (Prod), MnTPPCl and CCCP in the absence and 

presence of proton channel gramicidin D (0.1 mol%). Carrier concentrations are shown as carrier to 

lipid molar ratios. Error bars represent SD from two or three repeats. 
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Table 7.2 Hill plot analyses of anionophores A1-A18, trihexylamine (Hex3N), iodine (I2), prodigiosin 

(Prod), and MnTPP in the NMDG-Cl assay in the absence and presence of proton channel gramicidin D 

(Gra). Hill coefficients (n) and effective concentrations to reach 50% transport at 200 s (EC50) were 

obtained by fitting the If (200 s)-carrier concentration curve to the Hill equation. Cl
−
 > H

+
/OH

−
 

selectivity (S) is quantified by the EC50 in the absence of Gra divided by EC50 in the presence of Gra. 

An S-value of 1 indicates that H
+
/OH

−
 transport is faster than Cl

−
 transport, i.e., no selectivity. Carrier 

concentrations are shown as carrier to lipid molar ratios. 

 without Gra with Gra (0.1 mol%) 
Selectivity (S) 

 n EC50 / mol% n EC50 / mol% 

1 1.4 ± 0.1 0.046 ± 0.003 1.4 ± 0.1 0.043 ± 0.002 1.1  

2 2.4 ± 0.1 0.61 ± 0.02 1.9 ± 0.1 0.29 ± 0.01 2.1  

3 2.3 ± 0.2 0.16 ± 0.01 2 ± 0.2 0.11 ± 0.01 1.4  

4 1.2 ± 0.1 0.015± 0.001 1.2 ± 0.1 0.015 ± 0.001 1.0  

5 1.9 ± 0.1 0.26 ± 0.01 1.8 ± 0.1 0.33 ±  0.01 0.8  

6 3.2 ± 0.7 20 ± 1 3.1 ± 0.5 13 ± 1 1.5  

7 2.5 ± 0.2 7.9 ± 0.3 2.7 ± 0.3 5.9 ± 0.2 1.3  

8 1.3 ± 0.1 0.00074 ± 0.00005 1.3 ± 0.1 0.00085 ± 0.00004 0.9  

9 1.3 ± 0.1 0.042 ± 0.004 1.1 ± 0.1 0.0030 ± 0.0002 14  

10 1.2 ± 0.1 0.0011 ± 0.0000 1.2 ± 0.1 0.0012 ± 0.0001 0.9  

11 1.3 ± 0.2 0.11 ± 0.01 1.3 ± 0.1 0.0029 ± 0.0002 39  

12 1.2 ± 0.1 0.067 ± 0.004 1.4 ± 0.1 0.00086 ± 0.00004 78  

13 - too inactive - too inactive ~1
a
 

14 1.2 ± 0.1 9.5 ± 1.0 1.0 ± 0.0 1.3 ± 0.0 7.4  

15 1.5 ± 0.2 0.25 ± 0.02 1.2 ± 0.1 0.077 ± 0.005 3.3  

16 1.3 ± 0.1 0.016 ± 0.002 1.4 ± 0.2 0.017 ± 0.002 0.9  

17 - too inactive 0.88 ± 0.07 0.089 ± 0.008 -
b
 

18 1.4 ± 0.1 0.18 ± 0.01 1.2 ± 0.1 0.0017 ± 0.0001 100  

Hex3N 1.1 ± 0.0 0.026 ± 0.001 1.1 ± 0.1 0.023 ± 0.001 1.1  

I2 1.6 ± 0.2 6.9 ± 0.7 1.5 ± 0.2 6.1 ± 0.5 1.1  

Prod 1.4 ± 0.2 0.000061 ± 0.000006 1.3 ± 0.1 0.000059 ± 0.000005 1.0  

MnTPPCl 1.1 ± 0.0 0.0051 ± 0.0002 1.2 ± 0.1 0.0045 ± 0.0003 1.1  

a
 Too inactive for Hill plot analysis. A single-concentration comparison shows no selectivity. 

b 
No S-value given because without gramicidin 17 was too inactive for Hill plot analysis. This indicates 

a very high Cl
−
 > H

+
/OH

−
 selectivity that cannot be quantified by this method. 

7.5.7.3.3 Control experiments 

To rule out the tested carriers facilitating other processes that may lead to HPTS response, 

including NMDG+/H+ antiport, NMDG+/OH− symport, transport of neutral NMDG, HPTS leakage, 

membrane instability and carrier interference with HPTS fluorescence, NMDG-Cl was replaced by 

(NMDG)2SO4, and carrier-induced HPTS response was recorded, with the other conditions kept 

the same as in the NMDG-Cl assay. Due to the hydrophilicity of sulfate, facilitation of sulfate 

transport is unlikely or would require a much higher carrier concentration228, and therefore 

sulfate ion has been used by us as a negative control for chloride transport. The results show that 
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with (NMDG)2SO4 the HPTS response was negligible compared to when NMDG-Cl was used, 

confirming that the results obtained with the NMDG-Cl assay are due to chloride transport. 

Conditions: Internal and external solution (excluding HPTS): 50 mM (NMDG)2SO4, buffered at pH 

7.0 with 10 mM HEPES; Base pulse: 5 mM NMDG. 
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Figure 7.116 Control experiments for NMDG-Cl assay. (NMDG)2SO4 (50 mM) instead of NMDG-Cl 

was used as the salt component, and the results were compared with those obtained using NMDG-Cl 

(100 mM) as the salt component. Carrier concentrations are shown as carrier to lipid molar ratios. Error 

bars represent SD from two or three repeats. 
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7.5.8 ISE assays 

7.5.8.1 Cl−/NO3
− exchange – pH dependence 

POPC LUVs (mean diameter 200 nm) with internal NaCl and external NaNO3 were prepared as 

follows. A chloroform solution of POPC was evaporated in a round-bottle flask and the lipid film 

formed was dried under vacuum for at least 6 h. The lipid film was hydrated by vortexing with a 

buffered internal solution containing NaCl. The lipid solution was subjected to nine freeze/thaw 

cycles and then extruded 25 times through a 200 nm polycarbonate membrane. The vesicles were 

dialysed against a buffered external solution containing NaNO3 for at least 2 h to exchange 

external Cl− for NO3
−. The lipid solution obtained after dialysis was diluted to 10 mL with the 

external solution using a volumetric flask to obtain a lipid stock solution with known lipid 

concentration. 

For each measurement, the lipid stock solution was diluted with the external solution to obtain a 

5 mL solution containing 1 mM of lipid. At the beginning of each measurement, 25 μL of a DMSO 

solution (except in the case of trihexylamine where 25 μL of an ethanol solution was used) of the 

tested carrier was added to the vesicle solution, and the external chloride concentration was 

monitored by a chloride-selective electrode. At 5 min, a detergent (50 μL of 11% (w%) Triton X-

100 in 7 : 1 (v/v) H2O-DMSO) was added to lyse the vesicles and release all chloride to calibrate to 

100% chloride efflux. The results were averaged over at least three repeats. 

Conditions for tests at different pH:  

pH 4.5: Internal solution: 488 mM NaCl, buffered at pH 4.5 with 5 mM citrate; External solution: 

488 mM NaNO3, buffered at pH 4.5 with 5 mM citrate. 

pH 7.2: Internal solution: 487 mM NaCl, buffered at pH 7.2 with 5 mM phosphate; External 

solution: 487 mM NaNO3, buffered at pH 7.2 with 5 mM phosphate. 

pH 11.5: Internal solution: 497 mM NaCl, “buffered” at pH 11.5 with ~3 mM NaOH; External 

solution: 497 mM NaNO3, “buffered” at pH 11.5 with ~3 mM NaOH. 
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7.5.8.2 NH4Cl efflux 

This is an independent assay for Cl− > H+/OH− selectivity, used here to support the results of the 

HPTS-based NMDG-Cl-gramicidin assay (Section 7.5.7.3). Carrier-facilitated chloride efflux was 

measured from vesicles loaded with NH4Cl (300 mM) and Na2SO4 (200 mM) suspended in an 

external Na2SO4 (200 mM) solution. This is an alternative assay for H+/Cl− symport or Cl−/OH− 

antiport, but measures a larger chloride flux (300 mM) compared to the chloride flux required in 

the HPTS assay (5 mM) to reach equilibrium. The pH gradient generated by carrier-facilitated 

H+/Cl− symport or Cl−/OH− antiport will be compensated by simple diffusion of basic neutral 

molecule NH3 that exists in equilibrium with NH4
+ ion, leading to formal NH4Cl efflux and allowing 

chloride efflux to complete. Kinetics of chloride efflux induced by an anion carrier was recorded in 

the absence and presence of protonophore CCCP. Here gramidicin cannot be used due to its 

ability to facilitate NH4
+ transport. Enhanced rate of NH4Cl flux induced by CCCP can indicate Cl− > 

H+/OH− selectivity, similarly to enhanced rate of pH gradient dissipation induced by gramicidin in 

the NMDG-Cl-gramicidin assay. The rationale of using NH4Cl here is similar to the use of potassium 

acetate in studying swelling of mitochondria induced by cationophores and protonophores.199  

 
Figure 7.117 Schematic representation of NH4Cl efflux assay for evaluating Cl

−
 > H

+
/OH

−
 selectivity 

of anionophores. H
+
/Cl

−
 symport or Cl

−
/OH

−
 antiport (facilitated by ionophores) couples to simple 

diffusion of NH3, leading to formal NH4Cl flux. NH4Cl efflux can be measured using a chloride 

selective electrode, or by monitoring light scattering intensity based on osmotic shrinkage of vesicles. In 

the absence of protonophore CCCP (left), the tested carrier needs to facilitate H
+
/Cl

−
 symport or 

Cl
−
/OH

−
 antiport to induce net NH4Cl flux. In the presence of CCCP that facilitates H

+
 transport, the 

tested carrier only needs to facilitate Cl
−
 transport to induce net NH4Cl flux. If H

+
/OH

−
 transport is rate-

limiting with the tested carrier alone (i.e. if the tested carrier shows Cl
−
 > H

+
/OH

−
 selectivity), CCCP 

will improve the rate-limiting step and thereby accelerate the rate of NH4Cl efflux. Buffer agent 

(HEPES) and the salt (Na2SO4 in the ISE assay and NMDG-Glu in the osmotic response assay) used to 

balance the internal and external osmotic concentrations are omitted for clarity. 

The results (Figure 7.118) show that chloride efflux facilitated by A12 and A18 was dramatically 

enhanced by CCCP, supporting the conclusion that A12 and A12 show Cl− > H+/OH− selectivity. 

Experimental details and results are given below: 
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POPC LUVs (mean diameter 200 nm) with internal NH4Cl−Na2SO4 and external Na2SO4 were 

prepared as follows. A chloroform solution of POPC was evaporated in a round-bottle flask and 

the lipid film formed was dried under vacuum for at least 6 h. The lipid film was hydrated by 

vortexing with an internal solution containing NH4Cl (300 mM) and Na2SO4 (200 mM), buffered at 

pH 7.4 with 5 mM HEPES. The lipid solution was subjected to nine freeze/thaw cycles and then 

extruded 25 times through a 200 nm polycarbonate membrane. The vesicles were dialysed 

against an isotonic solution of Na2SO4 (400 mM) buffered at pH 7.4 with 5 mM HEPES for at least 2 

h to remove external Cl− for SO4
2-. The lipid solution obtained directly after dialysis was used as 

the stock solution, with the lipid concentration calculated after measuring the volume of the lipid 

solution. 

For each measurement, the lipid stock solution was diluted with an external solution containing 

Na2SO4 (200 mM) buffered at pH 7.4 with 5 mM HEPES, to obtain a 5 mL solution containing 1 mM 

of lipid. At the beginning of each measurement, 25 μL of a DMSO solution of the tested carrier 

was added to the vesicle solution, and the external chloride concentration was monitored by a 

chloride-selective electrode. When CCCP was used, 10 μL of a 0.5 mM DMSO solution of CCCP was 

added to the vesicle solution prior to the addition of the tested carrier. At 5 min, a detergent (50 

μL of 11% (w%) Triton X-100 in 7 : 1 (v/v) H2O-DMSO) was added to lyse the vesicles and release 

all chloride to calibrate to 100% chloride efflux. The results were averaged over at least two 

repeats. 

Conditions: Internal solution: 300 mM NH4Cl, 200 mM Na2SO4, buffered at pH 7.4 with 5 mM 

HEPES; External solution: 200 mM Na2SO4, buffered at pH 7.4 with 5 mM HEPES. 
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Figure 7.118 Effect of CCCP (0.1 mol%) on chloride efflux (measured using a chloride selective 

electrode) facilitated by A12 (0.5 mol%) and A18 (0.5 mol%) from POPC LUVs (mean diameter 200 

nm) loaded with NH4Cl (300 mM) and Na2SO4 (200 mM) suspended in a Na2SO4 (200 mM) solution 

buffered at pH 7.4 with 5 mM HEPES. Carrier concentrations are shown as carrier to lipid molar ratios. 

Error bars represent SD from two or three repeats. 
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7.5.8.3 KCl efflux – ionophore couplings 

This is an independent assay that can evaluate Cl− > H+/OH− selectivity under protonophore-free 

conditions and distinguish between electroneutral and electrogenic anionophores. Carrier-

facilitated chloride efflux was measured from vesicles loaded with KCl (300 mM) and K2SO4 (200 

mM) suspended in an external K2SO4 (200 mM) solution. Combinations of a cationophore and an 

anionophore were tested, in which valinomycin (an electrogenic K+ carrier) or monensin (an 

electroneutral K+/H+ exchanger) was used as the cationophore component. The anionophore-

facilitated chloride transport that couples to valinomycin-facilitated K+ transport is electrogenic Cl− 

transport, whereas the anionophore-facilitated chloride transport that couples to monensin-

facilitated K+/H+ antiport is H+/Cl− symport or Cl−/OH− antiport, as discussed in the Chapter 6. The 

results are shown in Figures 6.16 and 6.24. Experimental details are given below: 

POPC LUVs (mean diameter 200 nm) with internal KCl−K2SO4 and external K2SO4 were prepared as 

follows. A chloroform solution of POPC was evaporated in a round-bottle flask and the lipid film 

formed was dried under vacuum for at least 6 h. The lipid film was hydrated by vortexing with an 

internal solution containing KCl (300 mM) and K2SO4 (200 mM), buffered at pH 7.4 with 5 mM 

HEPES. The lipid solution was subjected to nine freeze/thaw cycles and then extruded 25 times 

through a 200 nm polycarbonate membrane. The vesicles were dialysed against an isotonic 

solution of K2SO4 (400 mM) buffered at pH 7.4 with 5 mM HEPES for at least 2 h to exchange 

external Cl− for SO4
2-. The lipid solution obtained directly after dialysis was used as the stock 

solution, with the lipid concentration calculated after measuring the volume of the lipid solution. 

For each measurement, the lipid stock solution was diluted with an external solution containing 

K2SO4 (200 mM) buffered at pH 7.4 with 5 mM HEPES, to obtain a 5 mL solution containing 1 mM 

of lipid. At the beginning of each measurement, 25 μL of a DMSO solution of the tested 

anionophore was added to the vesicle solution, and the external chloride concentration was 

monitored by a chloride-selective electrode. When a cationophore (valinomycin or monensin) was 

used, 10 μL of a 0.5 mM DMSO solution of the cationophore was added to the vesicle solution 

prior to the addition of the tested anionophore. At 5 min, a detergent (50 μL of 11% (w%) Triton 

X-100 in 7 : 1 (v/v) H2O-DMSO) was added to lyse the vesicles and release all chloride to calibrate 

to 100% chloride efflux. The results were averaged over at least two repeats. 

Conditions: 

Internal solution: 300 mM KCl, 200 mM K2SO4, buffered at pH 7.4 with 5 mM HEPES; External 

solution: 200 mM K2SO4, buffered at pH 7.4 with 5 mM HEPES. 
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7.5.9 Osmotic response assays 

7.5.9.1 KCl efflux – evidence of H+/OH− transport 

This assay (under buffer agent-free conditions) was conducted to provide unambiguous evidence 

that synthetic anionophores can facilitate H+/OH− transport. Carrier-facilitated KCl efflux was 

measured from vesicles loaded with KCl (300 mM) and suspended in an external potassium 

gluconate (300 mM) solution. KCl efflux is followed by water efflux due to the osmotic pressure, 

leading to vesicle shrinkage and an increase in 90° light scattering intensity which can be 

monitored using a fluorimeter.177  

Anionophores were tested in combination with monensin. Anionophore-facilitated H+/Cl− symport 

or Cl−/OH− antiport couples to monensin-facilitated K+/H+ antiport, leading to formal KCl efflux. In 

this assay, buffer agent transport, which may contribute to pH gradient dissipation in HPTS assays, 

is excluded as no buffer agent is used. The results (Figure 7.120) show that all tested 

anionophores (A1, A2 and A3) induced KCl efflux only in the presence of monensin. No KCl flux 

was observed without monensin, indicating that possible K+/Cl− symport facilitated by the tested 

anionophores is non-existing or negligible. These results confirm that synthetic aninophores do 

facilitate H+/OH− transport. 

 

Figure 7.119 Anionophore-facilitated H
+
/Cl

−
 symport or Cl

−
/OH

−
 antiport coupling to monensin (Mon) 

facilitated K
+
/H

+
 antiport, leading to net KCl efflux. No buffer agent was used. Na2SO4 used to balance 

the internal and external osmotic concentrations is omitted for clarity. 

Experimental details and results are given below: 

POPC LUVs (mean diameter 400 nm) loaded with KCl were prepared as follows. A chloroform 

solution of POPC was evaporated in a round-bottle flask and the lipid film formed was dried under 

vacuum for at least 6 h. The lipid film was hydrated by vortexing with an internal solution of KCl 

(300 mM). The lipid solution was subjected to nine freeze/thaw cycles and then extruded 25 times 

through a 400 nm polycarbonate membrane to obtain a lipid stock solution. Removal of external 

KCl is not necessary. 

For each measurement, the lipid stock solution was diluted with an isotonic external solution of 

potassium gluconate (300 mM) to obtain a 2 mL solution containing 0.4 mM of lipid. At the 

beginning of each measurement, 10 μL of a DMSO solution of the tested carrier was added to the 
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vesicle solution, and the 90° light scattering intensity at 600 nm was monitored by a fluorimeter. 

When monensin was used, 4 μL of a 0.2 mM DMSO solution of monensin was added to the vesicle 

solution prior to the addition of the tested carrier. At 10 min, prodigiosin (4 μL of a 2 mM DMSO 

solution) and monensin (if monensin was not added previously, 4 μL of a 2 mM DMSO solution) 

were added to calibrate the light scattering intensity to 100% KCl efflux. The results were 

averaged over at least three repeats. The fractional light scattering intensity (If) is calculated using 

the following equation182: 

   
     
     

 

where It is the light scattering intensity at time t, I0 is the light scattering intensity at time 0, and Ip 

is the light scattering intensity after the addition of prodigiosin (and monensin if monensin was 

not added previously). 

Conditions:  Internal solution: 300 mM KCl; External solution: 300 mM potassium gluconate. 
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Figure 7.120 KCl efflux (indirectly measured by light scattering intensity) facilitated by monensin (0.1 

mol%) and an anionophore (A1, A2 or A3) from POPC LUVs (mean diameter 400 nm) loaded with 

KCl (300 mM) and suspended in a potassium gluconate (300 mM) solution. No buffer agent was used. 

Prodigiosin (1 mol%) (and monensin (0.1 mol%), if monensin was not added previously) was added at 

600 s for calibration to 100% KCl efflux. Carrier concentrations are shown as carrier to lipid molar 

ratios. Error bars represent SD from two or three repeats. 



Chapter 7 

256 

7.5.9.2 NH4Cl efflux 

The chloride efflux measured in the ISE-based NH4Cl efflux assay (Section 7.5.8.2) might contain 

contribution form Cl−/SO4
2- exchange.228 To exclude this, an osmotic response assay was 

conducted in which an isosmotic NMDG-gluconate solution was used as the external media. NH4Cl 

efflux was indirectly measured from the change in light scattering intensity due to water osmosis 

following NH4Cl efflux. This assay does not respond to Cl−/gluconate exchange since this process is 

osmotically silent. The results (Figure 7.121) are similar to those obtained using the ISE assay, 

confirming that CCCP enhances net NH4Cl flux facilitated by A12 and A18. 

Experimental details and results are given below: 

POPC LUVs (mean diameter 400 nm) loaded with NH4Cl were prepared as follows. A chloroform 

solution of POPC was evaporated in a round-bottle flask and the lipid film formed was dried under 

vacuum for at least 6 h. The lipid film was hydrated by vortexing with an internal solution 

containing NH4Cl (300 mM) buffered at pH 7.4 with 5 mM HEPES. The lipid solution was subjected 

to nine freeze/thaw cycles and then extruded 25 times through a 400 nm polycarbonate 

membrane to obtain a lipid stock solution. Removal of external NH4Cl is not necessary. 

For each measurement, the lipid stock solution was diluted with an isotonic external solution 

containing NMDG-gluconate (300 mM) buffered at pH 7.4 with 5 mM HEPES, to obtain a 2 mL 

solution containing 0.4 mM of lipid. At the beginning of each measurement, 10 μL of a DMSO 

solution of the tested carrier was added to the vesicle solution, and the 90° light scattering 

intensity at 600 nm was monitored by a fluorimeter. When CCCP was used, 4 μL of a 2 mM DMSO 

solution of CCCP was added to the vesicle solution prior to the addition of the tested carrier. At 10 

min, prodigiosin (4 μL of a 2 mM DMSO solution) was added to calibrate the light scattering 

intensity to 100% NH4Cl efflux. Each experiment was run in triplicate and the data were averaged 

over three runs. The fractional light scattering intensity (If) is calculated using the following 

equation: 

   
     
     

 

where It is the light scattering intensity at time t, I0 is the light scattering intensity at time 0, and Ip 

is the light scattering intensity after the addition of prodigiosin. 

Conditions: 

Internal solution: 300 mM NH4Cl, buffered at pH 7.4 with 5 mM HEPES; External solution: 300 mM 

NMDG-gluconate, buffered at pH 7.4 with 5 mM HEPES. 
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Figure 7.121 Effect of CCCP (1 mol%) on NH4Cl efflux (indirectly measured by light scattering 

intensity) facilitated by A12 (0.5 mol%) and A18 (0.5 mol%) from POPC LUVs (mean diameter 400 

nm) loaded with NH4Cl (300 mM) and suspended in a NMDG-gluconate (300 mM) solution buffered at 

pH 7.4 with 5 mM HEPES. Prodigiosin (1 mol%) was added at 600 s for calibration to 100% NH4Cl 

efflux. Carrier concentrations are shown as carrier to lipid molar ratios. Error bars represent SD from 

two or three repeats. 
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