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Abstract: We report here a series of alkyl group-modified trimesic amide molecules (TAs) with
excellent anion transport activities. Among them, TA6, with the highest ion transport activity and
excellent selectivity, efficiently transports anions across the membrane in the order of ClO4

− > I− >
NO3

− > Br− > Cl−, with an EC50 value as low as 17.6 nM (0.022 mol% relative to lipid molecules)
for ClO4

−, which outperforms other anions by 5- to 22-folds and manifests as the best perchlorate
transporter ever reported.

Keywords: trimesic amide; perchlorate anion; transmembrane; anion transporter

1. Introduction

Intracellular life activities are closely related to specific ion concentrations, which are
regulated by channel proteins on the cell membrane. The imbalance of specific ions can lead
to a series of channel diseases, such as cystic fibrosis (Cl−) [1,2], iodine deficiency, paralysis
(Na+) [3,4], epilepsy (K+) [5,6] and malignant hyperthermia (Ca2+) [7–10]. Therefore, the
study of ion transport by membrane channel proteins and their synthetic analogs is of great
significance to human health. Given the complex structure of natural membrane proteins,
it is still very challenging to design and synthesize artificial ion channels [11–25], which
can achieve excellent transport functions seen in the protein channels.

At present, most of the artificially designed and synthesized ion channel molecules carry
central macrocyclic units, tubular cavities or one-dimensionally aligned ion-binding/transporting
units [26–30]. Inspired by the naturally occurring pore-forming peptides [31–34] and tox-
ins [35], α-helix bundles [35–39] and protein channels [40,41], which relay on side chain–
side chain interactions to assemble into transmembrane pores for cell killing or controlling
substance exchanges across the membrane, one recently emerging strategy also made
similar uses of such noncovalent interactions to drive the channel formation for inducing
transmembrane anion transport [42–46].

Trimesic amides (TAs) found many applications in such as small-molecule gela-
tors [47], low-molecular-weight organogelators [48], polyvalent inhibitors [49], artificial
receptors [50], dendrimers [51], porous coordination polymers [52], supramolecular poly-
mers [53], organic diodes [54], chiral amplification [55] and thermoplastic elastomer [56].
The three amide groups in TA are aligned in such a way that there is a tilting angle
relative to the central benzene ring. While this angle is highly dependent on the periph-
eral substituents, it is responsible for generating intermolecular stacking among TAs via
intermolecular H-bonds and the π-π stacking forces. In a particular case such as TA3
(Figure 1a,b), a triple helical network of intermolecular H-bonds cross-links six adjacent
TA3 molecules, and the concurrent side chain–side chain associations produce sizeable
channels measuring 2 Å across (Figure 1c) [57].
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Figure 1. (a) Molecular design and chemical structures of TAn (n = 4, 6, 8, 10 and 12) studied in this 

work. (b) Crystal structure of TA3, showing that every TA molecule is linked to six adjacent mole-

cules through intermolecular H-bonds with three molecules above and the other three below it; (c) 

TA3′s molecular packing in solid state to generate noticeable pores measuring 2 Å across [56]. 

We speculated that such a small hydrophobic pore may become sufficiently or tran-

siently larger to achieve specific and efficient anion transport by fine-tuning the length of 

the appended alkyl chains or when the molecules are embedded within the lipid bilayer 

membrane. To confirm this hypothesis, we designed and synthesized five TA molecules 

(TAn, n = 4–12, Figure 1a). 

2. Results and Discussion 

To evaluate the ion transport activities of these five TA transporters, we performed 

the HPTS-based LUV assay, with both intra- and extravesicular regions filled with 100 

mM NaCl and the same type of HEPES buffer (Figure 2a), with a pH gradient of 7 to 8 

across the membrane. In this method, one of the four ion exchange modes (Na+/H+ anti-

port, Na+/OH− symport, Cl−/OH− antiport or Cl−/H+ symport) may occur during the ion 

transport process, inevitably resulting in an increase in the pH inside the LUV and conse-

quently increasing the fluorescence intensity of the pH-sensitive HPTS dye. At the same 

transporter concentration, the changes in fluorescence intensity over time can be used to 

compare the relative ion transport capacity of transporters. Using this assay, at 2.5 μM, 

hexyl group-containing TA6 showed the highest ion transport activity of 97%, followed 

by TA4 > TA8 > TA12 > TA10 (Figure 2a). 

Although we are not exactly sure why TA6 is the best transporter, given that the 

pores formed by TA molecules are generated via side chain–side chain interactions, these 

alkyl side chains should play two important roles. That is, certain parts of the chain are 

engaged in the pore formation, with certain parts of the chain responsible for generating 

sufficiently large side chain–side chain interaction forces to maintain the pore. Therefore, 

we believe an intermediate chain length, as in TA6, enables both roles to be fulfilled well. 

While the shorter chain length, as in TA4, cannot produce sufficiently large side chain–

side chain interaction forces to maintain the pore, the longer chains in TA8–TA12 might 

favor side chain–side chain interactions over the pore formation. 

As hypothesized, TA molecules may associate with each other via side chain–side 

chain interactions to generate the pores for ion transport. In this pore-forming pathway, 

the interior of the pore is going to be very hydrophobic, most likely favoring the transport 

of anions rather than cations. To elucidate which types of ions are transported by TA mol-

ecules, the chloride-sensitive SPQ assay was conducted first to assess the chloride 

transport capacity of TA transporters (Figure 2b). The principle behind this assay is that 

the fluorescence intensity of SPQ dye is quenched with an increasing concentration of 

chloride anions. If TA molecules transport anions, an exchange of NO3− and Cl− will take 

place, leading to decreased intensities of SPQ dyes. Based on the extent of the fluorescence 

intensities of SPQ, we observed the chloride transport activities of the five transporters in 

the order of TA6 > TA4 > TA8 > TA12 > TA10 (Figure 2b), a trend that is in excellent con-

sistency with the above activity order obtained using the HPTS assay (Figure 2b). 

Figure 1. (a) Molecular design and chemical structures of TAn (n = 4, 6, 8, 10 and 12) studied in
this work. (b) Crystal structure of TA3, showing that every TA molecule is linked to six adjacent
molecules through intermolecular H-bonds with three molecules above and the other three below it;
(c) TA3′s molecular packing in solid state to generate noticeable pores measuring 2 Å across [56].

We speculated that such a small hydrophobic pore may become sufficiently or tran-
siently larger to achieve specific and efficient anion transport by fine-tuning the length of
the appended alkyl chains or when the molecules are embedded within the lipid bilayer
membrane. To confirm this hypothesis, we designed and synthesized five TA molecules
(TAn, n = 4–12, Figure 1a).

2. Results and Discussion

To evaluate the ion transport activities of these five TA transporters, we performed
the HPTS-based LUV assay, with both intra- and extravesicular regions filled with 100 mM
NaCl and the same type of HEPES buffer (Figure 2a), with a pH gradient of 7 to 8 across
the membrane. In this method, one of the four ion exchange modes (Na+/H+ antiport,
Na+/OH− symport, Cl−/OH− antiport or Cl−/H+ symport) may occur during the ion
transport process, inevitably resulting in an increase in the pH inside the LUV and conse-
quently increasing the fluorescence intensity of the pH-sensitive HPTS dye. At the same
transporter concentration, the changes in fluorescence intensity over time can be used to
compare the relative ion transport capacity of transporters. Using this assay, at 2.5 µM,
hexyl group-containing TA6 showed the highest ion transport activity of 97%, followed by
TA4 > TA8 > TA12 > TA10 (Figure 2a).

Although we are not exactly sure why TA6 is the best transporter, given that the pores
formed by TA molecules are generated via side chain–side chain interactions, these alkyl
side chains should play two important roles. That is, certain parts of the chain are engaged
in the pore formation, with certain parts of the chain responsible for generating sufficiently
large side chain–side chain interaction forces to maintain the pore. Therefore, we believe
an intermediate chain length, as in TA6, enables both roles to be fulfilled well. While the
shorter chain length, as in TA4, cannot produce sufficiently large side chain–side chain
interaction forces to maintain the pore, the longer chains in TA8–TA12 might favor side
chain–side chain interactions over the pore formation.

As hypothesized, TA molecules may associate with each other via side chain–side
chain interactions to generate the pores for ion transport. In this pore-forming pathway,
the interior of the pore is going to be very hydrophobic, most likely favoring the transport
of anions rather than cations. To elucidate which types of ions are transported by TA
molecules, the chloride-sensitive SPQ assay was conducted first to assess the chloride
transport capacity of TA transporters (Figure 2b). The principle behind this assay is that
the fluorescence intensity of SPQ dye is quenched with an increasing concentration of
chloride anions. If TA molecules transport anions, an exchange of NO3

− and Cl− will take
place, leading to decreased intensities of SPQ dyes. Based on the extent of the fluorescence
intensities of SPQ, we observed the chloride transport activities of the five transporters
in the order of TA6 > TA4 > TA8 > TA12 > TA10 (Figure 2b), a trend that is in excellent
consistency with the above activity order obtained using the HPTS assay (Figure 2b).
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Figure 2. (a) Schematic diagram of the HPTS assay for evaluating ion transport activities of TAn at 

2.5 μM; here, RCl− = (ICl− − I0)/(ITriton − I0), whereas ICl− and I0 are the ratiometric values of I460/I403 at t = 

300 s before addition of triton, and ITriton is the ratiometric value of I460/I403 at t = 300 s right after 

addition of triton. (b) Chloride-sensitive SPQ assay confirming that TAs can transport chloride ani-

ons. (c) Ion transport activities by varying the extravesicular MCl salts, confirming that TAs lack the 

ability to transport cations. 

To rule out the possibility of cation transport, the ion transport activities were also 
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insignificant differences in transport activity, indicating that the metal ions were not trans-

ported by TA6 or the corresponding transport activities were almost the same. 

Further, using the LUV assay containing 200 mM Na2SO4 (Figure 3a), the change in 

fluorescence intensity of TA6 at 2.5 μM was nearly identical to that of the background 

signal, demonstrating that TA6 does not mediate transports of Na+ ions, protons, OH− and 

SO42− anions. In contrast, the fluorescence intensity increased by almost 100% when 

Na+/proton-transporting gramicidin A (gA) was present at 2 μM (Figure 3b). Similar re-

sults were obtained when the extravesicular Na2SO4 was changed to K2SO4 (Figure 3c). 

Taken together with the data from Figure 2c, these data clearly show that transporters 

TAn transport anions rather than cations or protons. 

These above comparative results collectively establish chloride ions as the transport-

able ions by TA transporters, thereby suggesting the ion exchange mode during the TA-

mediated ion transport process to be either Cl−/OH− antiport or Cl−/H+ symport. Consid-

ering the central highly hydrophobic region of the membrane favors OH− over H+, the 

hydrated OH− anions should be more capable of passing the membrane than hydrated H+ 

ions. In other words, Cl−/OH− antiport exchange is more likely, with TA-mediated influx 

of the chloride ions compensated by the passive efflux of OH− to reach a charge neutrality 

condition of the system. 

To differentiate the transport rate between Cl− and OH− anions, a potent H+ carrier, 

FCCP (carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone), was employed (Figure 

4a). For this assay, if the transport rate of Cl− is faster than that of OH−, the build-up of 

OH− over time will be quickly dissipated by the FCCP-mediated efflux of protons, result-

ing in considerably larger changes in fluorescence intensity. What was seen in Figure 4b 

Figure 2. (a) Schematic diagram of the HPTS assay for evaluating ion transport activities of TAn
at 2.5 µM; here, RCl

− = (ICl
− − I0)/(ITriton − I0), whereas ICl

− and I0 are the ratiometric values of
I460/I403 at t = 300 s before addition of triton, and ITriton is the ratiometric value of I460/I403 at t = 300 s
right after addition of triton. (b) Chloride-sensitive SPQ assay confirming that TAs can transport
chloride anions. (c) Ion transport activities by varying the extravesicular MCl salts, confirming that
TAs lack the ability to transport cations.

To rule out the possibility of cation transport, the ion transport activities were also
measured by varying the extravesicular MCl salts (M = Li, Na, K, Rb and Cs, Figure 2c).
If TA molecules transport cations by varying the M+ ions in the extravesicular region,
one expects to see significant differences in ion transport activity. Our results, however,
reveal insignificant differences in transport activity, indicating that the metal ions were not
transported by TA6 or the corresponding transport activities were almost the same.

Further, using the LUV assay containing 200 mM Na2SO4 (Figure 3a), the change in
fluorescence intensity of TA6 at 2.5 µM was nearly identical to that of the background
signal, demonstrating that TA6 does not mediate transports of Na+ ions, protons, OH−

and SO4
2− anions. In contrast, the fluorescence intensity increased by almost 100% when

Na+/proton-transporting gramicidin A (gA) was present at 2 µM (Figure 3b). Similar
results were obtained when the extravesicular Na2SO4 was changed to K2SO4 (Figure 3c).
Taken together with the data from Figure 2c, these data clearly show that transporters TAn
transport anions rather than cations or protons.
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These above comparative results collectively establish chloride ions as the trans-
portable ions by TA transporters, thereby suggesting the ion exchange mode during the
TA-mediated ion transport process to be either Cl−/OH− antiport or Cl−/H+ symport.
Considering the central highly hydrophobic region of the membrane favors OH− over H+,
the hydrated OH− anions should be more capable of passing the membrane than hydrated
H+ ions. In other words, Cl−/OH− antiport exchange is more likely, with TA-mediated
influx of the chloride ions compensated by the passive efflux of OH− to reach a charge
neutrality condition of the system.

To differentiate the transport rate between Cl− and OH− anions, a potent H+ carrier,
FCCP (carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone), was employed (Figure 4a).
For this assay, if the transport rate of Cl− is faster than that of OH−, the build-up of OH−

over time will be quickly dissipated by the FCCP-mediated efflux of protons, resulting
in considerably larger changes in fluorescence intensity. What was seen in Figure 4b is in
great accord with such expectation, implying that the transport rate of Cl− is faster than
OH− anions.
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Figure 4. (a) FCCP-based LUV assay for assessing the relative transport rates between OH− and Cl−.
(b) CF dye assay to reveal membrane integrity in the presence of TA molecules or TA molecules does
not generate pores larger than 1 nm.

Applying 5(6)-carboxyfluorescein (CF) molecules that have a dimension of <1.0 nm
in size and that self-quench at high concentration, the CF assay, having intravesicular
region filled with CF at 50 mM, was carried out (Figure 4b). We found that the lysosomal
melittin, which forms transmembrane pores of >1 nm, led to 25.5% and 100% outflow of
CF molecules at 0.03 and 0.15 µM, respectively (Figure 4b). Even at a concentration of
1 µM, TA6, however, only produced a negligible CF efflux of 2.9%. These findings clearly
support that (1) the integrity of the membrane is well maintained in the presence of a high
concentration of TA6, and (2) TA6 does not generate pores larger than 1 nm.

To determine the anion selectivity of the best transporter TA6, both the intravesicular
and extravesicular NaX salts were systematically varied to include five types of anions
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(Figure 5a). It was found that TA6 exhibits a very significant anion selectivity in the order
of ClO4

− > I− > NO3
− > Br− > Cl− at a concentration of 0.04 µM (Figure 5b). More

quantitative results in anion selectivity were obtained by determining the EC50 values
at which the transporters reach 50% ion transport activity. As shown in Figure 5c,d and
Supplementary Materials Figures S1–S5, the EC50 values of different anions for TA6 were
17.6 nM (0.022 mol% relative to lipids) for ClO4

−, 86.6 nM for I−, 108.6 nM for NO3
−,

303.3 nM for Br− and 392.6 nM for Cl−. Based on these EC50 values, TA6 transports
ClO4

− 5–22 times better than the other four anions. Interestingly, the TA6-mediated anion
transport activities increase with decreased hydration energy (Figure 5d).
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NaX salts. (c) EC50 value determined for TA6-mediated perchlorate transport and (d) correlation
between EC50 values and the hydration energies of anions.

Lastly, we have attempted but failed to record the single-channel currents. One pos-
sible reason is that pores formed via side chain–side chain interactions mediate anion
transport predominantly through the hydrophobic methylene CH2 groups that decorate
the pore interior. The corresponding chloride transport current likely is very low (earlier
pore-forming molecules all end up with <0.1 pA current [43–46]). Recording these low
current signals requires advanced set-up, which we do not have in our current lab. Since
TA molecules lack suitable functional groups to serve as the carrier for anion transport, we
believe they should function as channels, particularly in view of recently reported pore-
forming systems that generate pores through side chain–side chain interactions [43–46].

3. Materials and Methods
3.1. General Considerations

All the reagents were obtained from commercial suppliers and used as received unless
otherwise noted. 1H and 13C NMR spectra were recorded on a Bruker AVANCE III HD
400 spectrometer (Bruker, Switzerland, German). Mass spectra were acquired with a
Shimadzu LCMS-8030 (Shimadzu, Tokyo, Japan). The model number of the fluorescence
spectrophotometer is RF-6000 (Shimadzu, Tokyo, Japan).
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3.2. General Procedure for the Synthesis of TAn Molecules as Typified Using TA6

Trimesoyl chloride (265 mg, 1.00 mmol) and triethylamine (2.40 mL, 3.30 mmol) were
dissolved in CH2Cl2 (20 mL), and then hexylamine (2.53 mL, 3.30 mmol) was added
dropwise at 0 ◦C. The reaction mixture was stirred at room temperature for 48 h. The
solvent was then removed in vacuo, and the crude product was purified by flash column
chromatography (ethyl acetate/petroleum ether = 1:2, v:v) to afford the target compound
TA6 as a yellow solid. Yield: 360 mg, 80%. 1H NMR (400 MHz, chloroform-d) δ 8.28 (s,
3H), 6.74 (t, J = 5.7 Hz, 3H), 3.43 (q, J = 6.7 Hz, 7H), 1.61 (q, J = 7.2 Hz, 7H), 1.30 (qd,
J = 10.4, 5.9 Hz, 18H), 0.89 (d, J = 6.5 Hz, 10H). 13C NMR (101 MHz, chloroform-d) δ 166.88,
135.41, 127.46, 40.29, 31.53, 29.38, 26.73, 22.62, 14.08. MS-ESI: calculated for [M + Na]+

(C27H45N3O3Na): m/z 482.35, found: m/z 482.41.

4. Conclusions

In summary, we have successfully established a class of structurally simple anion-
transporting transporter system, which are easy to synthesize and displays excellent anion
transport activities. As the best among the five transporter molecules studied, TA6 demon-
strates an extremely low EC50 value of 17.6 nM (0.022 mol% relative to lipids) for ClO4

−,
with selectivity factors 5–22-folds greater than four other types of anions (I−, NO3

−, Br−

and Cl−). To our best knowledge, an EC50 value of 0.022 mol% is the lowest for ClO4
−,

with the second lowest being 0.052 mol%, as recently reported [43].

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules29051118/s1, indicating the 1H and 13C spectra of the new com-
pounds, as well as the determination of EC50 value for TA6-mediated transport of anions. Figure S1:
Determination of EC50 values for Cl− anions using the ratiometric values of I460/I403 at different
concentrations as a function of time. Figure S2: Determination of EC50 values for Br− anions us-
ing the ratiometric values of I460/I403 at different concentrations as a function of time. Figure S3:
Determination of EC50 values for NO3

− anions using the ratiometric values of I460/I403 at different
concentrations as a function of time. Figure S4: Determination of EC50 values for I− anions using
the ratiometric values of I460/I403 at different concentrations as a function of time. Figure S5: De-
termination of EC50 values for ClO4

− anions using the ratiometric values of I460/I403 at different
concentrations as a function of time. Table S1: TA-mediated anion transport activities obtained using
the HPTS assay. Scheme S1: Synthetic route that affords Trimesic amide-based pores.

Author Contributions: S.D. conducted the synthesis and data curation, Z.L. conducted some formal
analysis, L.Y. conceptualized/supervised the project and H.Z. conceptualized/supervised the project
and wrote the paper. All authors have read and agreed to the published version of the manuscript.

Funding: This work is funded by the Natural Science Foundation of Hunan Province of China
(2021JJ30291), the National Natural Science Foundation of China (22271049), and the Scientific
Research Fund of Hunan Provincial Education Department (21A0518 and 21C0691).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Liu, J.; Berg, A.P.; Wang, Y.; Jantarajit, W.; Sutcliffe, K.J.; Stevens, E.B.; Sheppard, D.N. A small molecule CFTR potentiator restores

ATP-dependent channel gating to the cystic fibrosis mutant G551D-CFTR. Br. J. Pharmacol. 2022, 179, 1319–1337. [CrossRef]
[PubMed]

2. Noel, S.; Servel, N.; Hatton, A.; Golec, A.; Rodrat, M.; Ng, D.R.; Sermet-Gaudelus, I. Correlating genotype with phenotype using
CFTR-mediated whole-cell Cl− currents in human nasal epithelial cells. J. Physiol. 2022, 600, 1515–1531. [CrossRef]

3. Salomon, J.J.; Albrecht, T.; Graeber, S.Y.; Scheuermann, H.; Butz, S.; Schatterny, J.; Mall, M.A. Chronic rhinosinusitis with
nasal polyps is associated with impaired TMEM16A-mediated epithelial chloride secretion. J. Allergy Clin. Immunol. 2021, 147,
2191–2201.e2. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/molecules29051118/s1
https://www.mdpi.com/article/10.3390/molecules29051118/s1
https://doi.org/10.1111/bph.15709
https://www.ncbi.nlm.nih.gov/pubmed/34644413
https://doi.org/10.1113/JP282143
https://doi.org/10.1016/j.jaci.2021.02.008
https://www.ncbi.nlm.nih.gov/pubmed/33609628


Molecules 2024, 29, 1118 7 of 8

4. Duan, R.; Li, H.M.; Hu, W.B.; Hong, C.G.; Chen, M.L.; Cao, J.; Liu, Z.Z. Recurrent de novo single point variant on the gene
encoding Na+/K+ pump results in epilepsy. Prog. Neurobiol. 2022, 216, 102310. [CrossRef]

5. Barreto, R.F.; de Mello Prado, R.; Bodelão, N.C.; Teixeira, G.C.M.; Teixeira, G.C.M. Na improves the growth of K-deficient but not
K-sufficient kale. Food Chem. 2022, 370, 131017. [CrossRef]

6. Li, Y.; Tang, W.; Kang, L.; Kong, S.; Dong, Z.; Zhao, D.; Yu, S. Functional correlation of ATP1A2 mutations with phenotypic
spectrum: From pure hemiplegic migraine to its variant forms. J. Headache Pain. 2021, 22, 92. [CrossRef]

7. Li, Y.; Chang, C.; Zhu, Z.; Sun, L.; Yu, S. Terahertz wave enhances permeability of the voltage-gated calcium channel. J. Am. Chem.
Soc. 2021, 143, 4311–4318. [CrossRef] [PubMed]

8. Miziak, B.; Czuczwar, S.J. Approaches for the discovery of drugs that target K Na 1.1 channels in KCNT1-associated epilepsy.
Expert Opin. Drug Discov. 2022, 17, 1313–1328. [CrossRef]

9. Vanden Abeele, F.; Lotteau, S.; Ducreux, S.; Dubois, C.; Monnier, N.; Hanna, A.; Prevarskaya, N. TRPV1 variants impair
intracellular Ca2+ signaling and may confer susceptibility to malignant hyperthermia. Genet. Med. 2019, 21, 441–450. [CrossRef]

10. Wylde, J.; Hopkins, P.; Kaura, V. Elevated resting extracellular Ca2+ entry is conserved in the CaV1.1 p. T 1009K variant that is
associated with malignant hyperthermia. Br. J. Anaesth. 2023, 131, e98. [CrossRef]

11. Davis, J.T.; Okunola, O.; Quesada, R. Recent advances in the transmembrane transport of anions. Chem. Soc. Rev. 2010, 39,
3843–3862. [CrossRef] [PubMed]

12. Brotherhood, P.R.; Davis, A.P. Steroid-based anion receptors and transporters. Chem. Soc. Rev. 2010, 39, 3633–3647. [CrossRef]
[PubMed]

13. Matile, S.; Jentzsch, A.V.; Montenegro, J.; Fin, A. Recent synthetic transport systems. Chem. Soc. Rev. 2011, 40, 2453–2474.
[CrossRef]

14. Montenegro, J.; Ghadiri, M.R.; Granja, J.R. Ion channel models based on self-assembling cyclic peptide nanotubes. Acc. Chem. Res.
2013, 46, 2955–2965. [CrossRef] [PubMed]

15. Fyles, T.M. How do amphiphiles form ion-conducting channels in membranes? Lessons from linear oligoesters. Acc. Chem. Res.
2013, 46, 2847–2855. [CrossRef] [PubMed]

16. Otis, F.; Auger, M.; Voyer, N. Exploiting Peptide Nanostructures to Construct Functional Artificial Ion Channels. Acc. Chem. Res.
2013, 46, 2934–2943. [CrossRef] [PubMed]

17. De Riccardis, F.; Izzo, I.; Montesarchio, D.; Tecilla, P. Ion transport through lipid bilayers by synthetic ionophores: Modulation of
activity and selectivity. Acc. Chem. Res. 2013, 46, 2781–2790. [CrossRef]

18. Mosgaard, L.D.; Heimburg, T. Lipid ion channels and the role of proteins. Acc. Chem. Res. 2013, 46, 2966–2976. [CrossRef]
19. Gong, B.; Shao, Z. Self-assembling organic nanotubes with precisely defined, sub-nanometer pores: Formation and mass transport

characteristics. Acc. Chem. Res. 2013, 46, 2856–2866. [CrossRef]
20. Kim, D.S.; Sessler, J.L. Calix [4] pyrroles: Versatile molecular containers with ion transport, recognition, and molecular switching

functions. Chem. Soc. Rev. 2015, 44, 532–546. [CrossRef] [PubMed]
21. Chen, J.Y.; Hou, J.L. Controllable synthetic ion channels. Org. Chem. Front. 2018, 5, 1728–1736. [CrossRef]
22. Wu, X.; Gilchrist, A.M.; Gale, P.A. Prospects and challenges in anion recognition and transport. Chem 2020, 6, 1296–1309.

[CrossRef]
23. Zheng, S.P.; Huang, L.B.; Sun, Z.; Barboiu, M. Self-assembled artificial ion-channels toward natural selection of functions. Angew.

Chem. Int. Ed. 2021, 60, 566–597. [CrossRef]
24. Yang, J.; Yu, G.; Sessler, J.L.; Shin, I.; Gale, P.A.; Huang, F. Artificial transmembrane ion transporters as potential therapeutics.

Chem 2021, 7, 3256–3291. [CrossRef]
25. Roy, A.; Talukdar, P. Recent advances in bioactive artificial ionophores. ChemBioChem 2021, 22, 2925–2940. [CrossRef]
26. Vargas Jentzsch, A.; Matile, S. Transmembrane halogen-bonding cascades. J. Am. Chem. Soc. 2013, 135, 5302–5303. [CrossRef]

[PubMed]
27. Gilles, A.; Barboiu, M. Highly selective artificial K+ channels: An example of selectivity-induced transmembrane potential. J. Am.

Chem. Soc. 2016, 138, 426–432. [CrossRef] [PubMed]
28. Ren, C.; Shen, J.; Zeng, H. Combinatorial evolution of fast-conducting highly selective K+-channels via modularly tunable

directional assembly of crown ethers. J. Am. Chem. Soc. 2017, 139, 12338–12341. [CrossRef] [PubMed]
29. Ren, C.; Ding, X.; Roy, A.; Shen, J.; Zhou, S.; Chen, F.; Zeng, H. A halogen bond-mediated highly active artificial chloride channel

with high anticancer activity. Chem. Sci. 2018, 9, 4044–4051. [CrossRef]
30. Xin, P.; Kong, H.; Sun, Y.; Zhao, L.; Fang, H.; Zhu, H.; Chen, C.P. Artificial K+ channels formed by pillararene-cyclodextrin hybrid

molecules: Tuning cation selectivity and generating membrane potential. Angew. Chem. Int. Ed. 2019, 131, 2805–2810. [CrossRef]
31. Huang, W.L.; Wang, X.D.; Ao, Y.F.; Wang, Q.Q.; Wang, D.X. Artificial chloride-selective channel: Shape and function mimic of the

clc channel selective pore. J. Am. Chem. Soc. 2020, 142, 13273–13277. [CrossRef] [PubMed]
32. Mondal, A.; Save, S.N.; Sarkar, S.; Mondal, D.; Mondal, J.; Sharma, S.; Talukdar, P. A Benzohydrazide-Based Artificial Ion Channel

that Modulates Chloride Ion Concentration in Cancer Cells and Induces Apoptosis by Disruption of Autophagy. J. Am. Chem. Soc.
2023, 145, 9737–9745. [CrossRef] [PubMed]

33. Mandal, S.M.; Sharma, S.; Pinnaka, A.K.; Kumari, A.; Korpole, S. Isolation and characterization of diverse antimicrobial
lipopeptides produced by Citrobacter and Enterobacter. BMC Microbiol. 2013, 13, 152. [CrossRef] [PubMed]

https://doi.org/10.1016/j.pneurobio.2022.102310
https://doi.org/10.1016/j.foodchem.2021.131017
https://doi.org/10.1186/s10194-021-01309-4
https://doi.org/10.1021/jacs.0c09401
https://www.ncbi.nlm.nih.gov/pubmed/33625851
https://doi.org/10.1080/17460441.2023.2150164
https://doi.org/10.1038/s41436-018-0066-9
https://doi.org/10.1016/j.bja.2023.06.023
https://doi.org/10.1039/b926164h
https://www.ncbi.nlm.nih.gov/pubmed/20820462
https://doi.org/10.1039/b926225n
https://www.ncbi.nlm.nih.gov/pubmed/20714471
https://doi.org/10.1039/c0cs00209g
https://doi.org/10.1021/ar400061d
https://www.ncbi.nlm.nih.gov/pubmed/23898935
https://doi.org/10.1021/ar4000295
https://www.ncbi.nlm.nih.gov/pubmed/23586980
https://doi.org/10.1021/ar400044k
https://www.ncbi.nlm.nih.gov/pubmed/23627544
https://doi.org/10.1021/ar4000136
https://doi.org/10.1021/ar4000604
https://doi.org/10.1021/ar400030e
https://doi.org/10.1039/C4CS00157E
https://www.ncbi.nlm.nih.gov/pubmed/24984014
https://doi.org/10.1039/C8QO00287H
https://doi.org/10.1016/j.chempr.2020.05.001
https://doi.org/10.1002/anie.201915287
https://doi.org/10.1016/j.chempr.2021.10.028
https://doi.org/10.1002/cbic.202100112
https://doi.org/10.1021/ja4013276
https://www.ncbi.nlm.nih.gov/pubmed/23517007
https://doi.org/10.1021/jacs.5b11743
https://www.ncbi.nlm.nih.gov/pubmed/26692073
https://doi.org/10.1021/jacs.7b04335
https://www.ncbi.nlm.nih.gov/pubmed/28837325
https://doi.org/10.1039/C8SC00602D
https://doi.org/10.1002/ange.201813797
https://doi.org/10.1021/jacs.0c02881
https://www.ncbi.nlm.nih.gov/pubmed/32691594
https://doi.org/10.1021/jacs.3c01451
https://www.ncbi.nlm.nih.gov/pubmed/37021819
https://doi.org/10.1186/1471-2180-13-152
https://www.ncbi.nlm.nih.gov/pubmed/23834699


Molecules 2024, 29, 1118 8 of 8

34. Tareq, F.S.; Lee, M.A.; Lee, H.S.; Lee, Y.J.; Lee, J.S.; Hasan, C.M.; Shin, H.J. Gageotetrins A–C, noncytotoxic antimicrobial linear
lipopeptides from a marine bacterium Bacillus subtilis. Org. Lett. 2014, 16, 928–931. [CrossRef] [PubMed]

35. Peraro, M.D.; Van Der Goot, F.G. Pore-forming toxins: Ancient, but never really out of fashion. Nat. Rev. Microbiol. 2015, 14, 77–92.
[CrossRef]

36. Lau, S.Y.; Taneja, A.K.; Hodges, R.S. Synthesis of a model protein of defined secondary and quaternary structure. Effect of
chain length on the stabilization and formation of two-stranded alpha-helical coiled-coils. J. Biol. Chem. 1984, 259, 13253–13261.
[CrossRef]

37. Sasaki, T.; Kaiser, E.T. Helichrome: Synthesis and enzymic activity of a designed hemeprotein. J. Am. Chem. Soc. 1989, 111,
380–381. [CrossRef]

38. Hill, C.P.; Anderson, D.H.; Wesson, L.; DeGrado, W.F.; Eisenberg, D. Crystal structure of α1: Implications for protein design.
Science 1990, 249, 543–546. [CrossRef]

39. Schafmeister, C.E.; LaPorte, S.L.; Miercke, L.J.; Stroud, R.M. A designed four helix bundle protein with native-like structure. Nat.
Struct. Biol. 1997, 4, 1039. [CrossRef]

40. Hibbs, R.E.; Gouaux, E. Principles of activation and permeation in an anion-selective Cys-loop receptor. Nature 2011, 474, 54–60.
[CrossRef]

41. Hou, X.; Pedi, L.; Diver, M.M.; Long, S.B. Crystal structure of the calcium release–activated calcium channel Orai. Science 2012,
338, 1308–1313. [CrossRef]

42. Jones, J.E.; Diemer, V.; Adam, C.; Raftery, J.; Ruscoe, R.E.; Sengel, J.T.; Webb, S.J. Length-dependent formation of transmembrane
pores by 310-helical α-aminoisobutyric acid foldamers. J. Am. Chem. Soc. 2016, 138, 688–695. [CrossRef]

43. Ren, C.; Zeng, F.; Shen, J.; Chen, F.; Roy, A.; Zhou, S.; Zeng, H. Pore-forming monopeptides as exceptionally active anion channels.
J. Am. Chem. Soc. 2018, 140, 8817–8826. [CrossRef] [PubMed]

44. Zeng, F.; Liu, F.; Yuan, L.; Zhou, S.; Shen, J.; Li, N.; Ren, H.; Zeng, H.Q. A pore-forming tripeptide as an extraordinarily active
anion channel. Org. Lett. 2019, 21, 4826–4830. [CrossRef] [PubMed]

45. Yuan, L.; Shen, J.; Ye, R.; Chen, F.; Zeng, H. Structurally simple trimesic amides as highly selective anion channels. Chem. Commun.
2019, 55, 4797–4800. [CrossRef] [PubMed]

46. Dutta, C.; Krishnamurthy, P.; Su, D.; Yoo, S.H.; Collie, G.W.; Pasco, M.; Kumar, P.P. Nature-inspired synthetic oligourea foldamer
channels allow water transport with high salt rejection. Chem 2023, 9, 2237–2254. [CrossRef]

47. Matsunaga, Y.; Nakayasu, Y.; Sakai, S.; Yonenaga, M. Liquid crystal phases exhibited by N,N′,N′′-trialkyl-1,3,5-benzenetricaboxamides.
Mol. Cryst. Liq. Cryst. 1986, 141, 327–333. [CrossRef]

48. Van Bommel, K.J.C.; ven der Pol, C.; Muizebelt, I.; Friggeri, A.; Heeres, A.; Meetsma, A.; van Esch BL Feringa, J. Responsive
cyclohexane-based low-molecular-weight hydrogelators with modular architecture. Angew. Chem. Int. Ed. 2004, 43, 1663.
[CrossRef] [PubMed]

49. Rao, J.; Lahiri, J.; Isaacs, L.; Weis, R.M.; Whitesides, G.M. A trivalent system from vancomycin d-Ala-d-Ala with higher affinity
than avidin-biotin. Science 1998, 280, 708–711. [CrossRef]

50. Mazik, M.; Bandmann, H.; Sicking, W. Molecular recognition of carbohydrates by artificial polypyridine and polypyrimidine
receptors. Angew. Chem. Int. Ed. 2000, 39, 511–554. [CrossRef]

51. Jang, W.D.; Aida, T. Supramolecular nanofiber formation of macrocyclic dendrimer. Macromolecules 2004, 37, 7325–7330. [CrossRef]
52. Hasegawa, S.; Horike, S.; Matsuda, R.; Furukawa, S.; Mochizuki, K.; Kinoshita, Y.; Kitagawa, S. Three-dimensional porous

coordination polymer functionalized with amide groups based on tridentate ligand: Selective sorption and catalysis. J. Am. Chem.
Soc. 2007, 129, 2607–2614. [CrossRef] [PubMed]

53. De Greef, T.F.; Smulders, M.M.; Wolffs, M.; Schenning, A.P.; Sijbesma, R.P.; Meijer, E.W. Supramolecular Polymerization. Chem.
Rev. 2009, 109, 5687–5754. [CrossRef] [PubMed]

54. Fitié, C.F.; Roelofs, W.C.; Kemerink, M.; Sijbesma, R.P. Remnant polarization in thin films from a columnar liquid crystal. J. Am.
Chem. Soc. 2010, 132, 6892–6893. [CrossRef] [PubMed]

55. Cantekin, S.; Balkenende, D.W.; Smulders, M.M.; Palmans, A.R.; Meijer, E.W. The effect of isotopic substitution on the chirality of
a self-assembled helix. Nat. Chem. 2010, 3, 42–46. [CrossRef]

56. Roosma, J.; Mes, T.; Leclère, P.; Palmans, A.R.; Meijer, E.W. Supramolecular materials from benzene-1,3,5-tricarboxamide-based
nanorods. J. Am. Chem. Soc. 2008, 130, 1120–1121. [CrossRef]

57. Jimenez, C.A.; Belmar, J.B.; Ortiz, L.; Hidalgo, P.; Fabelo, O.; Pasán, J.; Ruiz-Perez, C. Influence of the aliphatic wrapping in the
crystal structure of benzene tricarboxamide supramolecular polymers. Cryst. Growth Des. 2009, 9, 4987–4989. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/ol403657r
https://www.ncbi.nlm.nih.gov/pubmed/24502521
https://doi.org/10.1038/nrmicro.2015.3
https://doi.org/10.1016/S0021-9258(18)90686-1
https://doi.org/10.1021/ja00183a065
https://doi.org/10.1126/science.2382133
https://doi.org/10.1038/nsb1297-1039
https://doi.org/10.1038/nature10139
https://doi.org/10.1126/science.1228757
https://doi.org/10.1021/jacs.5b12057
https://doi.org/10.1021/jacs.8b04657
https://www.ncbi.nlm.nih.gov/pubmed/29927580
https://doi.org/10.1021/acs.orglett.9b01723
https://www.ncbi.nlm.nih.gov/pubmed/31192618
https://doi.org/10.1039/C9CC00248K
https://www.ncbi.nlm.nih.gov/pubmed/30945706
https://doi.org/10.1016/j.chempr.2023.04.007
https://doi.org/10.1080/00268948608079619
https://doi.org/10.1002/anie.200352396
https://www.ncbi.nlm.nih.gov/pubmed/15038031
https://doi.org/10.1126/science.280.5364.708
https://doi.org/10.1002/(SICI)1521-3773(20000204)39:3%3C551::AID-ANIE551%3E3.0.CO;2-7
https://doi.org/10.1021/ma0492364
https://doi.org/10.1021/ja067374y
https://www.ncbi.nlm.nih.gov/pubmed/17288419
https://doi.org/10.1021/cr900181u
https://www.ncbi.nlm.nih.gov/pubmed/19769364
https://doi.org/10.1021/ja101734g
https://www.ncbi.nlm.nih.gov/pubmed/20441217
https://doi.org/10.1038/nchem.889
https://doi.org/10.1021/ja0774764
https://doi.org/10.1021/cg801054e

	Introduction 
	Results and Discussion 
	Materials and Methods 
	General Considerations 
	General Procedure for the Synthesis of TAn Molecules as Typified Using TA6 

	Conclusions 
	References

