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a b s t r a c t

A new strategy to induce vesicle fusion has been developed by employing pillar[5]arene derivatives that

were channel-like and were prepared by appending side chains onto pillar[5]arenes backbones. The chan-

nels feature with hydrophilic negatively and positively charged groups at both ends and hydrophobic

Trp residues at the outer surface, which endows the channels with amphiphilicity. The zwitterionic am-

phiphilic channels could spontaneously incorporate into the bilayer membranes of lipid vesicles to induce

vesicle fusion driven by the electrostatic interactions between negatively charged and positively charged

groups.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In biological systems, membrane fusion is one of the central

processes for cargo of biological molecules [1–3], which involves

the merging of the membranes of two different organelles and

the mixing of the compartments encapsulated by the membranes

[4–7]. The process of the fusion consists of the membrane adhe-

sion, outer leaflets fusion, formation of the fusion pore, and merger

of the membrane to achieve the final full fusion [8,9]. In biolog-

ical systems, this process is induced by fusion proteins [10]. In-

spired by the proteins, chemists have great interests in construct-

ing artificial systems to mediate vesicle-vesicle fusions because of

the importance for drug delivery, cancer cell apoptosis, and dis-

ease diagnosis [11–15]. Studies of membrane fusion have exten-

sively employed lipid vesicles as artificial analogues of cells. In

the past decades, a large number of strategies have been devel-

oped to induce membrane fusion, including mediated by chemical

reagents, such as lantibiotic [16], calcium salt [17], modified DNA

[18], and synthetic proteins and peptides [19,20], or triggered by

physical methods, such as electric field pulse [21–23], laser irra-

diation [24], electrostatic interaction [25,26], and so forth. In the

context, electrostatic interaction-induced fusion is a promising ap-

proach due to its high efficiency in promoting the membrane ad-

hesion. In this approach, it requires premixing of the positively or

negatively charged reagents with the lipid to prepare the positively

or negatively charged lipid vesicles, which would affect the stabil-

ity and yield of the vesicles. Herein, we report a new strategy to

induce vesicle fusion by post-addition of zwitterionic amphiphilic

pillar[5]arene derivatives.
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Pillar[5]arene, a new kind of macrocyclic paracyclophane, was

first synthesized by Ogoshi et al. and has been extensively used

in supramolecular and material chemistry due to its convenient

preparation, rigid backbone, and deep cavity [27–52]. It has been

established that conformations of pillar[5]arene derivatives are

channel-like with attached sidechains pointing to two opposite

directions along the pillar axle [53–56]. We have demonstrated

that the unimolecular tubular structures could be efficiently con-

structed by appending linear sidechains onto the pillar[5]arene

backbones [57–60]. The tubular structures could be positively and

negatively charged or even zwitterionic by introducing different

groups at both ends of the structures [61,62]. The structures with

hydrophobic surface can spontaneous incorporated into lipid bilay-

ers because of their amphiphilic structural feature.

We envisioned that the zwitterionic tubular molecules with

amphiphilic backbone would insert into the bilayers of lipid vesi-

cles to induce the fusion of the vesicles driven by electrostatic in-

teraction (Fig. 1a). Thus, the zwitterionic tubular molecules 1–3

were designed (Fig. 1b). The terminal amino and carboxylic acid

groups and the hydrophobic peptide chains endow the molecules

with amphipathy. The tryptophan (Trp) residues in the peptide

chains can further enhance the bilayer-incorporation ability of the

tubular molecules driven by hydrogen bonding between indole

amide and lipid headgroup oxygens and dipole interaction between

the hydrophobic indole ring and the lipid tails [63–65]. The com-

pounds were synthesized by attaching Trp-contained side-chains

onto pillar[5]arene backbones via click-chemistry (see Supporting

information).

The possibility of 1–3 to induce the fusion of the lipid

vesicles was firstly investigated using Förster resonance energy

transfer (FRET) experiments. For the experiments, large unil-

amellar vesicles (LUVs) consisting of 1,2-dipalmitoyl-sn-glycero-
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Fig. 1. (a) Schematic for the vesicle fusion induced by the zwitterionic tubular

molecules. (b) The chemical structure of compounds 1–3.

3-phosphocholine (DOPC), and N-(7-nitro-2,1,3-benzoxadiazol-4-

yl) (NBD) labeled and Rhodamine (Rho) labeled 1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine (DOPE) were prepared, where the

NBD and Rho moieties act as FRET energy donor and acceptor, re-

spectively. Under a certain DOPE/DOPC ratio, NBD and Rho moi-

eties have chance to move to close with each other and gener-

ate FRET that was monitored by exciting NBD moiety at 450nm

and detecting emission at 530nm. The fusion of NBD -and Rho-

labeled vesicles with vesicles without labeling can decrease the

DOPE/DOPC ratio. As a result, the distance between NBD and Rho

moieties would increase, which leads to lower FRET (Fig. 2a).

By mixing the labeled vesicle assay with the vesicle assay

without labeling in the absence of the zwitterionic pillar[5]arene

derivatives, minimal NBD fluorescence intensity change was ob-

served (Fig. 2b), indicating the absence of the vesicle fusion. How-

ever, mixing both vesicle assays in the presence of 1–3 (molar ratio

relative to lipid (mRL, %)) led to increasement of the fluorescence

intensity with time, which clearly indicates the decreasing of FRET.

This result provides the first evidence for the fusion of the vesicles

mediated by 1–3. Compound 2 exhibited higher ability to medi-

ate vesicle fusion in comparison with 1 and 3 as indicated by its

faster fluorescence intensity increasing speed. The different ability

of these three compounds to mediate vesicle fusion was ascribed

to their different lipid membrane-incorporation ability. Compound

2 possessed the highest membrane-incorporation ability due to its

length (3.3 nm) matched well with the thickness of the lipid bilay-

ers (3.5 nm).

The fusion of the vesicles was further verified by inter-

vesicle salt transport experiments. For the experiments, LUVs load-

ing MgCl2 (LUVMgCl2) and Cl− sensitive fluorescent probe 3-(6–

methoxy-1-quinolinio)propanesulfonate (SPQ, LUVSPQ) were pre-

pared respectively. Mixing of both vesicle assays in the presence

of compound 2 caused the significant decrease of SPQ fluorescence

Fig. 2. (a) Schematic for the experimental setup. The vesicle fusion will cause the

increasement of the distance between NBD and Rho moieties, leading to the de-

crease of the FRET between the two moieties. (b) Changes in the normalized fluo-

rescent intensity of NBD (λex =450nm, λem =530nm) with time after mixing the

NBD- and Rho-labeled vesicles with the unlabeled vesicles in the presence of 1–3

(mRL=7.8%).

Fig. 3. (a) Changes in the fluorescent intensity of SPQ (λex =344nm, λem =443nm)

with time after mixing LUVMgCl2 with LUVSPQ in the presence of 2. (b) Plot of logV0

vs. log[2], indicating the linear relationship of logV0 with log[2]. The slop of the line

was determined to be 1.2±0.1.

intensity (Fig. 3a), indicating the fluxing of MgCl2 from LUVMgCl2

into LUVSPQ. Vesicle-based MgCl2 transport experiments demon-

strated that this compound could not mediate MgCl2 transmem-

brane transport (Fig. S7 in Supporting information), due to the high

dehydration energy of divalent Mg2+ that prevents this cation from

entering the cavity of the channel molecules and blocks the co-

transport of Mg2+ and Cl−. The blockage excluded the possibil-

ity of MgCl2 transport in the pathway of LUVMgCl2-bulk-LUVSPQ.

Thus, above SPQ fluorescence intensity decreasing under mixing

both vesicle assays in the presence of 2 should be a result of the

blending of the vesicle inner solution that was caused by the vesi-

cle fusion. The extent of the fluorescence intensity decreasing was

dependent on the dose of compound 2, supporting that the vesicle

fusion was mediate by this compound.

The molecularity of compound 2 in the lipid bilayers was fur-

ther evaluated by calculating the initial transport rate (V0) from

the slope of the stop-flow curves at t=0 s. The log V0 values were

found to have a linear relationship with log[2] (Fig. 3b), and the

slope were determined to be 1.2±0.1. The fact that the slope was

close to unity should be the evidence for the formation of uni-

molecular vesicle fusion trigger. This observation also suggested

that, under the experimental conditions, the zwitterionic com-

pound did not aggregate in the lipid bilayers.

Giant unilamellar vesicles (GUVs) usually act as a model for as-

sessing membrane fusion because of their large dimensions for di-

rect visualizing the fusion process. Therefore, GUVs were also em-

ployed in this work to investigate the membrane fusion. For the

experiments, GUVs were prepared by swelling DOPC lipid on top of

dried polyvinyl alcohol (PVA) surface. The vesicle fusion was trig-

gered after the addition of the zwitterionic compound 2 onto the

top solution of GUVs (Supplementary Video). Three vesicles that

were suspended in the solution moved to close and contact with

each other (Fig. 4a). Subsequently, the bilayer membranes of the

contacting area fused with each other to form a hemifusion in-

termediate in a short term (Fig. 4b). The hemifusion membrane

further expanded to result in a larger vesicle with sphere shape

(Fig. 4c). The fusion process could be completed in around 2min,

Fig. 4. Microscopy images of the GUVs recorded at (a) 30 s, (b) 45 s, (c) 118 s after

addition of compound 2, highlighting the fusion of GUVs induced by 2.
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which indicates a quick fusion process. The quick fusion should be

a result of the strong electrostatic interaction between the zwit-

terionic pillar[5]arene derivatives locating in the adjacent bilayers.

The zwitterionic compound 2 features with high charge density at

both ends, which contributes to the strong electrostatic interaction.

In conclusion, we have developed a new strategy to induce

vesicle fusion by employing zwitterionic pillar[5]arene derivatives.

The derivatives were channel-like and were prepared by append-

ing side chains onto pillar[5]arenes backbones. The pillar[5]arene

channels contains hydrophilic negatively and positively charged

groups at both ends and hydrophobic Trp residues at the outer sur-

face. This structural feature endows the channels with amphiphilic-

ity. The zwitterionic amphiphilic channels can efficiently incorpo-

rate into the bilayer membranes of lipid vesicles and induce vesicle

fusion driven by the electrostatic interactions between negatively

charged and positively charged groups.

Declaration of competing interest

The authors declare that they have no known competing finan-

cial interests or personal relationships that could have appeared to

influence the work reported in this paper.

Acknowledgments

This work was support by the National Natural Science Founda-

tion of China (NSFC, Nos. 21921003 and 21971046) and the Science

and Technology Commission of Shanghai Municipality (STCSM, No.

22JC1403700).

Supplementary materials

Supplementary material associated with this article can be

found, in the online version, at doi:10.1016/j.cclet.2023.108566.

References

[1] R. Blumenthal, M.J. Clague, S.R. Durell, Chem. Rev. 103 (2003) 53–70.

[2] L.V. Chernomordik, J. Zimmerberg, Curr. Opin. Struct. Biol. 5 (1995) 541–547.
[3] L.V. Chernomordik, M.M. Kozlov, Cell 123 (2005) 375–382.

[4] D. Fasshauer, Biochim. Biophys. Acta Mol. Cell Res. 1641 (2003) 87–97.

[5] W. Hong, Biochim. Biophys. Acta Mol. Cell Res. 1744 (2005) 120–144.
[6] V. Rossi, D.K. Banfield, M. Vacca, et al., Trends Biochem. Sci. 29 (2004)

682–688.
[7] A.T. Brunger, Q. Rev. Biophys. 38 (2005) 1–47.

[8] J. Rizo, T.C. Südhof, Nat. Struct. Biol. 5 (1998) 839–842.
[9] B. Gong, B.K. Choi, J.Y. Kim, et al., J. Am. Chem. Soc. 137 (2015) 8908–8911.

[10] L.V. Chernomordik, M.M. Kozlov, Annu. Rev. Biochem. 72 (2003) 175–207.

[11] D.L. Perrier, L. Rems, P.E. Boukany, Adv. Colloid Interface Sci. 249 (2017)
248–271.

[12] J. Xu, W. Cao, P. Wang, H. Liu, Pharmaceuticals 15 (2022) 876.

[13] B.P. Jena, J. Cell. Mol. Med. 8 (2004) 1–21.

[14] X. Shi, Q. Cheng, Y. Zhang, Methods 177 (2020) 95–102.

[15] M.N. Jones, Curr. Opin. Colloid Interface Sci. 1 (1996) 91–100.
[16] A.J.M. Driessen, H.W. van den Hooven, W. Kuiper, et al., Biochemistry 34 (1995)

1606–1614.
[17] J. Wilschut, N. Duzgunes, D. Papahadjopoulos, et al., Biochemistry 19 (1980)

6011–6021.
[18] J.A. Peruzzi, M.L. Jacobs, T.Q. Vu, et al., Angew. Chem. Int. Ed. 58 (2019)

18683–18690.

[19] S.C. Hsu, C.D. Hazuka, R.H. Scheller, et al., Trends Cell Biol. 9 (1999) 150–153.
[20] G.R. Prescott, O.A. Gorleku, L.H. Chamberlain, et al., J. Neurochem. 110 (2009)

1135–1149.
[21] J. Khadake, B. Meldal, S. Panni, et al., Nat. Commun. 10 (2019) 10.

[22] C.K. Haluska, K.A. Riske, V. Marchi-Artzner, et al., Proc. Natl. Acad. Sci. U.S.A.
103 (2006) 15841–15846.

[23] M.R. Cheetham, J.P. Bramble, D.G.G. McMillan, et al., J. Am. Chem. Soc. 133
(2011) 6521–6524.

[24] Y. Suzuki, K.H. Nagai, T. Hamada, et al., Langmuir 33 (2017) 2671–2676.

[25] R.B. Lira, T. Robinson, K.A. Riske, et al., Biophys. J. 116 (2019) 79–91.
[26] J. Voskuhl, B.J. Ravoo, Chem. Soc. Rev. 38 (2009) 495–505.

[27] T. Ogoshi, T.A. Yamagishi, Y. Nakamoto, Chem. Rev. 116 (2016) 7937–8002.
[28] B. Hua, L. Shao, F. Huang, et al., Acc. Chem. Res. 55 (2022) 1025–1034.

[29] D. Xia, P. Wang, F. Huang, et al., Chem. Rev. 120 (2020) 6070–6123.
[30] Z. Li, Y.W. Yang, Acc. Chem. Res. 2 (2021) 292–305.

[31] H. Zheng, L. Fu, L. Wang, et al., Nat. Commun. 14 (2023) 590.

[32] X. Liang, Y. Shen, C. Yang, et al., Chem. Commun. 58 (2022) 13584–13587.
[33] X.Q. Wang, W.J. Li, H.B. Yang, et al., J. Am. Chem. Soc. 141 (2019) 13923–13930.

[34] J.R. Wu, G. Wu, Y.W. Yang, et al., Angew. Chem. Int. Ed. 62 (2023) e202218142.
[35] B. Jiang, W. Wang, H.B. Yang, et al., Angew. Chem. Int. Ed. 56 (2017)

14438–14442.
[36] T. Ogoshi, S. Kanai, S. Fujinami, et al., J. Am. Chem. Soc. 130 (2008) 5022–5023.

[37] X.Y. Yu, Y. Chen, Chin. Chem. Lett. 34 (2023) 107739.

[38] X.N. Han, Q.S. Zong, C.F. Chen, et al., CCS Chem. 4 (2021) 318–330.
[39] X. Shu, W. Chen, C. Li, et al., Chem. Commun. 50 (2014) 4820–4823.

[40] Z. Liu, F. Demontrond, A. Imberty, et al., Chin. Chem. Lett. 34 (2023) 107872.
[41] Q. Wang, J. Fan, X. Bian, et al., Chin. Chem. Lett. 33 (2022) 1979–1982.

[42] S. Liu, T. Yan, Q. Wu, et al., Chin. Chem. Lett. 33 (2022) 239–242.
[43] Y. Chen, B. Sun, L. Wang, et al., Org. Lett. 23 (2021) 7423–7427.

[44] Y. Zhou, H. Tang, D. Cao, et al., Chem. Commun. 57 (2021) 13114–13117.

[45] X. Ji, F. Wang, F. Huang, et al., Chin. J. Chem. 38 (2020) 1473–1479.
[46] S. Fa, T. Kakuta, T.A. Yamagishi, T. Ogoshi, CCS Chem. 1 (2019) 50–63.

[47] S. Lan, L. Ling, D. Ma, ACS Appl. Mater. Interfaces 14 (2022) 4197–4203.
[48] M. Cheng, W. Gong, H. Li, et al., Chin. J. Chem. 40 (2022) 925–930.

[49] J. Liu, X.W. Sun, Q. Lin, et al., Chin. J. Chem. 39 (2021) 3421–3428.
[50] J.R. Wu, Y.W. Yang, CCS Chem. 3 (2020) 836–843.

[51] J. Wang, M. Cen, Y. Yao, et al., Chin. Chem. Lett. 33 (2022) 1475–1478.

[52] Y. Zhang, J. Chen, Q. Meng, et al., Chin. Chem. Lett. 34 (2023) 107697.
[53] T. Ogoshi, K. Kitajima, Y. Nakamoto, et al., Org. Lett. 12 (2010) 636–638.

[54] T. Ogoshi, M. Hashizume, Y. Nakamoto, et al., Chem. Commun. 46 (2010)
3708–3710.

[55] K. Kato, S. Fa, T. Ogoshi, et al., Chem. Soc. Rev. 51 (2022) 3648–3687.
[56] S. Ohtani, K. Kato, T. Ogoshi, et al., Coord. Chem. Rev. 462 (2022) 214503.

[57] Y.W. Li, Y.H. Fu, J.L. Hou, Chin. J. Chem. 40 (2022) 1293–1297.

[58] W. Si, Z.T. Li, J.L. Hou, et al., Acc. Chem. Res. 48 (2015) 1612–1619.
[59] J.Y. Chen, Z.T. Li, J.L. Hou, et al., Faraday Discuss. 209 (2018) 149–159.

[60] W. Si, Z.T. Li, J.L. Hou, et al., Angew. Chem. Int. Ed. 50 (2011) 12564–12568.
[61] Z.J. Yan, D. Wang, J.L. Hou, et al., J. Am. Chem. Soc. 142 (2020) 15638–15643.

[62] Z.J. Yan, Y. Zhang, J.L. Hou, et al., J. Am. Chem. Soc. 143 (2021) 11332–11336.
[63] V. Fonseca, P. Daumas, L.O.S. Andersen, et al., Biochemistry 31 (1992)

5340–5350.
[64] S.A. Seoh, D. Busath, Biophys. J. 68 (1995) 2271–2279.

[65] Q. Xiao, W.W. Haoyang, J.L. Hou, et al., Chem. Commun. 57 (2021) 863–866.

3


