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a b s t r a c t

Control of self-assembly is significant to the preparation of supramolecular materials, but the control of

hydration, responsiveness, dimension, catalysis of macrocyclic amphiphiles in an atom-economic manner

is still a great challenge. The herein presented 527 Da low-molecular-weight macrocyclic amphiphile was

fabricated by utilizing the selenium-containing crown ether as a hydrophobic motif together with guani-

dinium group as the hydrophilic moiety. The resulting benzo[21]crown-7 based macrocyclic amphiphile

readily forms a redox-responsive solid nanoparticles in water, which can further interconnect into wrin-

kled pattern on-surface, as well as exhibits as a nanozyme for catalyzing disulfid bond formation. The

present work highlights the great potential of guanidinium- and selenium-containing crown ethers for

the control of functional assemblies.

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

Medica, Chinese Academy of Medical Sciences.

Control of self-assembly is significant in preparing supramolec-

ular materials and illustrating the diversity in natural or artifi-

cial systems [1–3]. Macrocyclic amphiphiles, which combine the

features of macrocyclic compounds and classic amphiphiles, have

gained considerable attention in various fields [4,5]. A wide vari-

ety of novel nanostructures self-assembled using macrocyclic am-

phiphiles have potential application in drug/gene delivery, cell

imaging, and catalysis [6–15]. Owing to the fine-developed macro-

cycle chemistry, hydrophilic, hydrophobic chains, and/or functional

groups can be decorated on the respective sides of the macrocyclic

frameworks or through host-guest chemistry. However, despite

prior research demonstrating the advantages of using macrocycles

to construct novel amphiphiles, atom-economic control in hydra-

tion, responsiveness, dimension, and catalysis of the supramolecu-

lar nanostructures of macrocyclic amphiphiles remains a significant

challenge [16].

Crown ethers, the first class of synthetic macrocycles, have

been widely used as building blocks in the development of func-

tional self-assemblies including molecular machines, supramolec-

ular polymers, and sensors, albeit in the organic phase [17–26].

Recently, we and others found that crown ethers are an in-
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triguing host for studying water-mediated non-covalent interac-

tions [27–29]. In particular, benzo[21]crown-7 (C7) represents a

new class of water-soluble crown macrocycles with high water

solubility (4.21 mol/L, Table S1 in Supporting information). This

value is higher than that of well-known water-soluble macrocy-

cles (such as cucurbitu[n]rils and cyclodextrins) [30]. Insight into

water−C7 interactions further led to the discovery of “structural

water” for supramolecular adhesive materials [27,31,32], reversing

the Hofmeister effect [33] and thus benefiting the communities

of chemistry, materials and physics. Intriguingly, substituting one

selenium (Se) atom in C7CN significantly enriches the hydration

behavior of crown ether (Scheme 1a). On the one hand, the se-

lenide group is a poor HB acceptor [34], the single Se atom ex-

ists in C7CN thus readily makes the original hydrophilic crown

macrocycle becomes extremely hydrophobic (Table S1 in Support-

ing information). On the other hand, selenoxide, in contrast, is

an excellent HB acceptor [35]; hence, the crown ether compris-

ing it has a higher water solubility [note: the H-bond distance

of the selenoxide group (1.78 Å) is shorter than that of an ether

(-O-) group (1.90 Å)] [36]. Importantly, the transition between se-

lenide and selenoixde is redox adaptive. Therefore, the site muta-

tion of an oxygen atom in the crown ether to selenium endows

redox-adaptive amphiphilicity to the crown macrocycle, which is

unprecedented in previously reported macrocycles. Detailed water-
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Scheme 1. (a) Design principle of adaptive and comparable hydrogen bonding

behavior of selenide, selenoxide. (b) Chemical structure of guanidinium- and

selenium-functionalized crown ether-based macrocyclic amphiphile C7Se-G, and its

redox-switchable behavior. (c) Cartoon representation of the redox controlled self-

assembly for the formation of solid nanoparticles. (d) Consequent formation of

wrinkled surface via the self-assembly of macrocyclic amphiphile. (e) Its catalysis

in aqueous medium for the formation of disulfide bonds.

solubility of diverse selenium-functionalized crown ether deriva-

tives in Table S1. Moreover, selenium catalysis is an important area

in organic synthesis, and various organic selenoxide/selenide cat-

alysts have been reported [37–40]. Therefore, selenium-containing

crown ether has fine control over hydration, redox-responsiveness,

and catalysis, which is ideal for designing novel macrocyclic am-

phiphiles. However, thus far, in comparison to calixarenes [6,13],

cucubiturils [2,14], cyclodextrins [10–12], and pillarenes [6,12–14],

crown ether-based macrocyclic amphiphiles have rarely been ex-

plored [4,5,41]. Furthermore, investigation of selenium-containing

crown ethers has been largely belittled in organic and solid phases

[42–46], their aqueous behavior remains elusive.

On the basis of above considerations, we designed and syn-

thesized a guanidinium- and selenium-functionalized crown ether,

C7Se-G, which represents a type of “atom-economic” macrocyclic

amphiphile (Scheme 1b). Guanidinium has a unique molecular

structure. The guanidine moiety is incorporated in many nat-

ural products and synthetic systems of biological importance

[47]. Therefore, the development of guanidinium-containing mo-

tifs is of significant interest in the fabrication of novel stimuli-

responsive materials and for understanding biological processes

[48]. Herein, selenium-containing crown ether served as the hy-

drophobic segment. With guanidinium group acting as the neces-

sary hydrophilic moiety, the crown-ether-based macrocyclic am-

phiphile readily forms solid nanoparticles in water, exhibiting a

redox-responsive self-assembly (Scheme 1c). Furthermore, the self-

assembly of the C7Se-G solid nanoparticles can generate wrinkled

surfaces (Scheme 1d). The positively charged guanidinium groups

serving on the C7Se-G solid nanoparticles increased binding with

the carboxylic acid group-containing substrate, which enhanced

the catalytic ability of the resulting nanozyme to promote disul-

fide bond formation (Scheme 1e). Notably, features including redox

responsiveness, wrinkled surface and nanozyme were achieved in

a low-molecular-weight macrocyclic amphiphile with a molecular

weight of less than 530 Da.

The design of the macrocyclic amphiphile C7Se-G is based on

the guanidinium group and the selenium-containing crown ether

moiety with approximately 6000 times difference in solubility,

which provides the essential molecular origin of hydrophilicity

and hydrophobicity for designing novel crown-ether-based am-

phiphile; the water solubility of guanidinium chloride reaches

573 g/L (5.99 mol/L, data from Biospectra Inc.), whereas that of

selenium-containing cyanobenzo-21-crown-7 ether C7SeCN (Table

S1) was only 0.44 g/L (1 mmol/L) at room temperature [34,43].

The guanylating agent, 1H-pyrazolecarboxamidine hydrochloride,

is a common method for generating guanidinium-functionalized

macrocycles, and the amino-equipped macrocycle serves as the

essential precursor. Herein, we initially attempted to reduce the

C7CN benzylamine[21]crown-7 ether using the BH3-THF protocol

developed by our group (Scheme 2b) [26], which has consequently

been widely used by many groups [27–31,33,49]. However, it failed

in this study. Instead, the Gabriel amine synthetic route works for

generating amine-functionalized selenium-containing crown ether

derivatives (Scheme 2a, see Supporting information for detailed de-

scription). As shown in Scheme 2a, C7Se-G was obtained in a mod-

erate yield. C7-G was synthesized as a control with the only differ-

ence being that Se was substituted by O (Scheme 2b and Scheme

S2 in Supporting information). C7-G was expected to be highly

water-soluble based on the high solubility of benzo[21]crown-7

ether in water (1500 g/L, 4.21 mol/L) [30]. All compounds were

characterized via nuclear magnetic resonance (NMR) spectroscopy,

including 1H, 13C, and 77Se NMR, and high-resolution electrospray

ionization mass spectrometry (HR-ESI-MS) (Figs. S1–S16 in Sup-

porting information).

By adding water to C7Se-G and gently shaking it, a clear aque-

ous solution of C7Se-G with 2 mol/L concentration can be readily

obtained (Fig. S17 in Supporting information). A prominent Tyndall

effect was observed (Fig. 1 and Fig. S18 in Supporting information).

According to previous studies, the reversible redox reaction be-

tween selenide and selenoxide can be easily realized by introduc-

ing H2O2 and vitamin C (Vc). Therefore, we performed 1H and 77Se

NMR, and ESI-MS experiments to determine the redox reactions at

the molecular level. The 1H NMR spectrum showed that the peaks

of protons adjacent to the Se atom (marked with asterisks) at 2.79

ppm downshifted and split into two sets of peaks at 3.2 and 3.45

ppm, exhibiting a characteristic splitting pattern for the oxidiza-

tion product of chalcogen-containing organic species [50]. The 77Se

NMR spectrum also showed a peak shift from 119.81 to 847.65

ppm (Fig. 1c). The ESI-MS data indicate that oxidation occurred,

and the molecular ion peaks for C7Se-G at m/z 492.16 ([M+H]+)
disappeared after oxidation, whereas the peaks for C7SeO-G at m/z

508.16 ([M+O+H]+) became more evident (Fig. S25 in Support-

ing information). The selenide peak reappeared when Vc was in-

troduced (Fig. 1a), providing evidence of a reversible transition be-

tween C7Se-G and C7SeO-G. Furthermore, the macroscopic Tyndall

effect of the C7Se-G aqueous solution disappeared and was ob-

served again during the redox process of C7Se-G, as shown in Fig.

1b, which corresponds to the disassembly and reassembly of C7Se-

G in aqueous solution. These results not only demonstrated that

the solvation of C7Se-G assemblies can be readily modified in a

redox-controlled manner but also presented two stable forms for

organic selenide forms, which can transform each other in water.

Nanoparticles can be imaged in situ using cryo transmission

electron microscopy (cryo-TEM) because they are organized in the
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Scheme 2. The synthetic route of C7Se-G and its control C7-G. (a) Phathalimide, DIAD, P(Ph)3; (b) Hydrazine hydrate (85%); (c) 1H-pyrazole-1-carboxamidine hydrochloride,

(i-Pr)2NEt; (d) BH3-THF.

Fig. 1. Redox switches of selenide and selenoxide of C7Se-G. Star symbol show

the configuration of hydrogens neighboring the selenium atom. (a) Partial 1H NMR

spectra for C7Se-G (10 mmol/L, D2O, 500 MHz, 298 K) before oxidation, after ox-

idation by H2O2 (3 equiv.), and after further reduction with Vc (6 equiv.). (b) The

inserted Tyndall images showed the macroscopic scattering effect of the responding

samples in (a). (c) 77Se NMR spectra for C7Se-G before oxidation (200 mmol/L, D2O,

95 MHz, 298 K), C7Se-G after oxidation by H2O2 (3 equiv.) (200 mmol/L, D2O, 95

MHz, 298 K), and C7Se-G after further reduction with Vc (6 equiv.) (180 mmol/L,

D2O, 76 MHz, 298 K).

solution. Homogenous solid C7Se-G nanoparticles were visualized

in the projection images of cryo-TEM in the range of 2–5 mmol/L

(Fig. 2a and Fig. S19 in Supporting information). The solid nanopar-

ticles had an average diameter of approximately 25 ± 10 nm

(Fig. 2a, insert). The critical aggregation concentration (CAC) of

C7Se-G was determined as 1.73 mmol/L. Diluting the aqueous so-

lution of C7Se-G from 2 mol/L to various concentrations did not

result in any significant changes upon aggregation (Fig. S18). The

zeta potential results showed that the potential of 2 mmol/L C7Se-

G was +7.16 mV and that its aggregates were positively charged

(Fig. S22 in Supporting information).

Fig. 2. (a) Cryo-TEM images of C7Se-G aggregation at the concentration of 5

mmol/L. (b) The intersection of two slopes (red lines) indicates the critical ag-

gregation concentration (CAC) of C7Se-G was determined to be 1.73 mmol/L. SEM

images of the C7Se-G aggregation at different concentration. (c) 0.5 mmol/L; (d)

10 mmol/L.

Nanoparticle interactions are critical in a range of phenom-

ena including protein aggregation and crystallization, reentrant

phase transitions, nanoemulsion assembly and nanoparticle orga-

nization into nanowires [51]. We observed that when these posi-

tively charged solid nanoparticles are concentrated, they can form

reversible self-assembled structures on surfaces that become more

connected topologically (Scheme 1d and Fig. 2). Wrinkled pat-

terns comprising C7Se-G nanoparticles with a periodic fluctua-

tion on the surface were observed using scanning electron micro-

scope, as shown in Figs. 2c and d. In addition, we observed that

the solid nanoparticles self-assembled into larger structures have

already happened at even lower concentrations of C7Se-G (e.g.,

c=0.1 mmol/L) (Fig. S20 in Supporting information). We specu-

late that the hydrophobic forces between the selenium-containing

crown ether parts were too strong [52]. This wrinkled surface

might have been caused by the interaction of Se···Se bonds. Indeed,

the crystal structure of C7SeCN provides us evidence for the exis-

tence of strong intermolecular Se···Se interactions in the solid-state

of selenium-containing crown ethers. From the crystal structure of

C7SeCN (Fig. 3), the distance of Se···Se was determined to be ap-

proximately 3.747 Å, which is shorter than the van der Waals dis-
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Fig. 3. Crystal structure of selenium-containing crown ether C7SeCN, which ex-

hibits strong intermolecular Se···Se interaction.

tance between two selenium atoms (Se···Se=4.0 Å) [53]. Moreover,

the neighboring selenium-containing crown ethers fit in a typical

zigzag arrangement which is in accordance with previous studies

on the existence of tight chalcogen-chalcogen interactions [52]. In

line with our hypothesis, after the oxidation of C7Se-G to form hy-

drophilic C7SeO-G, the wrinkled surface generated from the self-

assembly of C7Se-G disappeared (Fig. S26 in Supporting informa-

tion). The morphological transformation demonstrated that subtle

changes in one atom of crown ethers can cause significant changes

in their hierarchical composition and mesoscopic ordering.

The selenium(II)/(IV) redox cycle is crucial in sulfide/disulfide

redox chemistry, and selenides have been studied as glutathione

peroxidase (GPx) mimetics, catalyzing the reduction of peroxides

using various thiols, and the formation of disulfide bonds [54–

56]. Nanozymes are nanoparticles with enzyme-mimicking prop-

erties [57]. Owing to their intrinsic catalytic properties, nanozymes

can modulate a series of important biological processes [58–60].

Therefore, unlike previously reported organic selenide compounds

[61], the current system has the advantage of a complete reac-

tion in water; thus, the solid nanoparticles of C7Se-G in water can

readily extend the catalysis of organic selenide to aqueous sub-

strates as nanozymes in thiol/disulfide conversion. Hydrogen per-

oxide (H2O2) and cumene hydroperoxide (CUOOH) are used as per-

oxide substitutes. 5-Mercapto-2-nitrobenzoic acid (MNBA) was se-

lected as a water-soluble thiol cofactor. The decrease in ultraviolet

absorbance in the oxidation of MNBA was considered a criterion

for evaluating the catalytic activity for the formation of disulfide

bonds. The tests were carried out in Dulbecco’s phosphate-buffered

saline (DPBS) at 25 °C. The turnover number (TON) provides a con-

venient means for comparing effectiveness. The TON of C7Se-G in

the MNBA-H2O2 assay was 1500×10−4 min−1 (Table S2 in Sup-

porting information). In the MNBA-H2O2 assay the TON of diphenyl

diselenide (PhSeSePh), a typical GPx mimic, was 1.2×10−4 min−1,

indicating that C7Se-G exhibits a 1250-fold higher activity than

that of PhSeSePh [62]. When H2O2 was replaced with CUOOH

(Table S3 in Supporting information), the TON of C7Se-G was

1420×10−4 min−1. To evaluate the catalytic effect of the guani-

dinium group in C7Se-G, 4-nitrobenzenthiol (NBT) was used as a

comparable water-soluble thiol cofactor with a structure similar to

that of MNBA but without the carboxylic acid group (Fig. 4a, box).

In the NBT-H2O2 and NBT-CUOOH assays, the TONs of C7Se-G de-

creased to 120×10−4 and 320×10−4 min−1, respectively. The cat-

alytic activity of the C7Se-G assemblies in the MNBA system was

significantly higher than that in the NBT system, which can be at-

tributed to the recognition of the carboxylic acid functional group

in MNBA and the guanidinium group in C7Se-G. This trend was

further confirmed at 50 μmol/L concentration of C7Se-G (Fig. 4b).

In contrast to C7Se-G, C7-G (Fig. S27 in Supporting information)

exhibited no catalytic effect on thiol/disulfide bond conversion, in-

dicating that the catalytic effect was due to the selenide group in

C7Se-G.

In the aforementioned catalytic cycle, the Se-S linkage interme-

diate was generated after the reaction between thiol and selenide,

Fig. 4. (a) Redox cycle of selenides accelerates the formation of disulfides. Insert

box: the structures of peroxides and water-soluble thiol substrates. (b) The turn

over (TON) of the reaction. Plots of formation of disulfides from oxidation of mono-

sulfides in (c) MNBA-H2O2, (d) MNBA-CUOOH, (e) NBT-H2O2, and (f) NBT-CUOOH

assays with blank (black), 5 μmol/L (red), and 50 μmol/L (blue) C7Se-G in the DPBS

buffer. Plots corresponding to the absorbance of λ = 410 nm before and after adding

MNBA to the DPBS buffer containing different amount of C7SeO-G: (g) 5 μmol/L, (h)

50 μmol/L. The sudden jump of the curves indicated that the lid opening period of

UV-vis spectrometer.

and the intermediate subsequently reacted efficiently with another

thiol to form reduced C7Se-G and a disulfide product. As shown in

Figs. 4g and h, the rapid consumption of MNBA upon the addition

of C7SeO-G to the MNBA solution indicates that there was a reac-

tion between C7SeO-G and MNBA. The reaction continued after the

addition of H2O2 when MNBA was present in surplus in the sys-

tem, confirming that selenoxides could be reconverted to selenides

via the reduction of thiols, as shown in Fig. 4a. In addition, the NBT

thiol cofactor reaction were similar to those of MNBA (Fig. S28 in

Supporting information). Moreover, when a free-radical scavenger

co-existed in the MNBA assay, the catalytic performance of C7Se-G

did not disappear, indicating that the free-radical mechanism was

not the dominat pathway in this reaction system (Fig. S29 in Sup-

porting information). Unfortunately intermediate products such as

selenium-containing hydroxy perhydroxy intermediates could not

be determined by ESI-MS because of the abundant salt in the DPBS

buffer [61].

In conclusion, a new class of guanidinium- and selenium-

functionalized crown ether macrocyclic amphiphiles was devel-

oped. Mutating one atom and grafting a guanidinium group on

crown ether provides an atom-economic approach for control-

ling hydration, responsiveness, dimension, and enhanced cataly-

sis of macrocyclic amphiphiles. On the one hand, the selenium-

containing crown ether itself provides an “All-In-One” building

block. On the other hand, the amino-group equipment allows di-

verse functional groups can be grafted on, which made it easier to

further integrate multiple functionalities through well-developed

amine chemistry [5,17–21,24–26]. Therefore, we believe that the

principle of current design also represents the principle of atom-

economy for efficient usage of atoms to some extent. As illus-
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tration, grafting guanidinium group readily affords the result-

ing macrocyclic amphiphile positively-charged solid nanoparticles

formed in an aqueous medium, with redox-responsiveness in wa-

ter. The resulting solid nanoparticles can capture the substrates

more efficiently, consequently acting as potent nanozymes for cat-

alyzing the reduction of peroxides and the formation of disulfide

bonds. Thus far, there have been limited cases reporting the use of

macrocyclic amphiphiles as nanozymes. Therefore, the fundamen-

tal results reported in this study not only present a new design

form for organic selenide compounds but also pave the way for the

construction of novel functional stimuli-responsive nanomaterials.
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