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a b s t r a c t 

Stimuli-responsive vesicles (SRVs) have been widely exploited as smart nanocarriers for biomedical appli- 

cations. Herein, high-performance SO 2 -responsive nanovesicles were reported to exemplify a new mode 

of SRVs. Structurally, the sensory vesicles were based on amphiphilic hydrogen-bonded (HB) polymers 

which can be facilely fabricated via modular self-assembly. The HB polymers are designed to consist of a 

melamine-barbituric acid HB skeleton with pendant anthracene fluorophores and amphiphilic side chains. 

Upon stimulation with increasing amount of SO 2 , the vesicles in aqueous solution undergo an unusual 

morphology evolution including rapid fission into small ones, swelling and final collapse of the offspring 

vesicles. During this process, the intrinsic fluorescence response of the vesicles allows intuitive tracking 

of the hierarchical structural evolution of the self-assembled membranes and straightforward quantitation 

of the stimuli. This work exemplifies a rational design of auto-recording stimuli-responsive nanovesicles. 

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia 

Medica, Chinese Academy of Medical Sciences. 
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Stimuli-responsive vesicles (SRVs) have attracted much research 

nterest because of their high applicability in smart drug de- 

ivery and bio-sensing/imaging [1–4] . Because of the important 

hysiological effects of endogenous gaseous species, a variety of 

anovesicles capable of displaying significant morphologic change 

pon interaction with reactive sulfur (such as H 2 S n ) [ 5 , 6 ] or reac-

ive oxygen (such as H 2 O 2 and NO) [7–13] have been developed. 

hile sulfur dioxide (SO 2 ) is known as an environmental pollution 

as associated with acid rain [14] , endogenous SO 2 is currently re- 

arded as a new gasotransmitter with many important physiolog- 

cal functions such as adjusting cardiovascular function and main- 

aining redox equilibrium [15–18] . SO 2 inhalation or excessive in- 

ake of SO 2 derivatives from food is associated with various dis- 

ases including cardiovascular diseases, respiratory diseases and 

eurological disorder [19–22] . However, SO 2 or its derivatives in 

queous solution have not been successfully employed to trigger 

embrane reconstitution of nanovesicles to date. Another remain- 

ng challenge in designing SRVs is to track the membrane struc- 

ure evolution of the stimulated vesicles conveniently. To address 

hese issues, reactive hydrogen-bonded (HB) skeletons and fluores- 

ent membrane probes were integrated into self-assembled lipid 
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embranes to construct high-performance SO 2 -responsive vesicles 

erein reported. 

Dye-interbedded vesicles (DIVs) with unique optical proper- 

ies, such as porphysomes [ 23 , 24 ] and polydiacetylene lipid vesi- 

les [ 25 , 26 ], can be formed by self-assembly of dye-derived am- 

hiphiles. The coordination of π-stacking aggregation of the chro- 

ophores with hydrophobic interaction between the lipid chains 

n self-assembling usually results in the formation of uniform vesi- 

les with relatively low critical vesicle concentrations. However, 

ecause aggregation of organic dyes generally leads to fluorescence 

uenching, only few examples of fluorescent DIVs had been re- 

orted and most of them employed special core dyes featured by 

ggregation-induced/enhanced emission [ 27 , 28 ]. Based on a self- 

ssembly pattern similar to that of DIVs yet immune to compact 

tacking of the fluorophores in the responsive interlayers, the vesi- 

les investigated in this work were fabricated from HB polymers 

earing amphiphilic side chains and sparse fluorogenic pendants. 

or modular assembly of the HB polymers, both of the fluores- 

ent subunits (AnB) and amphiphilic subunits (BOPC, BODP and 

OAB) were designed to bear a barbituric acid (BA) terminal group 

 Scheme 1 a). While each BA group contains two acceptor-donor- 

cceptor arrays of hydrogen-bonding sites in a coplanar manner, 

he melamine (Mel) linker bears three arrays of the complemen- 

ary donor-acceptor-donor bonding sites. Because of the strong 
nstitute of Materia Medica, Chinese Academy of Medical Sciences. 

https://doi.org/10.1016/j.cclet.2022.02.005
http://www.ScienceDirect.com
http://www.elsevier.com/locate/cclet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cclet.2022.02.005&domain=pdf
mailto:lishua@xmu.edu.cn
https://doi.org/10.1016/j.cclet.2022.02.005


Y. Zhu, Y. Hu, J. Zeng et al. Chinese Chemical Letters 33 (2022) 5180–5183 

Scheme 1. (a) Chemical structures of the functional subunits investigated. 

Schematic illustration of (b) the SO 2 -induced degradation of the HB polymers 

formed by AnB, Mel and BOPC, and (c) the resulting morphology change of the 

self-assemblies in aqueous solution. 
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Fig. 1. (a, b) Fluorescence responses of ABMP ([AnB] = 2.0 μmol/L) in aqueous solu- 

tion buffered at pH 7.0 (by 0.02 mol/L Na 2 HPO 4 -NaH 2 PO 4 ) upon addition of differ- 

ent amount (a, 0.10 mmol/L; b, 1.0 mmol/L) of Na 2 SO 3 , Na 2 S 2 O 5 , Na 2 S 2 O 4 , Na 2 S 2 O 3 , 

Na 2 S 2 O 8 , Na 2 SO 4 , CH 3 COONa, NaHCO 3 , Na 2 C 2 O 4 , NaNO 2 , NaNO 3 , NaSCN, Na 2 S, NaCl 

and NaI, respectively. (c, d) Time dependence of the fluorescence response induced 

by Na 2 SO 3 (c, 10 μmol/L; d, 100 μmol/L) at 25 °C. Excitation wavelength: 371 nm. In- 

sets: plot of the emission intensity ratio ( r F , at 514 nm/422 nm) vs. incubation time. 
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ydrogen-bonding interaction between BA and Mel and high π- 

tacking tendency of the resulting planar HB networks [ 29 , 30 ], 

esicular membranes with embedded fluorophores can be eas- 

ly formed by co-assembly of the fluorescent subunit, amphiphilic 

ubunits and Mel in aqueous solution. 

Modularization strategy greatly facilitates rational design of the 

O 2 -responsive fluorescent amphiphiles. Classical aromatic fluo- 

ophores such as anthracene and pyrene have been widely em- 

loyed to explore membrane structure because of their unique 

ual-fluorescence properties including monomer emission with 

tructured vibronic features sensitive to the chemical microenvi- 

onment and excimer emission dependent on the aggregation state 

31–34] . In designing the fluorescent subunit, anthracene was con- 

ugated with BA to act as a membrane probe covalently immobi- 

ized on the sensory interlayer. On the other hand, the terminal BA 

roup was proposed to be an efficient SO 2 triggering site, since the 

igh-affinity interaction between carbonyl and bisulfite had long 

een known in food chemistry [ 35 , 36 ]. Nucleophilic addition of 

isulfite onto the BA-containing subunits leads to the yield of re- 

ated sulfonic acid derivatives [ 37 , 38 ]. The as-induced degradation 

f the HB networks and hydrophilicity increase of the subunits are 

ble to drive dramatic reconstitution of the self-assembled mem- 

ranes (Schemes 1b and c). Inspired by biological membrane struc- 

ures, the main amphiphilic subunit was designed to bear ampho- 

eric phosphorylcholine as the hydrophilic group. Meanwhile, two 

ther kinds of amphiphilic subunits with anionic and cationic hy- 

rophilic heads, respectively, were prepared for a control investiga- 

ion. Importantly, the multiplicity and ratios of the functional sub- 

nits can be flexibly modulated to optimize the target-responsive 

erformances of the co-assemblies. 

The co-assembly of AnB, Mel and BOPC at a molar ratio of 

:20:29 in aqueous solution readily led to formation of a new 

ype of fluorescent vesicles. At a typical AnB concentration of 

.0 μmol/L, the diameters of the co-assemblies (named as ABMP) 

ormed at pH 7.0 were at the level of 30 0 ∼50 0 nm as revealed

y dynamic light scattering (DLS) and transmission electron mi- 

roscopy (TEM) studies. The regularly spherical structure of the co- 

ssemblies was found to be readily destroyed upon treatment with 

ow concentrations of the fungicide dodecyl-guanidine monoac- 
5181 
tate (dodine), confirming formation of vesicular membranes but 

ot micelles from the amphiphilic HB polymers [39–41] . Flow cy- 

ometry investigation of the solution revealed that the vesicle con- 

entration was 2.7 × 10 −14 mol/L (Fig. S10 in Supporting informa- 

ion). Benefiting from the biomimetic membrane surfaces, the vesi- 

les showed a low nonspecific adsorption level in the presence 

f a variety of biological substances (Fig. S11 in Supporting in- 

ormation). Replacement of BOPC with BOAB or BODP resulted 

n the formation of fluorescent vesicles with structural compa- 

ability. All these vesicles can be assembled from the functional 

ubunits at relatively low concentration levels, indicating an in- 

reased self-assembly tendency induced by participation of the π- 

tacking aggregation of the HB skeletons. In neutral phosphate- 

uffered solution, the critical vesicle concentration of ABMP in 

eutral phosphate-buffered solution was detected to be 12 μmol/L 

f the BA-bearing subunits (Fig. S12 in Supporting information). 

owever, formation of vesicular membranes from the HB poly- 

ers was found to occur only when the molar fraction of AnB 

n the BA-bearing subunits was kept at a low level ( < 10%) (Fig. 

14 in Supporting information). It is clear that coordination be- 

ween π-stacking aggregation of the HB skeletons and hydrophilic- 

ydrophobic interaction of the amphiphilic side chains, which sus- 

ains the membranous self-assemblies in water, was greatly hin- 

ered by dense rigid pendants on the HB polymers. 

The vesicular ABMP co-assemblies displayed atypical dual flu- 

rescence from anthracene ( Fig. 1 ) and high spectral stability in 

eutral aqueous solution (Fig. S15 in Supporting information). The 

ong-wavelength signal at 514 nm was assigned to the excimer 

mission of anthracene, while the local (monomer) emission band 

ppeared as an array of strongly-split double peaks (at 386 nm and 

26 nm, respectively) instead of common triple peaks, indicating 

 high steric restriction of the fluorophores in the self-assembled 

embranes. Interestingly, the pH dependence of the fluorescence 

ehavior of ABMP in the pH range 4 ∼9 was ignorable (Fig. S16 in 

upporting information). This was mainly attributed to the protec- 

ive effect of lipid membranes on the HB skeletons. 

Bisulfite binding reactivity of the BA-bearing subunits was con- 

rmed by infrared, mass and nuclear magnetic resonance spec- 
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Fig. 2. Fluorescence traces (a and b, emission spectra; c and d, ratiometric re- 

sponses) of ABMP ([AnB] = 2.0 μmol/L) in aqueous solution at pH 7.0 in the presence 

of increasing amount of Na 2 SO 3 . Excitation wavelength: 371 nm. Incubation condi- 

tions: 37 °C, 10 min. 

Fig. 3. TEM images of ABMP ([AnB] = 2.0 μmol/L) formed in aqueous solution 

buffered at pH 7.0 in the presence of different amount of Na 2 SO 3 : (a) none, (b) 

10 μmol/L, (c) 90 μmol/L, (d) 200 μmol/L. The images were obtained via negative 

staining of the samples by 2% tungstophosphoric acid. 
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ra (Figs. S17-S19 in Supporting information), and a series of SO 2 - 

elated anionic species were then tested as external stimuli for 

he fabricated vesicles. Addition of the SO 2 -generating species 

esulted in remarkable fluorescence responses, while no obvi- 

us spectral changes have been observed upon addition of other 

pecies. Sharply different responses were induced by low- and 

igh-concentration Na 2 SO 3 , respectively. Low-concentration stimu- 

ation suppresses the monomer emission of ABMP ( Fig. 1 a), while 

igh-concentration stimulation leads to appearance of a restruc- 

ured monomer emission band with clear vibrational features and 

nhanced intensity ( Fig. 1 b). These responses were found to de- 

end on pH with an observation that the sensitivity decreased 

ith increasing pH from 4.4 to 9.1 (Fig. S20 in Supporting infor- 

ation). This observation confirms that bisulfite, the distribution 

oefficient of which displays a same pH dependence profile, is re- 

ponsible for reacting with the BA-bearing subunits because of its 

nique nucleophilic addition reactivity. Furthermore, the response 

ensitivity towards sulfite is higher than that towards pyrosulfite 

hile lower than that towards hyposulfate, which is in tune with 

heir SO 2 /bisulfite generating ability under the testing conditions. 

ontinuously bubbling the solution of ABMP with CO or NO gas 

as not induced any fluorescence response. All these observations 

uggest high selectivity of the stimuli-responsive system towards 

O 2 . 

The effect of side chain structure of the amphiphilic subunits on 

he SO 2 -responsive performance was investigated. When BOAB or 

ODP instead of BOPC was employed as the amphiphilic subunit, 

he resulting fluorescent co-assemblies were found to be less sta- 

le in aqueous solution and their SO 2 response sensitivities were 

bviously reduced (Fig. S21 in Supporting information). It seems 

hat the phosphorylcholine-dominated biomimetic membrane sur- 

ace is greatly helpful for stabilization of the co-assemblies. Unsur- 

risingly, decorating ABMP vesicles with cetyltrimethylammonium 

r 1-hexadecane-sulfonate also led to obvious spectral desensitiza- 

ion towards SO 2 (Fig. S22 in Supporting information) and the as- 

ecorated vesicles were found to be of great degradation tendency 

Fig. S23 in Supporting information). 

SO 2 stimulation caused immediate fluorescence change of 

BMP. Figs. 1 c and d show the spectral evolutions of ABMP in re-

ction with sulfite at pH 7.0. Because the fluorescence responses 

ere sectionalized, two typical concentrations of sulfite were 

ested. No matter the relatively high- or low-concentration stim- 

lation induced reliable response within a couple of minutes. The 

apid and sensitive response was mainly attributed to strong bisul- 

te affinity of the fluorescent or amphiphilic subunits where mul- 

iple nucleophilic addition sites (including the carbonyl groups of 

A and the bridging methine group) are available for bisulfite (Figs. 

18 and S19 in Supporting information). It should be noted that the 

esponse induced by low-concentration stimulation was retracted 

lightly and continuously within one hour ( Fig. 1 c). This unusual 

henomenon is attributed to the weak self-repairing ability of the 

ensory co-assemblies, considering the fact that co-assembly of the 

ubunits is a dynamic process and there are some free subunits re- 

aining in the aqueous phase. As a contrast, no such retraction has 

een observed upon high-concentration stimulation which caused 

erious degradation of the self-assembled membranes as reflected 

y the germination of triple-peak monomer emission ( Fig. 1 d). 

The fluorescence evolutions of ABMP upon increasing SO 2 

timulation were shown in Figs. 2 a-d. The corresponding mor- 

hologic changes the co-assemblies were revealed by TEM 

mages ( Figs. 3 a-d). Increasing addition of sulfite at relatively 

ow concentration levels leads to the gradual reduction of the 

onomer emission at 426 nm while the excimer emission is 

ept almost unchanged ( Fig. 2 a). The monomer emission band 

emains strongly split at this stage, indicating that most of the 

uorophores are still involved in compact aggregates. TEM study 
5182 
evealed that low-concentration SO 2 stimulation induced the 

ssion of ABMP co-assemblies ( Fig. 3 a) to yield smaller vesicles 

 Fig. 3 b), agreeing with the increased particle concentration 

evealed by flow cytometry (Fig. S10 in Supporting information). 

Nucleophilic addition of bisulfite on the BA groups inevitably 

auses degradation of the HB skeletons of the co-assemblies. When 

nly slight degradation occurs, π- π stacking of the HB-polymer 

ragments is still strong enough to maintain intense aggregation of 

hese amphiphilic fragments to form self-assembled membranes, 

hich agrees well with the unaffected excimer emission. How- 

ver, only smaller vesicles with decreasing curvature radius can be 

ormed because of the shortened HB skeletons. In addition, bisul- 

te capture yields sulfonic acid derivatives of the BA-bearing sub- 

nits and therefore creates a microenvironment with increasing 
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olarity for the fluorophores, as reflected by an enhancement in 

ntensity of the first vibronic peak at 386 nm arising from 0-0 tran- 

ition at the expense of that of the other peak of the monomer 

mission [ 33 , 34 ]. 

Further addition of bisulfite leads to serious degradation of 

he HB skeletons. Because of the increased hydrophilicity and 

emarkably reduced π-aggregation tendency of the degraded HB 

etworks, the self-assembled membranes are reorganized with 

ncreasing degree of looseness. As a spectral reflection, a gradual 

eduction of the excimer emission is accompanied by the onset 

nd enhancement of the typical triple-peak monomer emission 

f anthracene (at 398 nm, 420 nm and 445 nm, respectively) 

 Fig. 2 b). Our analysis was also confirmed by TEM imaging of 

timulated ABMP co-assemblies. As shown in Figs. 3 c and d, 

igh-concentration stimulation leads to the swelling and even- 

ual collapse of the sensory vesicles. During this process, the 

ydrophilicity increase of interbedded HB networks was believed 

o be mainly responsible for deformation of the supramolecular 

esicles. In a referential test, a metamorphosis of ABMP from 

esicles to nanotubes was observed when half of the AnB sub- 

nits were substituted by violuric acid to reform the sensory 

o-assemblies (Fig. S24 in Supporting information). DLS tracking 

f the stimulated co-assemblies revealed a particle size evolution 

f ABMP in solution consistent with the TEM imaging results (Fig. 

25 in Supporting information). 

The sectionalized fluorescence response of ABMP, which indi- 

ates two different membrane degradation patterns respectively 

 Scheme 1 c), can be utilized to establish wide-dynamic-range 

uantitation of the SO 2 stimulation. Because the molar ratio of the 

uorophores to the reactive BA groups in ABMP is at a low level 

f 1/30, the fluorescence response was plotted as a function of the 

oncentration logarithm of sulfite (lg C T ). In the low-concentration 

timulation region, the monomer (at 426 nm) to excimer (at 

14 nm) emission ratio decreases linearly with lg C T ( Fig. 2 c). In the

igh-concentration region, the monomer (at 420 nm) to excimer 

mission ratio increases with lg C T at an ever-accelerating pace 

 Fig. 2 d), mainly because of the continuously-reduced amount of 

A groups in the stimulated co-assemblies. It should be empha- 

ized that the monomer emission profiles in the two regions are 

harply different, although numerically there is an overlap be- 

ween the monomer-to-excimer ratiometric responses in these two 

egions. As a reflection, ratio of the emission intensity at 426 nm 

o that at 409 nm is higher than 1.2 upon the low-concentration 

timulation but maintains lower than 1.2 in the high-concentration 

egion, offering a useful ancillary parameter for quantitation of the 

timuli (Fig. S27 in Supporting information). Overall, fluorescent 

uantitation of SO 2 derivatives can be carried out with a wide 

ynamic range across four orders of magnitude (10 −7 ∼10 −3 mol/L). 

t pH 7.0, the limit of detection was calculated to be 0.12 μmol/L. 

ore sensitive response can be obtained at a lower pH (above 4.4). 

he fluorescence responses of ABMP towards SO 2 were further 

valuated in the coexistence of other anionic species and found to 

e immune to the interference from these co-existing species in 

eutral aqueous solution (Fig. S28 in Supporting information). 

In summary, high-performance SO 2 -responsive vesicles have 

een facilely fabricated via modular self-assembly. The vesicular 

embranes were assembled from HB polymers consisting of 

 Mel-BA HB skeleton with pendant anthracene fluorophores 

nd amphiphilic side chains. Selective capture of bisulfite in 

he HB networks rapidly induced membrane reconstitution of 

he vesicles accompanied by definable fluorescence changes. 

ow-concentration SO 2 stimulation caused fission of the vesicles 

nto small ones, while high-concentration stimulation led to 

welling and even collapse of the vesicles. The described two 
5183 
egradation patterns were recorded by efficient fluorescence 

esponses with sharply-different emission features. The unique 

uorescence responses can also be utilized to establish straight- 

orward quantitation of the stimuli with a wide dynamic range. 

ur work thus exemplifies a new mode of SRVs with fluorescent 

uto-recording function. With triggering sites integrated into 

he compactly-aggregated interlayers, the self-assembled sensory 

embranes undergo unusual hierarchical reconstitution upon 

timulation, suggesting their potential applications as self-sorting 

nd/or sequential drug releasing nanocarriers. 
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