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a b s t r a c t

α-Cyanostilbene (CS) based organic luminescent materials with efficient electrical conductivity,

aggregation-induced enhanced emission, and controllable multi-colour emission properties, have been

aroused wide attention by scientists over the past few years. Self-assembly of CS-motif in aqueous me-

dia refers to an environment-friendly method for preparing luminescent materials. However, it is still

challenging to control the intrinsic hydrophobic properties of the organic components in aqueous media.

In this study, an amphiphilic dicyanostilbene-functionalized thiophene (ACSTP) derivative was synthe-

sized. Z-ACSTP was identified to dissolve in different organic solvents, accompanied with strong and tun-

able fluorescence emission. However, when Z-ACSTP was dispersed in water, it was self-assembled into

nanofibers, and the fluorescence was red shifted, accompanied with sharp decrease of intensity com-

pared with that in DMSO. Furthermore, Z-form of ACSTP to its E-form under 365nm irradiation led to

the morphology transformation from nanofibers to nanosheets. Notably, upon addition of water-soluble

pillar[5]arene (WP5), the nanofibers were transformed into fluorescent hollow particles due to the host–

guest interactions between the pyridinium group and WP5 and the obtained fluorescent particles can be

further applied in living cell imaging.

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

Medica, Chinese Academy of Medical Sciences.

Organic luminescent materials with controllable multi-colour

emission have been aroused wide attention over the past few years

for their promising applications in a wide variety of areas (e.g.,

living cell imaging, light emitting diodes, molecular machines, vi-

sual displays, and optoelectronic devices) [1–5]. α-Cyanostilbene

(CS) motifs have been confirmed as the significant building blocks

for the construction of luminescent materials for their remark-

able electrical and optical features (e.g., efficient electrical con-

ductivity, aggregation-induced enhanced emission, and control-

lable stimuli-responsive fluorescence) [6–8]. In this case, the lu-

minescent materials fabricated by CS-motifs have dynamic and

stimulation-responsive properties while exhibiting interesting op-

tical properties [9–11]. On the other hand, the strategies based

on self-assembly for designing multi-colour luminescent materials
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with great promise for their modular property and simpler syn-

thetic routes. Moreover, the emitted colours can be modulated ef-

fectively using a wide variety of external stimuli (e.g., solvent po-

larity, light irradiation, thermal stimulation, and humidity) [12–15].

Accordingly, self-assembly of CS-motif in aqueous media refers to

an environment-friendly method for preparing luminescent mate-

rials [16–19]. However, it is still challenging to control the intrinsic

hydrophobic properties of the organic components in aqueous me-

dia [20]. Host–guest interactions between organic building blocks

and water-soluble macrocyclic host molecules have been confirmed

as a successful strategy. After formation of the host-guest com-

plex, the solubility, fluorescence, self-assembled morphology of the

building blocks will change, while the resultant assemblies pro-

cess stimuli-responsiveness [21–25]. For instance, Prof. Banerjee

constructed tunable multi-colour luminescence successfully from

the self-assembly of cyanostilbene⊃cucurbit[7]uril complex in wa-

ter only by regulating the cyanostilbene/CB[7] ratio [22].

In this study, the fabrication of luminescent materials from

the self-assembly of an amphiphilic dicyanostilbene-functionalized
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Scheme 1. Chemical structures of amphiphilic dicyanostilbene-functionalized thiophene (ACSTP) and the schematic illustration of the triple responsive morphology and

luminescence transformation from ACSTP.

thiophene (ACSTP) derivative was reported (Scheme 1). Z-ACSTP

was identified to dissolve in different organic solvents, accom-

panied with strong and tunable fluorescence emission. However,

when Z-ACSTP was dispersed in water, it was self-assembled into

nanofibers, and the fluorescence showed red shifted, accompanied

with the sharp decrease of intensity compared with that in DMSO.

Furthermore, the Z-form of ACSTP to its E-form under 365nm

irradiation led to morphology transformation from nanofibers to

nanosheets. Notably, upon addition of water-soluble pillar[5]arene

(WP5), the nanofibers were transformed into fluorescent hollow

particles due to the host–guest interactions between the pyri-

dinium group and WP5. The obtained fluorescent particles can be

further applied to living cell imaging.

Z-ACSTP was prepared through three steps (Scheme S1 in Sup-

porting information), and the structure of Z-ACSTP was character-

ized using 1H NMR, 13C NMR, and HR-ESI-MS technologies (Figs.

S1–S3 in Supporting information). The as-prepared Z-ACSTP can

dissolve into almost all organic solvents, and the obtained solu-

tion was highly stable. Besides, no aggregation was identified when

the solution was left overnight (Fig. 1a, inset). UV–vis spectra in-

dicated that the solutions of Z-ACSTP in DMSO, DMF, THF, DCM

(CH2Cl2) or Tol (Toluene) showed the characteristic band of nearly

420nm. However, when Z-ACSTP dissolved in CH2Cl2, the charac-

teristic band was redshifted to 470nm (Fig. 1a). Furthermore, all

the solution exhibited bright fluorescence and the intensity variety

from the polarity of the solvents (Fig. 1b).

The properties of Z-ACSTP in water/DMSO binary mixture were

further investigated, and the water content in the system tended

to be increased from 0% to 99%. The fluorescence emission peak

was divided from 525nm into two groups of peaks at 475nm and

525nm, respectively. With the increase of the water content, the

emission peak at 475nm tended to be decreased, while the peak

at 525nm gradually increased, indicating that there were two dif-

ferent assembly behaviours (Fig. 2a). When the water content was

fixed at 99%, and the concentration of Z-ACSTP increased gradually,

the result indicated that the peak at 425nm continued to decline,

whereas the peak at 575nm was enhanced. Lastly, only the emis-

sion peak at 575nm was observed, indicating that the assemblies

were rearranged and formed a unique stable structure with the in-

crease of the concentration (Fig. 2b). Subsequently, the morphol-

ogy of the Z-ACSTP in DMSO/H2O mixture was investigated accord-

ing to SEM and TEM images. At the concentration of 10.0mmol,

the morphology of the assemblies transformed from nanoparti-

cles with diameter about 70nm (Fig. 2c; DMSO) to oblong-shaped

nanoparticles (Fig. 2d; DMSO:H2O=1:99), as clearly depicted in

the SEM images. However, the oblong-shaped nanoparticles in 99%

Fig. 1. (a) UV–vis absorption and (b) fluorescence emission spectra of Z-ACSTP (10μmol/L) in different solvents. Inset: corresponding photo pictures.
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Fig. 2. (a) Fluorescence emission of Z-ACSTP (10μmol/L) in different ratio of water/DMSO mixture. (b) Fluorescence emission spectra of Z-ACSTP with different concentration

in 99% water/DMSO mixture. Inset: corresponding photo pictures. SEM image of Z-ACSTP (10μmol/L) in DMSO (c) and in 99% water/DMSO mixture (d). SEM (e) and TEM (f)

images of Z-ACSTP (50μmol/L) in 99% water/DMSO mixture.

Fig. 3. (a) Fluorescence emission spectral changes of Z-ACSTP (10 μmol/L) upon different time photoirradiation in DMSO. Inset: the corresponding photo picture. (b) CIE 1931

diagram of Z-ACSTP under different UV irradiation time. (c) TEM image of Z-ACSTP (50 μmol/L) under 365nm irradiation for 48h in water.

water/DMSO mixture were further transformed into nanofibers

with 50nm in width and several micrometers in length (Figs. 2e

and f) when the concentration was increased to 50.0mmol, con-

sisting with the fluorescence results.

It is generally known that the photoisomerization of cyanos-

tilbene unit occurs from Z-to-E under 365nm irradiation [26,27].

Compared to 1H NMR spectrum of Z-ACSTP, several new peaks at δ
8.22, 8.19, 8.08, and 7.92 were observed, confirming the formation

of E-ACSTP (Fig. S5 in Supporting information). The ESI-MS spec-

tra of ACSTP showed no new peaks compared with the Z-isomers,

suggesting that light irradiation did promote the Z-to-E isomeriza-

tion of the part of cyanostilbene, rather than other types of pho-

tochemical reactions (Fig. S6 in Supporting information). Interest-

ingly, the emission colour of Z-ACSTP in DMSO will be tunable with

the change of illumination time. As shown in Fig. 3a, the initial ex-

cimeric emission peak in 525nm decreased with a concomitant in-

crease of emission in 475nm (Fig. 3a), which was attributed to the

formation of the corresponding E-ACSTP. Thus, the emission colour

changed from green-yellow to blue by in situ photoirradiation (Fig.

3b). Furthermore, the morphology of the assemblies from Z-ACSTP

in water also changed with 365nm irradiation for 40h. As shown

in Fig. 3c, nanosheets with 70nm in width and 360nm in length

were identified by SEM image, confirming the photo-induced mor-

phology transformation.

Existing research has suggested that water-soluble pil-

lar[5]arenes (WP5) modified with carboxylic groups can be

associated with N-alkyl-pyridinium groups [28–31]. Since Z-ACSTP

contains two N-alkyl-pyridinium groups, whether WP5 molecules

can be complexed with Z-ACSTP and change the assemblies’

morphology in water should be verified. First, after complexation,

the H on pyridinium moved towards the higher field, indicating

that the pyridinium group penetrated the cavity of WP5 (Fig.

S7 in Supporting information). Second, the peaks at m/z 1892.69

and 955.36 were observed in the electrospray ionization mass

spectrum (ESI-MS) of WP5/Z-ACSTP mixture (Fig. S8 in Supporting

information), corresponding to [(WP5)2 + Z-ACSTP2+-NH4
+]+ and

[(WP5)2 + Z-ACSTP2+]2+, respectively, confirming the formation

of (WP5)2⊃Z-ACSTP. Third, the FL intensity of Z-ACSTP was in-

creased significantly through the addition of WP5. Z-ACSTP in

the aqueous solution exhibited very weak fluorescence intensity

(Fig. S9 in Supporting information). Upon addition WP5 gradually,

the fluorescence intensity at approximately 475nm was increased

constantly. With the addition of WP5 twice, the fluorescence

intensity of the system reached the maximum, nearly 4 times of

the original Z-ACSTP. The reason for the above result is that the

strong π–π stacking between Z-ACSTP molecules was inhibited

after being complexing with two WP5 molecules. However, if WP5

was increased continuously, the fluorescence basically remained

stable. Furthermore, the association constant (Ka) was determined

as (4.67±0.87)×104 L/mol, and the stoichiometry between WP5

and Z-ACSTP was obtained as 2:1 through fluorescence titration

(Fig. S10). Lastly, TEM and SEM images are beneficial to observe

the new nanostructures after the addition of WP5 (Figs. 4b-d). As

shown in Fig. 4b, hollow particles with an average diameter of
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Fig. 4. (a) Schematic illustration of the formation of bola-amphiphilie (WP5)2⊃Z-

ACSTP. (b) TEM image of the hollow particles self-assembled from (WP5)2⊃Z-ACSTP

in water. (c) SEM and (d) enlarged SEM images of (WP5)2⊃Z-ACSTP in water.

[CZ-ACSTP]=50 μmol/L.

Fig. 5. Confocal laser scanning microscopy of HeLa and HepG2 cells after incuba-

tion with (WP5)2⊃Z-ACSTP (5.00×10−4 mol/L) and Lyso-Tracker Green (LTG) for 4h.

Scale bar=20μm.

about 70nm are observed. The thickness of the hollow vesicle was

determined as be 18nm (Fig. 4b), larger than the extending length

of (WP5)2⊃Z-ACSTP, indicating the vesicles with multi-layer walls.

Furthermore, a question was raised about whether such

(WP5)2⊃Z-ACSTP based hollow particles can apply to biomedicine

associated fields. Accordingly, the cellular imaging properties of

the hollow particles were examined. At first, the cytotoxic-

ity of (WP5)2⊃Z-ACSTP based hollow particles have been eval-

uated. Human cervical carcinoma (HeLa) cells were incubated

with (WP5)2⊃Z-ACSTP at concentrations ranging from 5.0 μg/mL

to 80μg/mL for 4h, the viability of HeLa cells was basically un-

changed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-zolium

bromide (MTT) assays, indicating the good cellular compatibility

and low cytotoxicity of (WP5)2⊃Z-ACSTP-based particles (Fig. S11

in Supporting information) [32]. Subsequently, HeLa and hepato-

cellular carcinoma (HepG2) cells were chosen to be administrated

with (WP5)2⊃Z-ACSTP for 4h. Next, the intracellular distribution of

the (WP5)2⊃Z-ACSTP based assemblies was determined under con-

focal laser scanning microscopy (CLSM). As shown in Fig. 5, both

HeLa and HepG2 cells treated with (WP5)2⊃Z-ACSTP exhibited

strong red fluorescence in the cytoplasm of the cells. To further

study the subcellular distribution of (WP5)2⊃Z-ACSTP-based hol-

low particles, the cells were co-stained with (WP5)2⊃Z-ACSTP and

commercially available lysosome staining dye Lyso-Tracker Green

(LTG). Under the effect of the merged orange dyeing site of red

(WP5)2⊃Z-ACSTP and green LTG, (WP5)2⊃Z-ACSTP and LTG were in

favourable co-localization. The above results provide a convenient

pathway for co-staining lysosomes in living cells due to the high

coincidence of stained position between (WP5)2⊃Z-ACSTP and LTG

[33,34].

In conclusion, an amphiphilic dicyanostilbene-functionalized

thiophene (ACSTP) was designed and synthesized. Z-ACSTP exhib-

ited strong fluorescence when dissolving into a wide variety of or-

ganic solvents. However, with the increase of the water content

in DMSO, the fluorescence intensity was decreased, and the mor-

phology of the assemblies changed from nanoparticles in DMSO

to nanofiber in water. It is noteworthy that 365nm UV light in-

duced Z-to-E photoisomerization of the cyanostilbene unit led to

the change of emission colour from green-yellow to blue and the

morphology from nanofibers to nanosheets. Besides, under the ef-

fect of the host–guest interactions between the pyridinium group

and WP5, the nanofibers from Z-ACSTP in water was transformed

into fluorescent hollow particles through the addition of WP5,

which can be further applied in living cell imaging. This study

suggests that the present results of this study provide a reference

for designing intelligent systems with luminescent colour and mor-

phology tuning properties for potential applications in biolumines-

cence detection.
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