
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Fe

br
ua

ry
 2

01
9.

 D
ow

nl
oa

de
d 

on
 2

/2
0/

20
26

 1
0:

23
:2

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Photoswitchable
Key Laboratory for Organic Electronics & In

Materials (IAM), Nanjing University of Posts

Nanjing, 210023, China. E-mail: iamyqian@

Fax: +86 25 8586 6999; Tel: +86 25 8586 6

† Electronic supplementary information (E
additional experiments See DOI: 10.1039/

Cite this: RSC Adv., 2019, 9, 4812

Received 7th December 2018
Accepted 28th January 2019

DOI: 10.1039/c8ra10057h

rsc.li/rsc-advances

4812 | RSC Adv., 2019, 9, 4812–4815
probe with distinctive
characteristics for selective fluorescence imaging
and long-term tracing†

Zhenzhen Tu, Qian Zhang, Xiuxia Xu, Lianhui Wang, Yan Qian * and Wei Huang*

A photo-switchable and high-contrast bio-imaging indicator 4,40-(1E,10E)-(4,40-(cyclopentene-1,2-
diyl)bis(5-methylthiophene-4,2-diyl))bis(methan-1-yl-1-ylidene)bis(azan-1-yl-1-ylidene)bis(2-(benzo

[d]thiazol-2-yl)phenol) (BMBT) has been demonstrated, by integrating photochromophore with

excited-state intramolecular proton transfer (ESIPT) moiety. The ability of reversible emission

switching enables arbitrarily selective labeling or concealing of cells simply by controlling light

irradiation. Besides, when the emission was switched on, BMBT is demonstrated to exhibit unique

characteristics of aggregation induced emission (AIE), providing a high on–off ratio for favorable

bio-imaging. Thus, the non-labeling and easily-controlled selective imaging, as well as good

biocompatibility indicates BMBT to be a favorable cell probe with great potentials for functional bio-

imaging fluorophore.
Although there are many conventional uorescent probes used
for uorescent imaging in the past few years,1–5 such as
rhodamine,6 cyanine dye,7 quantum dots,8,9 and lanthanide
probes,10 these uorescent probes can only respond irreversibly
to one event.11,12 In comparison, photochromophores,13 which
can reversibly response with UV and visible light,14 are more
valuable uorescent probes for regional optical marking of
interested cells.15,16 Because of their favourable characteristics,
such as excellent thermal stability, good fatigue resistance and
fast response time, diarylethenes derivatives have drawn wide
spread concern of researchers.17–20 Furthermore, the special
optical properties of diarylethenes enable them to be suitable
for long time and real time monitoring in bioimaging.

The signicance of targeted imaging of uorescence probe
for bio-samples in vitro or in vivo is well-known for their high
sensitivity, non-invasiveness, real-time detection and especially
selectivity.21–24 However, the synthesis of these targeting mate-
rials is usually complicated. Moreover, for the same type of cells,
no selectivity is demonstrated by these complex targeting
agents.21–24 Therefore, easy-prepared and easy-controlled non-
labeling uorescence imaging agents have always been
pursued by both the industry and scientic communities.
Among the above-mentioned photochromophores, diary-
lethenes are expected to be promising photochromic imaging
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candidates due to their favorable characteristics described in
preceding paragraph. Prospectively, they can be used for
selective long-term tracing if the photostability can be ensured.

In our previous work, a series of AIE-active excited-state
intramolecular proton transfer (ESIPT) complexes have been
demonstrated to be good bio-imaging candidate with many
advantages such as simple preparation, good biocompatibility,
high quantum yields, fast cell staining as well as long-term anti-
photobleaching.25–27 Sometimes, ESIPT compounds exhibit dual
emission, originated from keto and enol state, respectively. This
caused extremely fast four-level photophysical cycle (E–E*–K*–
K–E), mediated by intramolecular H-bonds immediately aer
photoexcitation, enables two emissions.28,29 Herein, we have
demonstrated a new type of multifunctional bio-imaging
materials based on facile synthesis design concept, by intro-
ducing a photochromic diarylethene moiety to enable regional
emission turn-on, and introducing an ESIPT moiety to allow
good photo stability for long-term tracing. To the best of our
knowledge, this is the rst example with integrating abilities of
non-labeling selectively long-term regional tracing.

The new diarylethene derivative (BMBT, see the molecular
structure in Scheme 1) has been synthesized (Fig. S1†) via
condensation reaction of 5-amino-2-(benzo[d]thiazol-2-yl)
phenol with 4,4-(cyclopentene-1,2-yl)-bis(5-methyl-thiophene-
Scheme 1 Structure and photochromic process of BMBT.
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Fig. 2 Fluorescence spectra of 1 � 10�5 M BMBT in the THF/DMEM
mixture at different water fractions (lex ¼ 385 nm).
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2-formaldehyde), according to a previous reported proce-
dure.30,31 The molecular structures and purities were conrmed
by 1H NMR spectroscopy and mass spectroscopy (Fig. S6 and
S7,† see the synthesis details and full molecular characteriza-
tions in the ESI†).

The photoirradiation-induced changes in absorption and
uorescence spectra at room temperature are investigated in
THF/DMEM mixture (1.0 � 10�5 mol L�1). The open-ring
isomer mainly exhibits two absorption peaked at 304 and
380 nm, respectively (Fig. S2†). This is ascribed to the internal
charge transfer and p–p transition of 2-(20-hydroxy-phenyl)
benzothiazole (HBT),10,30 coupled with the CT inside the HBT
unit from the hydroxyphenyl ring to the benzothiazole ring
(Scheme 1). BMBT exhibits two emissions; one blue emission
peak around 458 nm and a red emission peak around 600 nm,
corresponding to the enol and keto emission, respectively
(Fig. 1). Upon irradiation with ultraviolet light at 365 nm, the
absorption band at longer wavelength region centered at
595 nm increased obviously with irradiation time (Fig. S2†).
This is caused by the formation of the closed-ring isomer (see
the photochromic reaction in Scheme 1). Correspondingly, due
to spectroscopic overlap between this longer-wavelength
absorbance with the red emission ranged from 560–700 nm,
the relative intensity of the red emission substantially decreases
with the UV irradiation (Fig. 1), because of efficient energy
transfer. Upon further visible light (l¼ 520 nm) irradiation, the
closed-ring isomer transfers back to the initial open-ring
isomer, and thus the longer-wavelength absorption decreases
and the red emission restores. This indicates good reversibility
of the photochromic reaction.

Excitingly, BMBT exhibit prominent characteristics of
Aggregation-Induced Emission (AIE).31–33 The uorescence
intensity of BMBT in THF solution was relatively weak, while the
powder or nanoparticles of the material dispersed in DMEM
buffer exhibited a signicantly enhanced emission (Fig. 2).
When the DMEM buffer fraction was increased gradually from
0% to 20%, the uorescence intensity only slightly enhanced.
When the DMEM fraction was further increased to 40%, the
Fig. 1 Fluorescence emission changes of BMBT in THF/DMEM
(1 : 200, vol : vol) mixture upon irradiation with 365 nm light (lex ¼ 385
nm) and visible light (lex ¼ 520 nm).

This journal is © The Royal Society of Chemistry 2019
emission exhibits a signicant enhancement. The total inten-
sity at the blue enol emission increased more than 10 times at
100% DMEM fraction as compared with that in THF solution.
This AIE property enables high signal-to-noise ratios for favor-
able bioimaging (Fig. S3†).

Based on the good reversibility of light response and AIE
characteristics, the practical application of the BMBT as biop-
robe was further investigated. The biological imaging of BMBT
was observed by using confocal laser scanning microscopy
(CLSM). Blue luminescence in the cytoplasm of HeLa cells was
observed aer incubation with a THF/DMEM (1 : 200, vol : vol)
solution of BMBT (20 mM) for 30 min at 37 �C (Fig. 2 inset). The
overlay of luminescent images and bright-eld images
conrmed that BMBT was located mainly in the cytoplasm of
cells rather than the membrane and nucleus (Fig. S3†). Intense
intracellular luminescence with a high signal-to-noise ratio (I1/
I2 > 7) was detected between the cytoplasm (regions 3 and 1) and
nucleus (region 2), also implying weak even few nuclear uptake
of BMBT (Fig. S4†). Besides, BMBT has a low cytotoxicity with
the cellular viabilities estimated to be greater than 85% aer
24 h incubation with the highest cultural concentration of 50
mM BMBT (Fig. S5†).

The luminescence switching of BMBT can also be achieved
while alternating UV and visible light illumination in xed HeLa
cells. Cells (shown in red circle, Fig. 3a) were irradiated with
488 nm light (0.5 mW) for 3 min, the blue uorescence of the
irradiated cells was lamped off while the surrounding cells
remained almost unchanged. Such uorescence quenching is
likely ascribed to the intramolecular uorescence resonance
energy transfer of BMBT, due to the intensied short-
wavelength absorption band (270–450 nm) of the closed-open
form of BMBT with the blue emission band (420–560 nm).34

Upon irradiation with 405 nm light (1.25 mW) the uorescence
of all the selected cell was rapidly recovered within 1 min,
caused by decrease of the relative intensity of the 270–450 nm
absorption. The uorescence can be repeatedly erased and
recovered many rounds without signicant uorescence
quenching, which was hardly achieved by conventional uo-
rophores (Fig. 3b).35,36
RSC Adv., 2019, 9, 4812–4815 | 4813
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Fig. 3 (a) CLSM image (above) and the overlay image (bottom) of fixed
HeLa cells incubated with 20 mMBMBT for 30min at 37 �C (1) and (5) in
original state; (2) and (6) irradiated by 488 nm light (0.5mW) for a single
cell; (3) and (7) all cells, and; (4) and (8) recovered by 405 nm light (1.25
mW). (b) Fluorescence switching of fixed HeLa cells by alternating UV
(405 nm, 1.25 mW, 10 s/time) and visible (488 nm, 0.5 mW, 3min/time)
light illumination (lex ¼ 405 nm).
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This characteristic of selectively opto-marking or de-marking
of cells may be used for non-invasive and dynamic tracing of the
interested objects in vitro. That is, BMBT can arbitrarily opto-
label or de-label interested cells without affecting cell prolifer-
ation. As shown in Fig. 4, the cell marked in the red circle was
treated with visible light illumination (488 nm, 0.5 mW, 3 min),
and its uorescence was effectively quenched. Cells division of
the remaining “bright” cells was observed under the micro-
scope eld of vision for a long-term tracing with time up to 36 h.
Multiple new cells were produced, as indicated by upper white
arrow. Even, as indicated by bottom white arrow, the tacked
cells were observed to be doubled. The high brightness of the
uorescence in the proliferated cells indicated the good photo
stability of BMBT. This indicated that BMBT can be used as
Fig. 4 Cells was treated with visible (488 nm, 0.5 mW, 3 min) light
illumination for erasing the fluorescence. The remaining bright cells
were incubated for another 36 hours, which were observed to be
amplified normally (lex ¼ 405 nm).

4814 | RSC Adv., 2019, 9, 4812–4815
a cell marker for arbitrarily selective erasing the uorescence of
the designated cell. It can also be used for selective lighting
their emission by making them as the remaining bright cells
aer selective photo-erasing or selective photo-recovering aer
full erasing. This long-term tracking with non-labeling and
selective optically marking or de-marking is seldom reported by
other photochromophore-based bioimaging agents.37 Herein,
the excellent anti-photo bleaching characteristic in the long-
term tracing is attributed to high photo stability of the HBT
moiety.26,27

Conclusions

To summarize, a photochromic diarylethene based on 2-(20-
hydroxyphenyl)benzothiazole called BMBT was designed and
investigated to be an luminescence probe, which has an
outstanding switchable photochromic characteristic for arbi-
trarily optically labeling or delabeling interested cells without
affecting cell proliferation. As far as we know, this is the rst
bioimaging uorophore that simultaneously exhibit unique
characteristics of aggregation induced emission (AIE) and non-
labeling selectively imaging for biological detection in vitro.
Further investigation for the in vivo application is undergoing.
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