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Abstract

The development of photochromic fluorescence sensors with dynamic and multiple-signaling is beneficial to the improvement of
biosensing/imaging precision. However, elaborate designs with complicated molecular structures are always required to integrate
these functions into one molecule. By taking advantages of both redox-active/high loading features of two-dimensional (2D)
manganese dioxide (MnO,) and dynamic fluorescence photoswitching of photochromic sensors, we here design a hybrid photo-
chromic MnO, glycosheet (Glyco-DTE@MnO,) to achieve the photoswitchable imaging of intracellular glutathione (GSH). The
photochromic glycosheet manifests significantly turn-on fluorescence and dynamic ON/OFF fluorescence signals in response to
GSH, which makes it favorable for intracellular GSH double-check in targeted human hepatoma cell line (HepG2) through the
recognition between B-D-galactoside and asialoglycoprotein receptor (ASGPr) on cell membranes. The dynamic fluorescence
signals and excellent selectivity for detection and imaging of GSH ensure the precise determination of cell states, promoting its

potential applications in future disease diagnosis and therapy.
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Introduction

Cells are the basic structure and functional unit of biological
organisms. Human diseases and aging are closely related to the
states of cells. Thorough understanding of intracellular signal
transduction and metabolic processes may provide great oppor-
tunities for early disease diagnosis and treatment. To achieve
this goal, cell-imaging with fluorescence sensors becomes a
booming research field since it enables the high-resolution visu-
alization of intracellular activities [1,2]. Nonetheless, conven-
tional fluorescence sensors always encounter background signal
interferences during cell imaging, which are usually generated
from bioluminescence and light scattering in the intracellular
environment [3]. This may lead to the deviation in judging the
morphology and state of the cells, e.g., causing false-positive/
negative results. Generally, strategies like designing ratiometric
[4,5] or near-infrared [6-8] fluorescence sensors are applied to
overcome this obstacle. Recently, a novel category of photo-
chromic probes with light-controlled dynamic fluorescence
signals has been developed, aiming at reducing interferences
and improving sensing precision in complex physiological envi-
ronments [9-17]. This photoresponsive design presents several
advantages over conventional probes: 1) The light-activation
mode endows the probe with light-controllable “ON/OFF”
working states. The OFF-state (one of the photoisomer or
photocaged structure) “masks” the probe before reaching the
target analyte, avoiding unwanted interactions with other abun-
dant species in the “working zone”, or unnecessary consump-
tion with analyte in nontargeted locations during in vivo/intra-
cellular transport [18-20]. 2) A dynamic ON/OFF fluorescence
signal is generated for reversible imaging of a targeted analyte
(termed as “double-check”), which can facilitate a better dis-
crimination of the analyte signal from the background interfer-
ences [9-11]. As a result, more precise outputs can be obtained

for targeted analytes even at low concentrations.

Though promising, common ‘““photochromophore—fluorophore”-
type sensors require elaborate designs to integrate multifunc-
tionality (e.g., photoswitching, fluorescence sensing, target-
ability, water solubility, etc.) into one molecule that could be
accessible to various biosensing scenarios and ensure the
imaging precision. This might cause limitations in further appli-
cations as complicated structures may lead to unpredictable
performances and high cost that are not suitable for future
commercialization. To simplify the sensor design and further
broaden the availability of photoswitchable biosensing, herein
we report a glycosheet hybrid sensor (Glyco-DTE@MnQO5)
fabricated by 2D MnO; nanosheets and dithienylethene fluores-
cence reporter (Glyco-DTE) to achieve cell-targeted photo-
switchable imaging of intracellular GSH. As shown in
Scheme 1, Glyco-DTE@MnO; glycosheets were formed by
assembling Glyco-DTE onto the surface of 2D MnO; nano-
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sheets, which quench the fluorescence from Glyco-DTE
reporter. Recent studies discovered that 2D MnO, nanosheets
tend to undergo a facile reduction with GSH, MnO, + 2GSH +
2H* — Mn?" + GSSG + 2H,0 [21], and be degraded into Mn2*
that revives initial fluorescence signals. Furthermore, the gener-
ated Mn?" can also perform as potential trigger for sequential
functions, e.g., DNAzymes [22]. These interesting perfor-
mances promote MnO, nanosheets as promising candidate for
various physiological applications as biosensing/imaging,
bioactivity modulation, drug delivery, etc [23,24].

In our system, the Glyco-DTE@MnOQO, hybrid sensor under-
goes decomposition when encountering the overexpressed intra-
cellular GSH in HepG2 cell lines, following the recovery of the
photoswitchable fluorescence signal regulated by Glyco-DTE.
More importantly, the f-p-galactoside cell-targeting moiety
linked with Glyco-DTE forms a glyco-array on the MnO,
nanosheets that not only enhances the water solubility but also
the cell targetability of the hybrid system towards HepG2 cell
lines [25,26]. Therefore, by simply incorporating the photochro-
mic fluorescence reporter into GSH-responsive MnO, nano-
sheets, a highly efficient photoswitchable hybrid biosensor is
successfully presented with the demanded functionality for
precise cell imaging.

Results and Discussion

Synthesis of dithienylethene fluorescence
reporter (Glyco-DTE)

The synthesis of dithienylethene fluorescence reporter Glyco-
DTE is shown in Scheme 2. The dithienylethene derivative 3
was prepared by Suzuki coupling of dithienylethene 1 with
methyl 4-bromobenzoate followed by hydrolysis with lithium
hydroxide. The naphthalimide fluorophore 6 was synthesized
through bromide 4 according to reported methods [27]. Then,
the photochromic fluorophore intermediate 7 was synthesized
by coupling compounds 3 and 6 through amidation. The Glyco-
DTE reporter was prepared by click reaction between com-
pound 7 and acetylated B-p-galactoside, followed by deacetyl-
ation. Similarly, a control reporter 80 with a PEG chain instead
of the galactoside targeting group was also prepared. The
detailed synthetic procedures and characterizations are given in
Supporting Information File 1.

Photochromic performances of Glyco-DTE

The photoswitching performances of Glyco-DTE
(1 x 1075 mol/L) were first measured in PBS buffer at room
temperature. As shown in Figure 1A, a decreased absorption
band at 327 nm and a subsequent appearance of a new band
centered at 550 nm were observed upon irradiation of Glyco-

DTE with UV light, which indicated a photocyclization or ring-
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Figure 1: Absorption spectral changes (A), absorption fatigue resistance (B), emission spectral changes (C) and emission fatigue resistance (D) of
reporter Glyco-DTE (1 x 1072 mol/L) in PBS buffer (pH 7.4, 0.25%, Triton X-100) upon alternating irradiation with UV (254 nm) and visible light

(>500 nm). Emission spectra were produced upon excitation at 448 nm.

closing process to form the ring-closed photoisomer [28]. The
absorption band at 550 nm remained unchanged after 3 min of
irradiation as the photostationary state (PSS) was reached. The
absorption spectra of the ring-opened isomer could be fully
recovered upon visible light irradiation (4 min), suggesting a
photocycloreversion or ring-opening process from the ring-
closed photoisomer to the original ring-opened photoisomer.
The photo fatigue resistance of Glyco-DTE was then examined
at 550 nm via an alternate irradiation with UV and visible light
at room temperature. The ring-closing/opening cycles of Glyco-
DTE could be repeated several times in buffer solution without
obvious degradation (Figure 1B), demonstrating the robustness
of Glyco-DTE.

Figure 1C shows the photoswitching of emission spectra of
Glyco-DTE (1 x 1075 mol/L) in PBS buffer upon alternating
UV and visible light irradiation at room temperature. Upon ex-
citation with 448 nm light, the fluorescence emission peak of
Glyco-DTE was observed at 535 nm (®g = 0.263, Table S1 in
Supporting Information File 1). Owing to the good overlap be-
tween the emission band of the naphthalimide fluorophore and
the absorption band of DTE closed isomer, the fluorescence
was remarkably quenched to ca. 30% (O = 0.085, Table S1 in
Supporting Information File 1) through an efficient intramolec-
ular fluorescence resonance energy transfer (FRET) mecha-
nism [29,30] after the photocyclization of Glyco-DTE. The
fluorescence was fully recovered by irradiation with visible
light and the emission fatigue resistance was also examined and

found to tolerate more than five switching cycles in PBS buffer

(Figure 1D). Similar performances were also observed for
control reporter 8o (Supporting Information File 1, Figure S1).
The characteristic photoswitchable ON/OFF fluorescence
signals as well as the robust fatigue resistance suggest the
reporter designed here has great potential for photoswitchable
fluorescence imaging in biological systems.

Fabrication of Glyco-DTE@MnO»

glycosheets

The fast and simple synthesis of 2D MnO, nanosheets was per-
formed according to reported procedures [31,32], in which the
freshly prepared MnO, from MnCl,-4H,0 was washed and
sonicated in ultrapure water. As shown in Figure 2A, the ob-
tained MnO, solution exhibited a wide band in the range of
300-1000 nm with a peak located at 375 nm, which is the char-
acteristic absorption of 2D MnO, nanosheets [21,33]. The
broad and strong absorption makes the 2D MnO, nanosheets a
potential energy acceptor for the fluorophores which are
stacked on the nanosheets plane, leading to the fluorescence
quenching through FRET mechanism [32,34]. The transmis-
sion electron microscopy (TEM) image of the prepared product
revealed obvious morphology of nanosheets which presented a
large 2D and ultrathin plane with a diameter of ca. 200 nm
(Figure 2B) [33,34].

By virtue of the expansive surface, 2D MnO, nanosheets pos-
sess the ability to load dozens of fluorophores. An array of fluo-
rescent reporters thus formed, which facilitate endocytosis and

significantly lower the background signal for intracellular fluo-
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Figure 2: (A) The absorbance spectrum and (B) high resolution TEM image of 2D MnO, nanosheets (1 x 107> g/mL) in ultrapure water; (C) DLS and

Zeta potential characterizations of 2D MnO» photochromic glycosheet.

rescence imaging [25,26]. Upon the incubation of the
dithienylethene fluorescence reporter Glyco-DTE with 2D
MnO, nanosheets, the reporter was adsorbed on the surface of
the nanosheets, forming the Glyco-DTE@MnO; photochro-
mic glycosheet which f-D-galactosides pointing away from the
surface. Dynamic light scattering (DLS) exhibited a size of
198.6 nm for the 2D MnO, nanosheets (Figure 2C), which was
in accordance with the TEM characterization. The size of the
photochromic Glyco-DTE@MnO, glycosheet was determined
as 255.4 nm, indicating the successful coating of MnO; nano-
sheets with the Glyco-DTE reporter [25]. An increasing Zeta
potential was also observed after the assembly, confirming
again the successful fabrication of Glyco-DTE@MnO; glyco-
sheet (Figure 2D) [26].

GSH sensing and fluorescence photo-
switching of Glyco-DTE@MnO» glycosheet
The fluorescence emission of Glyco-DTE@MnO, was effi-
ciently quenched to ca. 15% (®g = 0.023, Table S1 in Support-
ing Information File 1) when increasing concentrations of 2D
MnO, nanosheets were added, and reached saturation around
25 pg/mL (Figure 3A). The quenched fluorescence indicated
the effective FRET between the attached Glyco-DTE and 2D
MnO,, which again suggested the close stacking of Glyco-DTE
to the nanosheet surface. Aggregation-caused quenching might
be another reason for the fluorescence quenching because of the
close distance between fluorescence molecules when absorbed

on the surface of nanosheets. Apart from the quenched fluores-

cence, the photoswitchable emission was also prohibited
(Figure S2, Supporting Information File 1), probably due to the
significantly reduced emission operation window of Glyco-
DTE.

We then investigated the GSH-responsive performance of
Glyco-DTE@MnO; in PBS buffer. As shown in Figure 3B, the
emission of Glyco-DTE was restored to ca. 90% (®g = 0.256,
Table S1 in Supporting Information File 1) with the addition of
1.5 mM GSH. The recovery of emission can be attributed to the
reduction of MnO, to Mn2* [21], leading to the decomposition
of MnO; nanosheets. This result reveals that the photochromic
glycosheet is capable of recognizing GSH, leading to a signifi-
cant turn-on of the quenched fluorescence. The photoswitch-
able fluorescence signal was also activated alongside the
recovery of naphthalimide emission. As shown in Figure 3C,
the fluorescence intensity at 535 nm performed an ON/OFF
switching cycle upon irradiation of UV—vis light with a decent
fatigue resistance (Figure 3D), which is in good accordance
with the results of Glyco-DTE in buffer solution.

The selectivity of Glyco-DTE@MnO, towards other intracel-
lular species was next tested by fluorescence spectroscopy. As
shown in Figure S3A (Supporting Information File 1), GSH
showed a distinct selectivity over other analytes, suggesting a
specific GSH detection performance of Glyco-DTE@MnQ;. A
linear response of the normalized fluorescent intensity /1, at

535 nm within 0-0.4 mM GSH concentration range was deter-
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Figure 3: (A) Emission spectral changes of reporter Glyco-DTE (1 x 1072 mol/L in PBS buffer, 0.25%, Triton X-100) upon addition of 0—25 pg/mL
MnO,, (B) emission spectral changes of glycosheet upon addition of 0—-1.5 mM GSH, (C) emission spectral changes and (D) fatigue resistance of
reporter Glyco-DTE (after the degradation of MnO» with GSH) upon irradiation with UV (254 nm) and visible light (>500 nm). Emission spectra were

produced upon excitation at 448 nm.

mined (Supporting Information File 1, Figure S3B), where I«
represents the emission intensity before the addition of MnO,
and [ is the emission intensity after the addition of GSH,
through which the limit of detection (LOD) was calculated to be
0.99 uM. These results demonstrate the high sensitivity of
Glyco-DTE@MnO;, hybrid sensor towards GSH, which
allows the detection of intracellular GSH in the complex physi-
ological environment of cells. The kinetic analysis of Glyco-
DTE@MnO; in the presence of GSH (Supporting Information
File 1, Figure S3C) suggests a short response time (3 min) with
a reaction constant of k = 2.39 x 1072 s! (Supporting Informa-
tion File 1, Figure S3D), demonstrating a fast response of the
hybrid sensor on GSH sensing.

The investigation above verifies that the photochromic glyco-
sheet we designed can perform as an “activation and photo-
switching” sensor towards GSH, which is illustrated as fluores-
cence turn-on and sequential on-off cycles. Besides, the
quenching of the reporter fluorescence by MnO, contributes to
a significantly lowered background signal, which makes it an

excellent material for intracellular precision imaging.

Cell-targeted photoswitchable imaging of

intracellular GSH

With the photochromic glycosheet in hand, we then investigat-
ed its applications as a biosensor for targeted intracellular GSH
imaging. The presence of the §-p-galactoside residue offers a

selective recognition site for ASGPr receptor which is over-

expressed in HepG2 cell lines, endowing our hybrid sensor with
specific cell target ability [35]. The cytoselectivity of the
Glyco-DTE reporter was firstly checked in PBS buffer through
lectin binding experiments. The lectin used here, peanut agglu-
tinin (PNA), can selectively bind with B-p-galactoside that
mimics the role of ASGPr on HepG2 cell membranes [36,37].
As shown in Figure S4 (Supporting Information File 1), the ad-
dition of PNA to the solution of Glyco-DTE resulted in a fluo-
rescence enhancement with an obvious spectral blue-shift,
while the addition of another lectin, conconavalin A (Con A),
did not cause a substantial variation of the fluorescence spectra.
For control reporter 8o, either the addition of PNA or Con A led
to minute changes in the emission spectra. The phenomena de-
scribed above solidly proved the cell target ability of the B-p-
galactoside moiety of the Glyco-DTE reporter.

In the next step, HepG2 and HeLa cells were simultaneously in-
cubated with Glyco-DTE and then imaged with an Operetta
high content imaging system. As shown in Figure 4A, a bright
fluorescence signal was detected in HepG2 cells but almost no
fluorescence signal was observed in HeLa cells. This suggested
a good selectivity of Glyco-DTE towards HepG2 cell lines. The
specific interaction between -p-galactoside and cell transmem-
brane receptor ASGPr facilitates the selective cell internaliza-
tion [38,39]. On the contrary, HepG2 and HeLa cells incubated
with the control reporter 8o lacking a f-p-galactoside moiety
presented undiscernible fluorescence signals, confirming again
the selective targeting ability of Glyco-DTE. Next, the intracel-
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(254 nm) and visible light (>500 nm). The excitation wavelength is 440 nm and the emission channel is 450-550 nm.

lular photoswitchable imaging experiment of Glyco-DTE in
HepG2 cells was operated. Upon irradiation of alternate UV—vis
light, an evident fluorescence ON/OFF cycle of HepG2 cells
was observed (Figure 4B). In addition to the selective internal-
ization, Glyco-DTE is capable of taking remote light orders for
intracellular photoswitchable imaging. The dynamic ON/OFF

A NEM(-) NEM(+)

8 20d A

cycle, or photoblinking, of fluorescence from the photochromic
probe guarantees the source of the signal [9]. Compared to the
conventional sensor, which is vulnerable towards the inherent
background signals from the intracellular environment, the pho-
tochromic probe provides a smart strategy of well-discrimina-
tion from physiological interferences.

NEM(-) NEM(+)

100 um e -
| HepG2 || Hela
B Initial - uv > Vis > uv - Vis
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Figure 5: (A) Fluorescence imaging of HepG2 cells and HeLa cells after incubated with Glyco-DTE@MnO3 photochromic glycosheet in the absence
and presence of NEM. (B) The photochromic fluorescence imaging of HepG2 cells after incubated with glycosheet upon irradiation with UV (254 nm)
and visible light (>500 nm). The excitation wavelength is 440 nm and the emission channel is 450-550 nm.
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Apart from the over-expressed ASGPr receptors on cell mem-
branes, the high intracellular concentration of GSH is another
feature for HepG2 cells. Therefore, amounts of work on HepG2
cell imaging have targeted GSH as the characteristic biomarker
[40,41]. Strategies like reduction of disulfide [42-44] and
Michael addition [45-47] have been utilized to design fluores-
cent sensors for detecting intracellular GSH or discriminative
sensing of GSH with other common biothiols (e.g., Cys and
Hcy) [45,46]. In this work, the highly accessible 2D MnO,
nanosheet is used as the GSH responsive site instead of tradi-
tional functional groups that require elaborate design for high
selectivity and reactivity. Besides, the incorporation of Glyco-
DTE with MnO, nanosheets quenches the fluorescence and
further suppresses the background signal for intracellular
imaging. To investigate the capability of our Glyco-
DTE@MnO; hybrid sensor (glycosheet) for targeted photo-
switchable imaging of intracellular GSH, HepG2 and HeLa
cells were incubated with the glycosheet and subsequently
imaged under an optical microscope. As shown in Figure 5A,
HepG?2 cells incubated with the glycosheet exhibited a strong
fluorescence signal, indicating a high level of GSH expressed in
HepG2 cells. The addition of NEM (N-ethylmaleimide, a GSH
scavenger) resulted in a significant decrease of fluorescence in-
tensity [40,41,46], suggesting the efficient quenching effect of
MnO,; nanosheets towards Glyco-DTE reporter. In HeLa cells,
as a control experiment, a fluorescence signal is hardly ob-
served no matter treated with NEM or not. These results
strongly support the feasibility of targeted intracellular GSH
imaging with our Glyco-DTE@MnO,; hybrid sensor. Conse-
quently, the intracellular GSH photoswitchable imaging with
the liberated Glyco-DTE in HepG2 cells was operated. Similar
to the above results, an efficient fluorescence ON/OFF cycling
upon UV-vis irradiation of HepG2 cells was performed, which
provides the dynamic fluorescence signal for “double-check” of
intracellular GSH. The “first check™ was the recovery of the
silenced fluorescence in the presence of GSH. The following
“second check” was the blinking ON/OFF fluorescence signal
which ensures the origin of fluorescence signal from the photo-
chromic probe. Hence, the intracellular sensing precision is sig-

nificantly improved.

Conclusion

In summary, photochromic glycosheet Glyco-DTE@MnO,
was developed for cell-targeted and photoswitchable intracel-
lular GSH imaging in human hepatoma cell lines. The hybrid
sensing system presented here provides the MnO; nanosheets
for GSH detection and Glyco-DTE reporter for dynamic fluo-
rescence signal modulation. Besides, the high affinity of f-p-
galactoside towards ASGPr receptors on the membrane of
HepG2 cells enables the specific cell-targetability of Glyco-
DTE@MnO; hybrid sensor. Compared to conventional GSH

Beilstein J. Org. Chem. 2019, 15, 2380-2389.

biosensors, our strategy offers a simple yet smart design that
circumvents the elaborate molecular design and laborious syn-
thesis for multifunctional sensors, further broadening the avail-
ability of photochromic sensors in various physiological
scenarios. These findings not only enable promising applica-
tions in targeted-cell imaging but also provide a new sensor
platform useful for multiple fluorescence signaling and improv-

ing the detection precision.

Supporting Information

Supporting Information File 1
Experimental procedures and spectral data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-15-230-S1.pdf]

Acknowledgements

The authors thank the NSFC (21878086, 21420102004),
Shanghai Municipal Science and Technology Major Project
(2018SHZDZXO03), the international cooperation program of
Shanghai Science and Technology Committee (17520750100)
and the Shanghai Rising-Star Program (19QA 1402500 to J. Z.).

ORCID® iDs

Junji Zhang - https://orcid.org/0000-0003-2823-4637
He Tian - https://orcid.org/0000-0003-3547-7485

References

1. Gao, M.; Yu, F.; Lv, C.; Choo, J.; Chen, L. Chem. Soc. Rev. 2017, 46,
2237-2271. doi:10.1039/c6cs00908e

2. Zhang, J.; Chai, X.; He, X.-P.; Kim, H.-J.; Yoon, J.; Tian, H.
Chem. Soc. Rev. 2019, 48, 683—722. doi:10.1039/c7cs00907k

3. Huang, X.; Song, J.; Yung, B. C.; Huang, X.; Xiong, Y.; Chen, X.
Chem. Soc. Rev. 2018, 47, 2873-2920. doi:10.1039/c7cs00612h

4. Ma, T.; Hou, Y.; Zeng, J.; Liu, C.; Zhang, P.; Jing, L.; Shangguan, D.;
Gao, M. J. Am. Chem. Soc. 2018, 140, 211-218.
doi:10.1021/jacs.7b08900

5. Reinhardt, C. J.; Zhou, E. Y.; Jorgensen, M. D.; Partipilo, G.; Chan, J.
J. Am. Chem. Soc. 2018, 140, 1011-1018. doi:10.1021/jacs.7b10783

6. Verwilst, P.; Kim, H.-R.; Seo, J.; Sohn, N.-W.; Cha, S.-Y.; Kim, Y.;
Maeng, S.; Shin, J.-W.; Kwak, J. H.; Kang, C.; Kim, J. S.
J. Am. Chem. Soc. 2017, 139, 13393-13403.
doi:10.1021/jacs.7b05878

7. Miao, Q.; Yeo, D. C.; Wiraja, C.; Zhang, J.; Ning, X.; Xu, C.; Pu, K.
Angew. Chem., Int. Ed. 2018, 57, 1256—1260.
doi:10.1002/anie.201710727

8. Xu, G.; Yan, Q.; Lv, X,; Zhu, Y.; Xin, K.; Shi, B.; Wang, R.; Chen, J.;
Gao, W.; Shi, P.; Fan, C.; Zhao, C.; Tian, H. Angew. Chem., Int. Ed.
2018, 57, 3626—-3630. doi:10.1002/anie.201712528

9. Zhang, J.; Fu, Y.; Han, H.-H.; Zang, Y.; Li, J.; He, X.-P.; Feringa, B. L.;
Tian, H. Nat. Commun. 2017, 8, 987. doi:10.1038/s41467-017-01137-8

10.Fu, Y.; Han, H.-H.; Zhang, J.; He, X.-P.; Feringa, B. L.; Tian, H.
J. Am. Chem. Soc. 2018, 140, 8671-8674. doi:10.1021/jacs.8b05425

2388


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-15-230-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-15-230-S1.pdf
https://orcid.org/0000-0003-2823-4637
https://orcid.org/0000-0003-3547-7485
https://doi.org/10.1039%2Fc6cs00908e
https://doi.org/10.1039%2Fc7cs00907k
https://doi.org/10.1039%2Fc7cs00612h
https://doi.org/10.1021%2Fjacs.7b08900
https://doi.org/10.1021%2Fjacs.7b10783
https://doi.org/10.1021%2Fjacs.7b05878
https://doi.org/10.1002%2Fanie.201710727
https://doi.org/10.1002%2Fanie.201712528
https://doi.org/10.1038%2Fs41467-017-01137-8
https://doi.org/10.1021%2Fjacs.8b05425

11.Fu, Y.; Zhang, X.; Cao, F.; Wang, W.; Qian, G.; Zhang, J.
Sci. China: Chem. 2019, 62, 1204—1212.
doi:10.1007/s11426-019-9490-x

12.Xiong, Y.; Vargas Jentzsch, A.; Osterrieth, J. W. M.; Sezgin, E.;
Sazanovich, I. V.; Reglinski, K.; Galiani, S.; Parker, A. W.; Eggeling, C.;
Anderson, H. L. Chem. Sci. 2018, 9, 3029-3040.
doi:10.1039/c8sc00130h

13. Roubinet, B.; Weber, M.; Shojaei, H.; Bates, M.; Bossi, M. L.;
Belov, V. N.; Irie, M.; Hell, S. W. J. Am. Chem. Soc. 2017, 139,
6611-6620. doi:10.1021/jacs.7b00274

14.Zhang, W.; Huo, F.; Yin, C. Org. Lett. 2019, 21, 5277-5280.
doi:10.1021/acs.orglett.9b01879

15. Roubinet, B.; Bossi, M. L.; Alt, P.; Leutenegger, M.; Shojaei, H.;
Schnorrenberg, S.; Nizamov, S.; Irie, M.; Belov, V. N.; Hell, S. W.
Angew. Chem., Int. Ed. 2016, 55, 15429—15433.
doi:10.1002/anie.201607940

16.Zhou, Y.; Zhuang, Y.; Li, X,; Agren, H.; Yu, L.; Ding, J.; Zhu, L.
Chem. — Eur. J. 2017, 23, 7642-7647. doi:10.1002/chem.201700947

17.Jia, X.; Shao, C.; Bai, X.; Zhou, Q.; Wu, B.; Wang, L.; Yue, B.; Zhu, H.;
Zhu, L. Proc. Natl. Acad. Sci. U. S. A. 2019, 116, 4816-4821.
doi:10.1073/pnas.1821991116

18.Zhang, Y.; Song, K.-H.; Tang, S.; Ravelo, L.; Cusido, J.; Sun, C.;
Zhang, H. F.; Raymo, F. M. J. Am. Chem. Soc. 2018, 140,
12741-12745. doi:10.1021/jacs.8b09099

19.Thiel, Z.; Rivera-Fuentes, P. Angew. Chem., Int. Ed. 2019, 58,
11474-11478. doi:10.1002/anie.201904700

20.Goldberg, J. M.; Wang, F.; Sessler, C. D.; Vogler, N. W.; Zhang, D. Y.;
Loucks, W. H.; Tzounopoulos, T.; Lippard, S. J. J. Am. Chem. Soc.
2018, 740, 2020-2023. doi:10.1021/jacs.7b12766

21.Deng, R.; Xie, X.; Vendrell, M.; Chang, Y.-T.; Liu, X. J. Am. Chem. Soc.
2011, 7133, 20168-20171. doi:10.1021/ja2100774

22.Chen, F.; Bai, M.; Cao, K.; Zhao, Y.; Wei, J.; Zhao, Y.
Adv. Funct. Mater. 2017, 27, 1702748. doi:10.1002/adfm.201702748

23.Chen, Y.; Ye, D.; Wu, M.; Chen, H.; Zhang, L.; Shi, J.; Wang, L.
Adv. Mater. (Weinheim, Ger.) 2014, 26, 7019-7026.
doi:10.1002/adma.201402572

24.Yang, G.; Xu, L.; Chao, Y.; Xu, J.; Sun, X.; Wu, Y.; Peng, R; Liu, Z.
Nat. Commun. 2017, 8, 902. doi:10.1038/s41467-017-01050-0

25.Zhang, H.-L.; Wei, X.-L.; Zang, Y.; Cao, J.-Y.; Liu, S.; He, X.-P;
Chen, Q.; Long, Y.-T.; Li, J.; Chen, G.-R.; Chen, K.
Adv. Mater. (Weinheim, Ger.) 2013, 25, 4097—4101.
doi:10.1002/adma.201300187

26.Ji, D.-K.; Zhang, Y.; Zang, Y.; Li, J.; Chen, G.-R.; He, X.-P.; Tian, H.
Adv. Mater. (Weinheim, Ger.) 2016, 28, 9356—-9363.
doi:10.1002/adma.201602748

27.Ma, Z.; Zhang, P.; Yu, X,; Lan, H.; Li, Y.; Xie, D.; Li, J.; Yi, T.
J. Mater. Chem. B 2015, 3, 7366—7371. doi:10.1039/c5tb01191d

28.Chai, X.; Fu, Y.-X.; James, T. D.; Zhang, J.; He, X.-P.; Tian, H.
Chem. Commun. 2017, 53, 9494-9497. doi:10.1039/c7cc04427¢e

29.Wuy, H.; Chen, Y.; Liu, Y. Adv. Mater. (Weinheim, Ger.) 2017, 29,
1605271. doi:10.1002/adma.201605271

30.Shi, Z.; Tu, Y.; Wang, R.; Liu, G.; Pu, S. Dyes Pigm. 2018, 149,
764-773. doi:10.1016/j.dyepig.2017.11.051

31.Kai, K.; Yoshida, Y.; Kageyama, H.; Saito, G.; Ishigaki, T.;
Furukawa, Y.; Kawamata, J. J. Am. Chem. Soc. 2008, 130,
15938-15943. doi:10.1021/ja804503f

32.Yuan, Y.; Wu, S.; Shu, F.; Liu, Z. Chem. Commun. 2014, 50,
1095-1097. doi:10.1039/c3cc47755j

Beilstein J. Org. Chem. 2019, 15, 2380-2389.

33.Fan, D.; Shang, C.; Gu, W.; Wang, E.; Dong, S.
ACS Appl. Mater. Interfaces 2017, 9, 25870-25877.
doi:10.1021/acsami.7b07369

34.Fan, H.; Yan, G.; Zhao, Z.; Hu, X.; Zhang, W.; Liu, H.; Fu, X.; Fu, T.;
Zhang, X.-B.; Tan, W. Angew. Chem., Int. Ed. 2016, 55, 5477-5482.
doi:10.1002/anie.201510748

35.He, X.-P.; Tian, H. Chem 2018, 4, 246-268.
doi:10.1016/j.chempr.2017.11.006

36.Wu, X.; Tan, Y. J.; Toh, H. T.; Nguyen, L. H.; Kho, S. H.; Chew, S. Y.;
Yoon, H. S.; Liu, X.-W. Chem. Sci. 2017, 8, 3980-3988.
doi:10.1039/c6sc05251g

37.Hang, Y.; Cai, X.; Wang, J.; Jiang, T.; Hua, J.; Liu, B.
Sci. China: Chem. 2018, 61, 898-908. doi:10.1007/s11426-018-9259-3

38.Su, T. A,; Shihadih, D. S.; Cao, W.; Detomasi, T. C.; Heffern, M. C.;
Jia, S.; Stahl, A.; Chang, C. J. J. Am. Chem. Soc. 2018, 140,
13764-13774. doi:10.1021/jacs.8b08014

39.Ye, Z.; Wu, W.-R.; Qin, Y.-F.; Hu, J.; Liu, C.; Seeberger, P. H.; Yin, J.
Adv. Funct. Mater. 2018, 28, 1706600. doi:10.1002/adfm.201706600

40.Han, X.; Song, X.; Yu, F.; Chen, L. Chem. Sci. 2017, 8, 6991-7002.
doi:10.1039/c7sc02888a

41.Jiang, Y.; Cheng, J.; Yang, C.; Hu, Y.; Li, J.; Han, Y.; Zang, Y.; Li, X.
Chem. Sci. 2017, 8, 8012—-8018. doi:10.1039/c7sc03338a

42.Wu, X.; Sun, X.; Guo, Z.; Tang, J.; Shen, Y.; James, T. D.; Tian, H.;
Zhu, W. J. Am. Chem. Soc. 2014, 136, 3579-3588.
doi:10.1021/ja412380j

43.Li, Q.; Cao, J.; Wang, Q.; Zhang, J.; Zhu, S.; Guo, Z.; Zhu, W.-H.
J. Mater. Chem. B 2019, 7, 1503—1509. doi:10.1039/c8tb03188f

44.Yu, F.; Zhang, F.; Tang, L.; Ma, J.; Ling, D.; Chen, X.; Sun, X.
J. Mater. Chem. B 2018, 6, 5362-5367. doi:10.1039/c8tb01360h

45, Liu, J.; Sun, Y.-Q.; Huo, Y.; Zhang, H.; Wang, L.; Zhang, P.; Song, D.;
Shi, Y.; Guo, W. J. Am. Chem. Soc. 2014, 136, 574-577.
doi:10.1021/ja409578w

46.Yang, X.; Qian, Y. J. Mater. Chem. B 2018, 6, 7486—7494.
doi:10.1039/c8tb02309¢

47.Jiang, X.; Yu, Y.; Chen, J.; Zhao, M.; Chen, H.; Song, X.; Matzuk, A. J.;
Carroll, S. L.; Tan, X.; Sizovs, A.; Cheng, N.; Wang, M. C.; Wang, J.
ACS Chem. Biol. 2015, 10, 864—874. doi:10.1021/cb500986w

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular
requires that the authors and source are credited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:

(https://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.15.230

2389


https://doi.org/10.1007%2Fs11426-019-9490-x
https://doi.org/10.1039%2Fc8sc00130h
https://doi.org/10.1021%2Fjacs.7b00274
https://doi.org/10.1021%2Facs.orglett.9b01879
https://doi.org/10.1002%2Fanie.201607940
https://doi.org/10.1002%2Fchem.201700947
https://doi.org/10.1073%2Fpnas.1821991116
https://doi.org/10.1021%2Fjacs.8b09099
https://doi.org/10.1002%2Fanie.201904700
https://doi.org/10.1021%2Fjacs.7b12766
https://doi.org/10.1021%2Fja2100774
https://doi.org/10.1002%2Fadfm.201702748
https://doi.org/10.1002%2Fadma.201402572
https://doi.org/10.1038%2Fs41467-017-01050-0
https://doi.org/10.1002%2Fadma.201300187
https://doi.org/10.1002%2Fadma.201602748
https://doi.org/10.1039%2Fc5tb01191d
https://doi.org/10.1039%2Fc7cc04427e
https://doi.org/10.1002%2Fadma.201605271
https://doi.org/10.1016%2Fj.dyepig.2017.11.051
https://doi.org/10.1021%2Fja804503f
https://doi.org/10.1039%2Fc3cc47755j
https://doi.org/10.1021%2Facsami.7b07369
https://doi.org/10.1002%2Fanie.201510748
https://doi.org/10.1016%2Fj.chempr.2017.11.006
https://doi.org/10.1039%2Fc6sc05251g
https://doi.org/10.1007%2Fs11426-018-9259-3
https://doi.org/10.1021%2Fjacs.8b08014
https://doi.org/10.1002%2Fadfm.201706600
https://doi.org/10.1039%2Fc7sc02888a
https://doi.org/10.1039%2Fc7sc03338a
https://doi.org/10.1021%2Fja412380j
https://doi.org/10.1039%2Fc8tb03188f
https://doi.org/10.1039%2Fc8tb01360h
https://doi.org/10.1021%2Fja409578w
https://doi.org/10.1039%2Fc8tb02309c
https://doi.org/10.1021%2Fcb500986w
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.15.230

	Abstract
	Introduction
	Results and Discussion
	Synthesis of dithienylethene fluorescence reporter (Glyco-DTE)
	Photochromic performances of Glyco-DTE
	Fabrication of Glyco-DTE@MnO2 glycosheets
	GSH sensing and fluorescence photoswitching of Glyco-DTE@MnO2 glycosheet
	Cell-targeted photoswitchable imaging of intracellular GSH

	Conclusion
	Supporting Information
	Acknowledgements
	ORCID iDs
	References

