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dye with large Stokes shifts by
fusing the 1,4-diethylpiperazine moiety and its
applications in fast detection of Cu2+†

Jin Gong,ab Chang Liu,a Xiaojie Jiao,a Song He,a Liancheng Zhaoab

and Xianshun Zeng *ab

Rhodamine dyes were widely developed for designing probes due to their excellent photophysical

properties and biocompatibility. However, traditional rhodamine dyes still bear major drawbacks of short

emission wavelengths (<600 nm) and narrow Stokes shifts (<30 nm), which limit their biological imaging

applications. Herein, we reported a novel mitochondria-targeted fluorescent dye JRQ with near-infrared

(NIR) emission wavelength and improved Stokes shift (63 nm) by tuning the donor–acceptor–donor (D–

A–D) character of the rhodamine skeleton. As expected, JRQ exhibited multiple excellent properties and

could accumulate in mitochondria, and can therefore be used as a signal reporter for the design of

fluorescent probes by taking advantage of the fluorescence controlled mechanism of the ring opening

and closing chemical processes of the spirolactone platform. By using JRQ as a precursor, a highly

sensitive fluorescent probe JRQN for the fast detection of mitochondrial Cu2+ ions was synthesized

based on the Cu2+-triggered specific hydrolysis mechanism because mitochondria are an important

reservoir of intracellular Cu2+. We expect that the Stokes shift increase of rhodamine dyes via tuning the

donor–acceptor–donor (D–A–D) character of the rhodamine skeleton will provide a novel synthetic

approach for the development of rhodamine dyes and expansion of their applications.
Introduction

Rhodamine derivatives were widely developed for designing
probes due to their excellent photophysical properties and
biocompatibility, such as tolerance to photobleaching, high
quantum yields, and distinct photophysical advantages of ring-
opening process.1 However, traditional rhodamine-based
probes still bear some major drawbacks, such as short emis-
sion wavelengths (<600 nm) and narrow Stokes shis (<30 nm),
which are the main reasons for self-quenching, excitation
wavelength interference and photodamage in living cells.2 Next
generation applications, e.g. single-molecule analysis, demand
uorescent probes with NIR emission wavelength and large
Stokes shis to achieve precise imaging and accurate sensing.3

To data, several strategies have been introduced to increase the
emission wavelength, for example, extending the p-conjugated
system of rhodamine scaffolds and replacing the bridging
oxygen atom with other atoms.4 However, these strategies
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cannot effectively improve the Stokes shis. Therefore, it is of
great signicance to design and synthesize new rhodamine dyes
with near-infrared (NIR) emission wavelengths and large Stokes
shis.

Recently, it has been reported that altering the intra-
molecular charge transfer (ICT) properties of chromophoric
skeleton by tuning electron-donating character of the chromo-
phore is an efficient strategy to increase the absorption and
emission wavelengths of rhodamine dyes.5 In pioneering works,
the emission wavelengths of dyes were prominently red-shied
by fusing a piperazine in the xanthene skeleton as strong
electron-donating group, increased with the Stokes shis.6 For
example, Zhang and coworkers demonstrated that the emission
wavelengths of rhodamine dyes are prominently red-shied by
using the 1,4-diethyl-1,2,3,4-tetrahydroquinoxaline unit as
a strong electron-donating group to modify the xanthene
moiety, increased with the Stokes shis.6a In 2018, Luck and Liu
et al. reported the incorporation of a piperazine fused ring on
the rhodamine scaffold, which also both increased the emission
wavelengths and the Stokes shis.6b These results have inspired
our synthetic efforts aimed at the development of new rhoda-
mine dyes with NIR emission wavelengths and improved Stokes
shis.

In this paper, we design of a new rhodamine dye with NIR
emission wavelengths and larger Stokes shis by introducing
the electron-donating 1,4-diethylpiperazine moiety in
This journal is © The Royal Society of Chemistry 2020
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rhodamine scaffold for tuning the D–A–D character of rhoda-
mine dyes. In addition, the cationic xanthene moiety normally
works as a functional group for targeting mitochondria,7 and
increase the water solubility of the dye. As expected, JRQ
exhibited multiple excellent properties and was capable of
specically distributing in mitochondria, which can be used as
signal reporter for the design of uorescence probes by taking
advantage of the uorescence controlled mechanism of the ring
opening and closing chemical processes of the spirolactone
platform. Furthermore, to demonstrate the utility of this dye for
probe design, a highly sensitive and selective uorescent probe
JRQN for the specic detection of mitochondrial Cu2+ ions was
synthesized based on the Cu2+-triggered specic hydrolysis
mechanism because mitochondria are important reservoir of
intracellular Cu2+.

Results and discussion
Molecular synthesis

The dye JRQ and probe JRQN were synthesized according to the
procedures in Scheme 1. The intermediate compounds 4-
methoxy-1,2-phenylenediamine (A), 1,4-diethyl-6-methoxy-
1,2,3,4-tetrahydroquinoxaline (B) and 2-(2-hydroxyjulolidine)
benzoic acid (C) were synthesized according to the literature,6a,8

and the detailed reaction reagents and conditions were depicted
in Scheme 1. By the reaction of 2-(4-diethylamino-2-
hydroxybenzoyl)benzoic acid with B, the dye JRQ was obtained
in 76% yield. Followed by the reaction of the dye JRQ with
hydrazine hydrate in methanol, the probe JRQN was obtained in
53% yield. The structures of the new compounds JRQ and JRQN
were characterized by spectroscopic techniques, for example,
1H NMR, 13C NMR and HRMS, and the spectra were presented
in the ESI† in detail.

Characterization of JRQ

In order to verify whether JRQ meets our original design
intentions, a detailed evaluation of the photophysical proper-
ties of the dye JRQ in distinct solvents (CH3CN, DMSO, DCM,
EtOH, and H2O) was conducted. Surprisingly, JRQ showed the
maxima absorption bands between 583 nm and 590 nm (3 $
Scheme 1 Synthesis of dye JRQ and probe JRQN. Reagents and
conditions: (a) succinaldehyde, CH3CN, 60 �C, overnight; (b) NaBH4,
toluene, AcOH, 5 �C to reflux, 5 h; (c) toluene, reflux, overnight; (d)
CH3SO3H, 80 �C, 8 h; (e) NH2NH2, MeOH, 50 �C, 6 h.

This journal is © The Royal Society of Chemistry 2020
14 200 M�1 cm�1), and the maxima emission peaks of JRQ
range from 654 nm to 668 nm in all test solvents (Table S1 and
Fig. S1†). Comparatively, JRQ showed longer emission and
larger Stokes shi than traditional rhodamine dyes in ethanol
(Table 1). The maximum uorescence emission of the dye was
remarkably red-shied ca. 61 nm (rhodamine 101), 86 nm
(rhodamine B), and 100 nm (rhodamine 6G), respectively, which
may be attributed to the excited intramolecular charge transfer
(ICT). Meanwhile, the Stokes shi of JRQ was calculated to be
63 nm in ethanol, which was signicantly larger than rhoda-
mine 101 (30 nm), rhodamine B (26 nm), and rhodamine 6G (28
nm), respectively. It can be rationalized that the change of the
electron-donating 1,4-diethylpiperazine group in the asym-
metric xanthene uorophore can regulate the donor–acceptor–
donor (D–A–D) character of the chromophore. The donor–
acceptor system in plane from the electron-donating 1,4-dieth-
ylpiperazine group to the electron-withdrawing group in JRQ
can lead to large changes in the energy difference between the
ground and the excited state, thereby producing an obviously
increased Stokes shis.9 Furthermore, the quantum yields of
JRQ range from 5% to 54% in these solvents (Table S1†).
Collectively, it proved that JRQ was a novel NIR uorescence
reagent with large Stokes shi, achieving original design
intentions.

Fluorescent imaging of JRQ

The excellent photophysical properties, for example, NIR
emission wavelengths and improved Stokes shis, encouraged
us to examine the potential applications of JRQ in living cells.
Before the imaging experiments in living cells, the well-
established MTT assay was adopted to study cytotoxicity of the
aforementioned dye at varying concentrations (0, 1, 3, 5, 10, and
20 mM). As shown in Fig. S2,† more than 85% of cells survived
aer treatment with various concentrations of JRQ (0, 1, 3, 5, 10,
and 20 mM) for 24 h, indicated that the dye has fairly low toxicity
to living cells. Then imaging experiments of JRQ in living cells
were carried out. HeLa cells were incubated with JRQ for 30min,
and then washed three times with PBS for removing excess
reagents in the growth medium. As shown in Fig. S3,† strong
red uorescence signals were observed aer treatment with JRQ
(1 mm) for 30 min, indicating that the dye was membrane
permeability and could be used for imaging in living cells.

By carefully observing the overlap images, we found that the
distribution of the red signal in the cells unevenly ll the entire
cytoplasm, but concentrated in some regions, indicating that
JRQ likely possessed organelles localization properties.
Table 1 lex and lem values of JRQ, rhodamine 101, rhodamine B and
rhodamine 6G in EtOH

Dyes
lex
(nm)

lem
(nm)

Dl

(nm)

Rhodamine 101 564 594 30
Rhodamine B 543 569 26
Rhodamine 6G 527 555 28
JRQ 592 655 63
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05835a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/2
3/

20
25

 1
2:

27
:4

3 
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
According to the literature, the xanthene dyes leads to the
proactive accumulation in mitochondria,7 therefore, JRQ was
likely to accumulate in mitochondria. To verify the speculated
organelles localization properties, the co-localization experi-
ments through co-incubating the HeLa cells with commercial
targeting reagents Mito-Tracker Green (Mito), Golgi-Tracker
Green (Golgi), ER-Tracker Green (ER), and Lyso-Tracker Green
(Lyso), respectively, were conducted. As expected, highlight
yellow pixels on overlapping images were observed in Fig. 1a,
and a high overlap coefficient (0.92) and Pearson's coefficient
(0.91) could be calculated from the intensity correlation plot,
suggesting that JRQ was mainly distributed in mitochondria. In
contrast, red uorescence signals of JRQ and green uorescence
signals of other trackers (Lyso, ER, or Golgi) were distinctly
distributed in different regions, and low overlap coefficients
and Pearson's coefficients were observed (Table S2†), indicating
that JRQ does not accumulate in these organelles. Co-
localization experiments conrmed that JRQ can be used as
an effective mitochondrial targeting reagent.
Recognition properties of JRQN

Copper is a redox-active metal that has a wide range of appli-
cations in the chemical and electronics industries, and plays an
indispensable role in various physiological processes as enzyme
cofactors and signal messengers, including cellular respiration,
neurotransmitter synthesis and metabolism, maintenance of
the immune system, redox process, bone health, etc.10 As
a cofactor for the respiratory enzyme cytochrome c oxidase,
mitochondria are important reservoir of intracellular copper.11

Therefore, humans must supplement their normal intake by
Fig. 1 Co-localization experiments with HeLa cells stained with JRQ
(1 mM) and other organelle-targeting Trackers (200 nM). (a) Costained
with Mito-Tracker Green; (b) costained with Lyso-Tracker Green, (c)
costained with ER-Tracker Green; (d) costained with Golgi-Tracker
Green. Red channel: lex ¼ 559 nm, lem ¼ 618–718 nm; green channel:
lex ¼ 488 nm, lem ¼ 520–541 nm.

38040 | RSC Adv., 2020, 10, 38038–38044
means of food, and the average daily copper intake of adults
should not exceed 10–12mg.12 It has been proved that abnormal
levels of copper (Cu2+) in the body can cause diseases, for
example, Alzheimer's disease, coronary heart disease, Wilson's
disease, arthritis, brain dysfunction, anemia, Menkes disease
and vitiligo.13 Consequently, real-time sensing Cu2+ levels in
mitochondria is important for early detection and prevention of
diseases. However, up to now, mitochondria-targeted NIR
uorescent probes of rhodamine derivatives with large Stokes
shis for detection of Cu2+ were rarely described.14 Therefore, it
is of great signicance to design and synthesize new NIR uo-
rescent probes with large Stokes shis, for sensing Cu2+ in
mitochondria.

To demonstrate the utility of this dye for probe design,
a highly sensitive uorescent probe JRQN for the fast detection
of mitochondrial Cu2+ ions was synthesized based on the Cu2+-
triggered specic hydrolysis mechanism because mitochondria
are important reservoir of intracellular Cu2+.15 With JRQN in
hand, the different metalated analogues were evaluated, in
order to study the inuence of the metals on the absorption and
emission spectrum of the probe. As shown in the Fig. 2a, upon
addition of 10 equiv. of Cu2+, the intensity of the uorescence
emission spectrum at 678 nm was signicantly enhanced,
which could be attributed to the formation of large p–p

conjugated system through Cu2+-triggered ring-opening and
hydrolysis cascade reaction.15 In contrast, no signicant change
in the uorescence emission spectrum was observed aer
addition of 10 equiv. other metal cations (Ag+, Al3+, Ca2+, Fe2+,
Cd2+, Co2+, Cr3+, Fe3+, Mg2+, K+, Li+, Mn2+, Pd2+, Na+, Ni2+, and
Zn2+). Meanwhile, the same trend was also exhibited in the
absorption spectrum (Fig. S4†). Upon addition of 10 equiv. of
Cu2+, the absorption intensity of JRQN at 594 nm was signi-
cantly enhanced. In contrast, no obvious responses of absorp-
tion spectrum were observed aer addition of various other
metal cations under the same conditions. In addition, the probe
can also respond to high concentration of Hg2+ (Fig. S5†).
Considering that the cells do not contain Hg2+, the recognition
of Cu2+ in the living cells will not be affected. Accordingly,
intense absorption (labs ¼ 594 nm) and uorescence emission
(lem ¼ 678 nm) appear, indicating the formation of highly
Fig. 2 (a) Fluorescence emission responses of JRQN (10 mM) upon
addition of different species; (b) fluorescence ratio ((F � F0)/(FCu � F0))
changes of JRQN in the presence of 100 mM Cu2+ and different
species. Metal cations (100 mM): (1) Ag+; (2) Al3+; (3) Ca2+ (10 mM); (4)
Cd2+; (5) Co2+; (6) Cr3+; (7) Cu2+; (8) Fe2+; (9) Fe3+; (10) Pd2+; (11) K+ (10
mM); (12) Li+ (10 mM); (13) Mg2+ (10 mM); (14) Mn2+; (15) Na+; (16) Ni2+;
(17) Zn2+. The conditions: HEPES buffer (10 mM, pH ¼ 7.4, containing
20% CH3CN), lex ¼ 580 nm, slit ¼ 5/5 nm.

This journal is © The Royal Society of Chemistry 2020
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uorescent ring-opening form aer the reaction of JRQN and
Cu2+. The Stokes shi of JRQN was found to be 84 nm, which
was obviously larger than those of conventional rhodamine dyes
(<30 nm).16 The results revealed that JRQN can function as
a highly selective uorescence probe for Cu2+. To verify the
speculated mechanism, HRMS was conducted to analyze the
change of molecular weight of JRQN aer the reaction with
Cu2+. As shown in Fig. S6,† an intense peak at m/z 508.2600
corresponding to JRQ was distinct aer the reaction of JRQN
with Cu2+, revealing that the open-ring and hydrolysis cascade
reaction process was triggered and the carboxylic acid
compound JRQ was constructed.

Subsequently, competitive experiments were conducted to
assess whether the interfering metal ions showed interference
with the detection of Cu2+. It was investigated that the response
signal of JRQN towards Cu2+ in the presence of 10 equiv. coex-
istent potentially interfering metal ions (Ag+, Al3+, Ca2+, Fe2+,
Cd2+, Co2+, Cr3+, Fe3+, Mg2+, K+, Li+, Mn2+, Pd2+, Na+, Ni2+, and
Zn2+). As shown in Fig. 2b, all of the tested foreign metal ions
had minor or no interference with signal response to Cu2+ and
JRQN exhibited obvious response even in the presence of
interfering metal species, revealing that interfering metal
species hadminor or no interference to the selective recognition
properties of JRQN. Therefore, results of competition experi-
ments further conrming the specicity of JRQN toward Cu2+.

In order to assess the sensitivity of JRQN towards Cu2+,
continuous titration experiments were conducted by using
uorescence and UV/Vis spectroscopy. As shown in Fig. 3a, aer
the addition of increasing concentration of Cu2+ (0–105 mM), the
uorescent maximum at 678 nm remarkably increased, and
eventually reached constant when the amount of Cu2+ reached
10 equiv. Subsequently, the linear tting could be obtained
between Cu2+ concentrations ranging from 0 to 30 mM and the
uorescence emission intensity at 678 nm with an excellent
linear relationship (R ¼ 0.9977) (Fig. 3b). Then, the detection
limit of JRQN towards Cu2+ was obtained to be 29 nM based on
the equation of 3s/k, where k is the slope plotted from the tting
equation mentioned above and s is the relative standard devi-
ation of 10 times uorescence measurements of the blank
solution in parallel without Cu2+. The detection limit was far
lower than the maximum allowable level of the World Health
Organization (WHO) limit (30 mM)17 and the U.S. Environmental
Fig. 3 (a) The fluorescence changes of JRQN (10 mM) treated with
increasing concentrations of Cu2+ (0–105 mM). Inset: the plot of the
fluorescence intensities at 678 nm versus the equivalents of Cu2+; (b)
the plot of the fluorescence intensities of JRQN at 678 nm versus the
concentrations of Cu2+ (0–30 mM). The conditions: HEPES buffer
(10mM, pH¼ 7.4, containing 20%CH3CN), lex¼ 580 nm, slit¼ 5/5 nm.

This journal is © The Royal Society of Chemistry 2020
Protection Agency's (EPA) limit for drinking water (20 mM).18 At
the same time, aer the addition of increasing concentration of
Cu2+ (0–10.5 equiv.), the absorption intensity of JRQN at 594 nm
remarkably increased and reached the plateau when the
amount of Cu2+ reached 5 equiv. (Fig. S7†). These results sug-
gested that JRQN could be used as a practical probe for quan-
titative detection of Cu2+ in drinking water.

In order to evaluate whether JRQN was suitable for detecting
Cu2+ in real time, time-dependent uorescent responses of
JRQN towards Cu2+ were evaluated by uorescence spectroscopy
at room temperature. The spectral data were recorded within
500 s in the absence and presence of Cu2+. As shown in Fig. 4a,
in the absence of Cu2+, the uorescence intensity of JRQN at
678 nm remained substantially constant, suggesting that the
probe owned high photo-stability. In contrast, in the presence
of Cu2+, the uorescence emission intensity of JRQN at 678 nm
rapidly increased and reached a plateau within about 50 s,
implying that JRQN could be used as an effective candidate for
monitoring Cu2+ in real-time. In addition, in order to evaluate
whether JRQN was suitable for detecting Cu2+ in physiological
environment and nd a suitable pH span in which JRQN could
selectively detect Cu2+ efficiently, the emission spectra of JRQN
in the absence and presence of Cu2+ at different pH values were
measured. As illustrated in Fig. 4b, in the absence of Cu2+,
uorescence intensity of JRQN at 678 nm remained substan-
tially constant under a pH range of 6.0–10.0, while high uo-
rescence was observed under acidic conditions (4.0–5.0) for
ring-opening induced by H+. In contrast, in the presence of
Cu2+, the uorescence intensity at 678 nm was obviously
enhanced in the pH range of 5.0–10.0 for the ring-opening
induced by Cu2+, implying that JRQN could be used for detect-
ing Cu2+ under physiological conditions. Collectively, above
results suggested that JRQN was ability to detect trace amount
of Cu2+ in real-time in physiological environments.
Fluorescent imaging of JRQN in HeLa cells

The spectral properties conrmed that JRQN had advantages of
high selectivity, high sensitivity and fast response time for Cu2+

recognition, which encouraged us to examine the potential
applications of JRQN for imaging Cu2+ in living cells. Before the
imaging experiments in living cells, the well-established MTT
assay was adopted to study cytotoxicity of the aforementioned
Fig. 4 (a) Time-dependence fluorescence intensity of JRQN (10 mM)
upon addition of 100 mM Cu2+; (b) fluorescence intensity of JRQN (10
mM) as a function of pH value in the absence/presence of Cu2+ (100
mM); the conditions: HEPES buffer (10 mM, pH ¼ 7.4, containing 20%
CH3CN), lex ¼ 580 nm, slit ¼ 5/5 nm.

RSC Adv., 2020, 10, 38038–38044 | 38041

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05835a


Fig. 6 Fluorescence imaging of the Cu2+-pretreated HeLa cells being
costained with JRQN (1 mM) and other organelle-targeting Trackers
(200 nM). Cells were incubated with probes at 37 �C for 30 min, and
then treated with Cu2+ (5 mM) for another 30 min. (a) Costained with
Mito-Tracker Green; (b) costained with Lyso-Tracker Green, (c) cos-
tained with ER-Tracker Green; (d) costained with Golgi-Tracker Green.
Red channel: lex ¼ 559 nm, lem ¼ 650–750 nm; green channel: lex ¼
488 nm, lem ¼ 511–534 nm.
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probe at varying concentrations (0, 1, 3, 5, 10, and 20 mM). As
shown in Fig. S8,† the viabilities of HeLa cells were not
noticeably affected aer incubation for 24 h, indicating low
cytotoxicity of JRQN. Then, cell imaging of JRQN for monitoring
of Cu2+ in living cells were carried out (Fig. 5). HeLa cells were
incubated with JRQN for 30 min, and then washed three times
with PBS for removing excess reagents in the growth medium.
As shown in Fig. 5a, weak red uorescence signals were
observed in the red channel, implying the extremely low back-
ground of JRQN. In contrast, obvious enhancement uores-
cence signals were observed in the red channel aer treatment
with Cu2+ (5 mm) for another 30 min under the same conditions
(Fig. 5b). Compared with the controlled cells, the relative
enhancement of uorescence signals is about 5-fold (Fig. 5c).
Results indicated that JRQN was membrane permeability and
could be used for imaging Cu2+ in living cells.

By carefully observing the overlap images, we found that the
distribution of the red signal in the cells unevenly ll the entire
cytoplasm, but concentrated in some regions, indicating that
JRQN likely possessed organelles localization properties.
According to the literature, Cu2+ mainly accumulates in the
mitochondria and lysosome of cells,19 and the xanthene dyes
leads to the proactive accumulation in mitochondria,7 there-
fore, JRQN was likely to accumulate in one of the two organelles.
To verify the speculated organelles localization properties, the
co-localization experiments through co-incubating the HeLa
cells with commercial targeting reagents Mito-Tracker Green
(Mito), Golgi-Tracker Green (Golgi), ER-Tracker Green (ER), and
Lyso-Tracker Green (Lyso), respectively, were conducted. As ex-
pected, highlight yellow pixels on overlapping images were
observed in Fig. 6a, and a high overlap coefficient (0.93) and
Pearson's coefficient (0.92) could be calculated from the inten-
sity correlation plot, suggesting that JRQN was mainly distrib-
uted in mitochondria. In contrast, red uorescence signals of
JRQN and green uorescence signals of other trackers (Lyso, ER,
or Golgi) were distinctly distributed in different regions, and low
overlap coefficients and Pearson's coefficients were obtained
(Table S3†), indicating that JRQN does not accumulate in these
organelles. Taken together, considering a series of excellent spec-
tral properties and mitochondrial localization properties, the
probemay be operated well inmonitoring of Cu2+ concentration in
the mitochondria for the relevant diseases.
Fig. 5 (a) Fluorescent images of HeLa cells incubated with RQS (1 mM)
for 30 min; (b) and then further incubated with Cu2+ (5 mM) for 30 min;
(c) histogram of fluorescence enhancement. lex ¼ 559 nm, lem ¼
650–750 nm.

38042 | RSC Adv., 2020, 10, 38038–38044
Conclusions

In summary, we reported a novel rhodamine dye (JRQ) with NIR
emission wavelengths and larger Stokes shi by introducing the
electron-donating 1,4-diethylpiperazine moiety in rhodamine
scaffold for tuning the D–A–D character of rhodamine dyes. As
expected, JRQ exhibited multiple excellent properties and was
capable of specically distributing in mitochondria, which can
be used as signal reporter for the design of uorescence probes
by taking advantage of the uorescence controlled mechanism
of the ring opening and closing chemical processes of the spi-
rolactone platform. Furthermore, to demonstrate the utility of
this dye for probe design, a highly sensitive and selective uo-
rescent probe JRQN for the specic detection of mitochondrial
Cu2+ ions was synthesized based on the Cu2+-triggered specic
hydrolysis mechanism because mitochondria are important
reservoir of intracellular Cu2+. JRQN was an outstanding “turn-
on” uorescence sensor with multiple excellent properties, and
showed specically distributing in mitochondrial regions, and
thus detect Cu2+ in real-time there, which indicated that the
probe can be used for monitoring intracellular mitochondria
Cu2+ levels.
Experimental
Instruments and reagents

All reagents and organic solvents were commercially available
in analytical grade, and were used directly without further
purication. Compounds structures were characterized by
This journal is © The Royal Society of Chemistry 2020
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HRMS and NMR spectrometry. 1H NMR (400 MHz) and 13C
NMR (100 MHz) spectra were measured by Bruker spectrometer
using tetramethylsilane (TMS) as an internal standard. Agilent
6510 Q-TOF LC/MS instrument (Agilent Technologies, Palo Alto,
CA) was used to measure molecular mass. UV-2550 UV/Vis
spectrophotometer (Hitachi Japan) and F-4600 uorescence
spectrophotometer (Hitachi Japan) were used to collect spec-
troscopic properties. The pH was measured using a FE 20/EL 20
pH meter (Mettler-Toledo Instruments (Shanghai) Co., Ltd.).
Fluorescent imaging was carried out by Olympus FV 1000-IX81
laser scanning confocal imaging.

Synthetic procedures

Synthesis A, B and C. 4-Methoxy-1,2-phenylenediamine (A),
1,4-diethyl-6-methoxy-1,2,3,4-tetrahydroquinoxaline (B) and 2-
(2-hydroxyjulolidine) benzoic acid (C) were synthesized
according to reported method.6a,8

Synthesis of JRQ. The compound B (2.2 g, 10 mmol) and C
(3.7 g, 11 mmol) were dissolved in 5 mL methanesulfonic acid,
and then the reaction system was heated to 80 �C and reacted
under vigorous stirring for 8 hours. Aer cooling to room
temperature, the mixture was extracted with DCM (50 mL � 3)
and the collected organic layers were dried over anhydrous
Na2SO4. The crude product was obtained by concentration
under vacuum, and then puried by column chromatography to
afford the compound JRQ as a blue solid (4.1 g) in 81% yield. 1H
NMR (400 MHz, CDCl3) d 8.35–8.25 (m, 1H), 7.54–7.47 (m, 2H),
7.07–7.01 (m, 1H), 6.67 (s, 1H), 6.59 (s, 1H), 5.96 (s, 1H), 3.61 (s,
2H), 3.55 (dd, J ¼ 14.2, 7.1 Hz, 2H), 3.42–3.37 (m, 4H), 3.19 (s,
2H), 3.07–2.91 (m, 4H), 2.64–2.51 (m, 2H), 2.02 (d, J ¼ 5.0 Hz,
2H), 1.87 (d, J ¼ 5.7 Hz, 2H), 1.28 (t, J ¼ 7.1 Hz, 3H), 0.87 (t, J ¼
7.2 Hz, 3H). 13C NMR (100MHz, CDCl3) d 166.59, 155.76, 153.64,
151.59, 149.71, 146.43, 134.50, 134.42, 133.19, 131.65, 131.24,
129.41, 129.38, 125.79, 123.50, 114.85, 113.87, 104.64, 104.05,
94.41, 50.72, 50.26, 48.02, 47.02, 45.43, 44.04, 27.72, 20.72,
20.05, 19.89, 10.99, 9.42. HRMS m/z ¼ 508.2600 calcd for
C32H34N3O3 [M]+, found: 508.2609.

Synthesis of JRQN. Hydrazine hydrate (50 mL) was added to
themethanol solution (10mL) of JRQ (1.02 g, 2 mmol), and then
the reaction system was heated to 50 �C and reacted under
vigorous stirring for 6 hours. Aer cooling to room temperature,
the mixture was extracted with DCM (50 mL � 3) and the
collected organic layers were dried over anhydrous Na2SO4. The
crude product was obtained by concentration under vacuum,
and then puried by column chromatography to afford the
compound JRQN as a pale yellow solid (0.55 g) in 53% yield. 1H
NMR (400 MHz, CDCl3) d 7.96–7.87 (m, 1H), 7.46–7.36 (m, 2H),
7.14–7.04 (m, 1H), 6.34 (s, 1H), 6.03 (s, 1H), 5.62 (s, 1H), 3.56 (d,
J¼ 0.6 Hz, 2H), 3.40–3.29 (m, 4H), 3.13 (d, J¼ 7.6 Hz, 4H), 3.11–
3.05 (m, 2H), 3.03–2.85 (m, 4H), 2.49 (qd, J ¼ 15.9, 7.9 Hz, 2H),
2.08–1.98 (m, 2H), 1.86 (dt, J ¼ 12.0, 6.2 Hz, 2H), 1.20 (t, J ¼
7.0 Hz, 3H), 0.83 (t, J ¼ 7.0 Hz, 3H). 13C NMR (100 MHz, CDCl3)
d 166.25, 151.98, 149.03, 146.21, 143.53, 137.27, 132.32, 131.40,
129.79, 127.83, 123.94, 123.88, 122.87, 117.19, 107.70, 104.34,
104.24, 97.86, 66.90, 49.97, 49.51, 46.65, 45.74, 45.43, 45.35,
27.20, 22.02, 21.48, 21.28, 10.51, 9.61. HRMS m/z ¼ 522.2895
calcd for C32H35N5O2 [M + H]+, found: 522.2886.
This journal is © The Royal Society of Chemistry 2020
Cell culture and uorescence imaging

HeLa cells for imaging were cultured in DMEM medium sup-
plemented with 10% (v/v) fetal bovine serum and penicillin/
streptomycin (100 mg mL�1) in an atmosphere of 5% CO2 at
37 �C. HeLa cells were incubated with JRQ (1 mM) for 30
minutes. HeLa cells were incubated with JRQN (1 mM) for 30
minutes, and then Cu2+ (5 mM) was added and incubated for
another 30 minutes. For co-localization experiments, RQN (1
mM) were incubated with 200 nM trackers (Mito-Tracker Green
(Mito), Golgi-Tracker Green (Golgi), ER-Tracker Green (ER), and
Lyso-Tracker Green (Lyso)) for 30 minutes, respectively; JRQN (1
mM) were incubated with 200 nM trackers (Mito-Tracker Green
(Mito), Golgi-Tracker Green (Golgi), ER-Tracker Green (ER), and
Lyso-Tracker Green (Lyso)) for 30 minutes, respectively, and
then treated with Cu2+ (5 mM) for another 30 min. Fluorescence
imaging was performed aer washing the medium three times
with PBS.
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