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HIGHLIGHTS GRAPHICAL ABSTRACT

A new six-membered spiro-rhodamine probe with high selectivity and sensitivity for Cu?* has been
developed and used to map the distribution of Cu?" in mitochondria and lysosomes simultaneously of live
Hela cells.

« A new six-membered spiro-
rhodamine probe was designed and
synthesized.

« Molar extinction coefficient of SRh-
OH with Cu?* can be up to 5.0 x 10*
Lmol~'em™'.

« The detection limit of SRh-OH was
26 nM.

« The reversible binding mode of SRh-
OH with Cu?* was further confirmed
by $?~ addition.

« SRh-OH can map the distribution of
Cu?* in mitochondria and lysosomes,
simultaneously.
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Different from five-membered rhodamine spirolactam (Rh-OH), a new six-membered spiro-rhodamine
probe (SRh-OH) bearing urea structure has been developed in this paper. Compared with five-
membered Rh-OH, six-membered SRh-OH exhibited higher selectivity and sensitivity to Cu?* in aqueous
solution. Upon addition of 10 equiv. Cu?*, the molar extinction coefficient of SRh-OH at 563 nm can be up
t04.73 x 10* Lmol'cm ™. In the range of Cu?* from 0 to 28 uM, there was an excellent linear relationship
between the absorption or emission intensity and Cu?* concentration. The detection limit of SRh-OH was
as low as 26 nM (S/N = 3). The reversible binding mode of SRh-OH with Cu?* was further confirmed by $?~
and EDTA addition. Bio-imaging showed SRh-OH can map the distribution of Cu?* not only in mitochon-
dria but also in lysosomes of Hela cells.
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1. Introduction

Attributing to its excellent optical properties such as high fluo-
rescent quantum yield and molar extinction coefficient, rhodamine
has been widely used in the fields of fluorescent sensors [1-4],
printing and dyeing [5,6], thermosensitive materials [7,8], opto-
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electronic devices [9,10], super-resolution imaging [11-13], and
so on. Rhodamine spirolactam bearing five-membered moiety
was one of the most familiar rhodamine derivatives as fluorescent
probe [14-19]. The “off-on” fluorescence derived from ring-switch
of these rhodamine spirolactams provided low background and
high signal-to-noise ratio for sensing. A cruel fact should not be
ignored, that the ring-opening tendency of rhodamine spirolactam
induced by analytes was not very efficient, leading to low molar
extinction coefficient. To this end, a lot of work focused on the
modification of primary amine moiety in rhodamine spirolactam
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has been reported to increase its selectivity and sensitivity to some
degree [20-23]. However, that method with a high difficulty level
in the synthesis of primary amine moiety was not always universal
for other analytes.

Compared with rhodamine spirolactam, the expansion of spiro-
cycle would be an opportunity for selectivity, sensitivity and high
molar extinction coefficient once and for all. Several six-
membered rhodamine spirocycles have been reported and utilized
in the detection of metal ions including Hg?* and Cu®" [24-29].
Expansion of spiocycle in rhodamine also excited our interest.
Recently, we firstly designed a twist six-membered rhodamine
spirocyclic hydrazone(6G-CIO) for hypochlorite detection, based
on 2-aldehyde rhodamine(6G-CHO) [30]. The twist six-
membered structure played a vital role in the sensitivity to
hypochlorite. But the expansion of spirocycle being helpful to the
selectivity and sensitivity for analytes was not directly expounded
by the reported six-membered rhodamine spirocycles. Therefore,
clearly elaborating the relationship between properties and ring
size of spirocycle was highly meaningful yet challenging.

No doubt the key problems above-mentioned were to establish
a universal synthetic route and develop much more six-membered
rhodamine spirocycles. Herein, we put forward a general synthetic
route to develop a new six-membered rhodamine spirocycle (SRh-
OH) bearing with urea structure, and further compared its proper-
ties for Cu?* with a reference five-membered spirolactam (Rh-OH)
(Scheme 1). Rh-OH used as a Cu?* probe has highly selective and
sensitive fluorescence response in acidic solution with pH value
around 6.0 [31].

2. Experiment
2.1. Materials and methods

All regents, e.g. CICH,CH,CI, POCl3, NaNs, acetonitrile, triethy-
lamine, etc., were purchased from commercial suppliers and used
as received without further purification. Rh-OH was obtained
according to the reported method in literature [31]. Thin layer
chromatography (TLC) was performed using silica gel G254 plates.
Flash chromatography was carried out on silica gel (300-400
mesh). Mass spectra were measured on a HP 1100 LC-MSD, Gas
chromatography/TOF Mass spectrometers and the UPLC/Q-TOF
Mass spectrometers. A PHS-25 desktop pH-meter was used to mea-
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sure pH value. UV-Visible spectra were recorded on a TU-1910
spectrophotometer. Cary Eclipse spectrophotometer was used to
record the fluorescence spectra. 'H and '>C NMR spectra were
recorded on a Varian MERCURY 500 MHz spectrometer. IR data
was obtained from IS50 FT-IR (Thermo Nicolet). An inverted confo-
cal fluorescent microscopy (IX81, FV1000, Olympus, Japan)
equipped with an objective lens (x100 oil, 1.4 Numerical Aperture
(NA), Scan mode XY) was used in the imaging of living cells.

2.2. Synthesis of SRh-OH

Rhodamine B (300 mg, 0.6 mmol) and phosphorus oxychloride
(0.18 mL, 1.8 mmol) were dissolved in 100 mL dry 1,2-
dichloroethane, and the mixture was heated at 90 °C for 4 h. The
reaction was cooled to room temperature and the solvent was
removed. The obtained solid was dissolved in 100 mL dry acetoni-
trile before sodium azide (51 mg, 0.78 mmol) in aqueous solution
was added. The mixture was stirred at room temperature for 12 h.
The resulting reaction solution was dried with anhydrous MgSO,4
and then filtered. The filtrate was heated at 82 °C for 60 min. The
solution was cooled to room temperature and a DMF solution con-
taining hydroxylamine (0.0417 g, 0.6 mmol) and triethylamine
(84 pL, 0.6 mmol) was added. The reaction was stirred at room
temperature for 1 h before the solvent was removed. White solid
SRh-OH (32 mg) was purified by column chromatography (CH,Cl,:
MeOH, 30: 1, v:v), and the total yield was about 11%. HRMS:
[M + HJ* 473.2533, cal. 473.2553, '"H NMR (400 MHz, CDCls) &
8.18 (s, 1H), 7.16-7.09 (m, 1H), 7.04 (dd, J = 9.8, 2.5 Hz, 2H),
6.87-6.76 (m, 3H), 6.41-6.33 (m, 4H), 3.33 (q, J = 7.0 Hz, 8H),
1.16 (tD, J = 7.0 Hz, 12H). '3C NMR (100 MHz, CDCl;) é 153.2,
152.7, 148.7, 133.7, 129.9, 129.6, 128.2, 122.8, 114.1, 110.2,
108.1, 97.3, 65.3, 44.3, 12.7. FT-IR (KBr, cm™'): 3223, 2975, 2926,
1671, 1613, 1510, 1419, 1221, 1117, 824, 787, 752.

2.3. Preparation of the test solutions and spectral measurements

SRh-OH (9.50 mg, 0.02 mmol) was dissolved in a aqueous solu-
tion (CH3CN/HEPES buffer (v:v, 4:6, pH 7.4)) in 1000 mL volumetric
flask. The concentration of test solution of SRh-OH was 2 x 10> M.
The concentration of Cu?', other metal ion and anions was
2.0 x 1072 M and used for selectivity and titration experiments.
The UV-Visible absorption spectra and fluorescence spectra of
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Scheme 1. The synthetic route of six-membered spirocycle (SRh-OH) and five-membered spirolactam (Rh-OH).
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SRh-OH were recorded after a certain amount of analytes were
added into the test solution.

2.4. Kinetic analysis of SRh-OH towards Cu’*

Different concentrations Cu?>* were added into the solution of
SRh-OH and Rh-OH, respectively. The fluorescent intensity at max-
imum emission peak of SRh-OH and Rh-OH towards Cu?* were
recorded on fluorescence spectrophotometer within 1 min.

2.5. pH adjustment

The pH values of SRh-OH and Rh-OH solution were adjusted
from 2.0 to 11.0 by NaOH and HCl solution under magnetic stirring.
The pH values of the solution were recorded on pH meter, and the
absorption and emission spectra of SRh-OH and Rh-OH solution at
different pH values were tested.

3. Results and discussion
3.1. Synthesis

To construct more six-membered rhodamine spirocycles, a uni-
versal one-pot three step synthetic process was developed
(Scheme 1). The inexpensive 2-carboxyl rhodamine used as mate-
rial successively reacted with phosphorus oxychloride and sodium
azide to generate 2-acyl azide rhodamine. The reaction mixtures
were heated at 82 °C to produce 2-isocyanate rhodamine. Then
new six-membered rhodamine spirocycle SRh-OH can be obtained
with 11% total yield. Different from 2-isothiocyanate rhodmaine, 2-
isocyanate rhodamine can be easily obtained from 2-acyl azide
rhodamine at high temperature. Toxic thiophosgene was used in
the synthesis of 2-isothiocyanate rhodmaine based on 2-amino
rhodamine [28]. Moreover, sulfur atom in 2-isothiocyanate usually
exhibited a strong affinity to heavy metal ions such as Hg?* and
Cu?*, which might be not conducive to its selectivity for other
metal ions. Therefore, 2-isocyanate rhodamine could be used as a
universal platform to design various six-membered rhodamine flu-
orescent probes.

3.2. pH responses of SRh-OH and Rh-OH

The spectral responses of SRh-OH and Rh-OH to pH were tested

in CH3CN/H,O (4:6, v/v) solution, respectively (Fig. 1). At
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pH greater than 6.0, both SRh-OH and Rh-OH were colorless and
its fluorescence was also not observed. With decreasing of pH
value, a pink color of SRh-OH solution was visible, and an absorp-
tion peak at 563 nm could be detected. Meanwhile, the fluores-
cence intensity gradually increased at 593 nm. The absorption
and emission spectra of SRh-OH and Rh-OH were compared at
the same pH values (Fig. S1). Compared with SRh-OH, Rh-OH
exhibited similar spectral responses in the pH range from 3.0 to
11.0. However, there was a large discrepancy between molar
extinction coefficient and fluorescent intensity. In acidic condi-
tions, SRh-OH has a higher molar extinction coefficient
(4.95 x 103 Lmol~'cm™!) than that of Rh-OH (1.15 x 10® Lmol~!-
cm ). The fluorescent intensity of SRh-OH was about three times
as many as Rh-OH at pH 4.0. These results indicated the spectra of
SRh-OH were more sensitive to pH in the range 3.0-6.0, compared
with Rh-OH. The pKa value of SRh-OH was 5.06 (+0.14) (abs) and
4.92 (£0.31) (fl) respectively calculated by absorption and fluores-
cent titration spectra, similar to that of Rh-OH (4.80 (+0.60) (abs)
and 4.95 (£0.08)) (fl). The weak absorption and fluorescence at
pH above 7.0 further indicated that six-membered spirocycle in
SRh-OH was as stable as five-memebered spirolactam, which
would be suitable for metal ion probes.

3.3. Selectivity of SRh-OH for Cu®*

The selectivity of SRh-OH to vary metal ions and anions were
investigated in CH3CN/HEPES (4:6, v/v, pH7.4) buffer solution. As
shown in Fig. 2, the absorption and emission spectra did not
change in the presence of 10 equiv. metal ions, such as Fe®*,
Fe?*, AI®*, Mg?*, Na*, Ca?*, Hg?", K*, Mn?*, Cr**, Zn?*, Pb?** and
Cd?*. Upon addition of 10 equiv. Cu?*, SRh-OH solution changed
color from colorless to red. There was a new absorption peak at
563 nm and its molar extinction coefficient was up to 4.73 x 10*
Lmol'em~! (Fig. 2a). Meanwhile, a strong fluorescence arose at
593 nm upon excitation at 560 nm (Fig. 2b). Under the same
conditions, five-membered spirolactam Rh-OH showed weak
spectral responses to Cu?* (Fig. S2). The molar extinction coeffi-
cient of Rh-OH was only 2.45 x 10° Lmol~'cm™' in the presence
of 10 equiv. Cu?*, which suggested that there was a low ring-
opening efficiency of Rh-OH induced by Cu?*. In addition, the
ring-opening transformation of SRh-OH was not significantly
interfered by 10 equiv. metal ions and anions including NO3,
F-, I, CO3", HPO3™, H,P0Oz, S*-, ClO~, CI~ and SO3~ (Fig. 2¢, 2d
and S3).
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Fig. 1. The maximum of absorption (a) and emission (b) intensity of SRh-OH (red) and Rh-OH (black) in CH3CN/H,0 (4:6, v/v) vs pH. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Absorption (a) and emission (b) spectra of SRh-OH (CH;CN/HEPES, v/v, 4/6, pH 7.4) in the presence of 10 equiv. metal ions. (c) Absorption intensity (563 nm) and (d)
emission intensity (593 nm) of SRh-OH vs metal ions in the presence of Cu?* ion (10 equiv). 1. Fe*, 2. Fe?*, 3. AI**, 4. Mg?*, 5. Na*, 6. Ca%*, 7. Hg?*, 8. K*, 9. Mn?*, 10. Cr?*, 11.
Zn?*, 12. Pb**, 13. Cd*', 14. Blank.
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Fig. 3. Spectral changes of SRh-OH (2.0 x 107> M) (a-b) and Rh-OH (2.0 x 107> M) (c-d) in CH3CN/HEPES (4/6, v/v, 20 mM HEPES buffer, pH 7.4) with addition of Cu®*. Inset:
the absorption and emission intensity versus the different concentration of Cu?*. SRh-OH: rex 560 nm, slit: 2.5, 2.5 nm. Rh-OH: Aex 560 nm, slit: 2.5, 5 nm.
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3.4. Cu?* titration

To compare the discrepancy on Cu®* responses, titrations of
SRh-OH and Rh-OH with Cu?* were tested in CH3;CN/HEPES (4:6,
v/v, pH 7.4). As shown in Fig. 3, the solution of SRh-OH was color-
less and non-fluorescent in absence of Cu?*, which meant that a
closed six-membered spirocycle structure could stably exist in
SRh-OH. With gradual addition of Cu?*, the color of SRh-OH solu-
tion changed to bright pink following an intensive absorption peak
at 563 nm (Fig. 3a). Simultaneously, a new fluorescence emission
band centered at 592 nm appeared and increased gradually
(Fig. 3b). The absorption titration curve showed that the absorption
intensity at 563 nm increased linearly in the range of Cu?* concen-
tration from O to 28 pM (R? = 0.988). Compared with SRh-OH, five-
membered spirolactam Rh-OH showed poor spectral responses to
Cu?* in CH3CNJHEPES (4:6, v/v, pH 7.4). After addition of 120 uM
Cu?*, the color of Rh-OH solution became light pink, meanwhile,
the maximum absorption intensity at 563 nm was only 0.043
(Fig. 3c). Upon addition of 28 pM Cu?* into SRh-OH solution, the
maximum absorption intensity could be up to 0.55. Accordingly,
the fluorescent intensity of SRh-OH solution at 593 nm enhanced
17-folds. Calculated by the ratio of signal to noise(S/N = 3) [32],
the detection limit of SRh-OH and Rh-OH were 26 nM and
548 nM, respectively. These results implied that SRh-OH might dis-
play a higher sensitivity for Cu?* than Rh-OH.

3.5. Reversibility of SRh-OH with Cu®*

The reversibility of SRh-OH with Cu?* was examined in CH;CN-
HEPES (20 mM, 4:6, v:v, pH 7.4) buffer solution upon addition of
EDTA or $*>~. As shown in Fig. 4, upon addition of 10 equiv. of
Cu?*, the absorption peak at 563 nm of SRh-OH solution was visible
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while the red fluorescence at 593 nm was significantly enhanced.
Then the intensity of absorption and emission of SRh-OH decreased
instantly after 10 equiv. EDTA was added. Subsequently, the recov-
ery of absorption and emission intensity for SRh-OH added into 10
equiv. Cu®* suggested a reversible response of SRh-OH to Cu?*
(Fig. 4a, 4b). Different from SRh-OH, mask of Cu?* by EDTA did
not decrease the intensity of absorption and fluorescence of Rh-
OH and Cu?* mixture (Fig. 4c 4d). Moreover, there were not signif-
icant changes for solution color of the Rh-OH and Cu?* mixture in
the presence of EDTA. These results indicated that the responses of
Rh-OH to Cu?" were irreversible in neutral solution, similar to that
in acidic condition reported previously [31]. Additionally, S~ was
used to further verify the reversibility of SRh-OH with Cu?*
(Fig. S4). The red fluorescence of SRh-OH with Cu?* would be faint
upon addition excess of S?~. The mixture of SRh-OH and Cu?* might
be used as a “turn-off” fluorescent probe for S>~ monitoring.

3.6. Kinetic analysis and Job’s plot of SRh-OH towards Cu®*

In order to illuminate the difference between SRh-OH and Rh-
OH with Cu?*, the time-course of SRh-OH and Rh-OH with Cu®*
was shown in Fig. 5a. In the absence of Cu?*, the emission intensity
of SRh-OH and Rh-OH solution was faint and constant. When 5
equiv. Cu?>" was added, the emission intensity of Rh-OH (593 nm)
increased slowly and was still weak after 60 s. Upon further addi-
tion of 10 equiv. Cu®* into Rh-OH, there were the same growth
trend and similar emission intensity within the same time. Unlike
Rh-OH, SRh-OH showed distinct emission intensity and short
response time in the presence of low Cu?* concentration. Even in
the presence of 0.5 equiv. Cu®*, the fluorescence intensity at
593 nm of SRh-OH can achieve the maximum within 20 s. Though
the concentration of Cu?* was 10 times lower than Rh-OH, the
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Fig. 4. Spectral changes of SRh-OH (a-b) (2 x 10> M) and Rh-OH (c-d) in CH3CN/HEPES (4/6, v/v; 20 mM HEPES buffer; pH 7.4) upon successive addition of Cu?>* and EDTA.
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Fig. 5. Kinetic detection (a) and Job’s plot (b) of SRh-OH and Rh-OH.

fluorescence intensity of SRh-OH was more than 3 times that of
Rh-OH within the same time. Meanwhile, the stoichiometry of
the SRh-OH with Cu?* was 1:1, determined by Job’s plot (Fig. 5b).
According to above results, a reversible binding mode of SRh-OH
with Cu?* was proposed in Scheme 2.

3.7. Cu?* fluorescent image in Hela cells

Owing to higher sensitivity of SRh-OH to Cu?*, probe SRh-OH
was used to map Cu?" distribution in Hela cells. Red fluorescence
could be invisible in Hela cells incubated with SRh-OH (5 puM) for
10 min (Fig. 6a). Upon addition of Cu?* (50 uM), the fluorescence
of Hela cells stained with SRh-OH enhanced significantly. To fur-
ther investigate the target accumulation of SRh-OH in Hela cells,
co-localization experiments were tested, as shown in Fig. 6b, 6c.
Hela cells were stained with SRh-OH and Rh123 (3,6-diamino-9
-[2-(methoxy-carbonyl) phenyl]-xanthylium chloride), a mito-
chondrial tracker. After 50 uM Cu®* was added, there was strong
red and green fluorescence in Ch1 and Ch2 of Hela cells, respec-
tively (Fig. 6b). The merged image overlaid very well, and its

non-fluorescence

Pearson’s coefficient was up to 0.91. Intensity profile of linear
ROI across Hela cells stained with SRh-OH and Rh123 varied in
close synchrony (Fig. 6b). Additionally, it was easily found that
probe SRh-OH seemed to be directionally accumulated not only
in mitochondria but also in some other organelles in which strong
fluorescent spots emitted. To further demonstrate the dot
organells, co-localization experiments were performed by co-
staining Hela cells with LysoTracker Green DND-26. As illustrated
in Fig. 6¢, in Ch1 Hela cells stained with SRh-OH exhibited strong
red fluorescent spots which overlaid well with the fluorescence of
Hela cells stained with DND-26 in Ch2. These results indicated
that SRh-OH could not only accumulate in mitochondria for
Cu?* image, but also map the Cu?" distribution in lysosomes of
Hela cells. Additionally, the cytotoxicity of SRh-OH was evaluated
by using MTT assay (Fig. S5). When Hela cells were treated with
SRh-OH (0-10 puM) for 12 h, the cell viabilities were higher than
92%, suggested low cytotoxicity of SRh-OH (5 puM). After Hela
cells stained with 5 pM SRh-OH were further incubated with
50 pM Cu?* for 5 min, the cell viability did not show much more
difference.

.,

strong fluorescence

EDTA

@EDTA]

Scheme 2. Proposed binding mode of SRh-OH with Cu?*.
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Fig. 6. (a) DIC and Fluorescent images of Hela cells stained with SRh-OH (5 uM) in the absence and presence of Cu?* (50 uM). (b) Co-localization fluorescent image of Hela
stained with SRh-OH and Rh123 in the presence of Cu?* (50 uM), (c) Co-localization fluorescent image of Hela stained with SRh-OH and Lyso Tracker Green in the presence of
Cu?* (50 uM). From left to right: Ch1: Ex 559 nm, Em 565-665 nm, Ch2: Ex 488 nm, Em 495-535 nm, Merged of DIC, Ch1 and Ch2, Intensity profile of region of interest. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

4. Conclusion

In summary, we developed a general synthetic route to synthe-
size a new six-membered spiro-rhodamine probe (SRh-OH) bear-
ing urea structure for Cu?*. Compared with five-membered spiro-
rhodamine (Rh-OH), SRh-OH exhibited higher selectivity and sen-
sitivity of spectral responses to Cu?*. Upon addition of 10 equiv.
Cu?*, there was a significant absorption peak at 563 nm of SRh-
OH and its molar extinction coefficient was as high as 4.73 x 10*
Lmol~'cm™!, which would be sensitive for Cu?* detection with
naked eyes. The titration curve showed that there was a linear rela-
tionship between SRh-OH and Cu?*in the concentration range from
0 to 28 uM (R? = 0.988). Meanwhile, there was 17-folds enhance-
ment of fluorescence of SRh-OH upon addition of 28 uM Cu?*. Cal-
culated by the ratio of signal to noise(S/N = 3), the detection limit
of SRh-OH was 26 nM, which was lower than that of Rh-OH. Deter-
mined by Job’s plot, the stoichiometry of the SRh-OH with Cu®* was
1:1. The reversible binding mode of SRh-OH with Cu?* was further
confirmed and propsed by EDTA and S?~ addition. Finally, SRh-OH
can map the distribution of Cu?* not only in mitochondria but also
in lysosomes of live Hela cells.
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