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HIGHLIGHTS

e A twist six-membered rhodamine
fluorescent probe 6G-ClIO has been
developed with the precursor 2-
formyl-rhodamine 6G.

¢ 6G-CIO  bearing  unique  six-
membered spirocycle is character-
ized by NMR and HRMS spectra.

e 6G-ClO exhibits high sensitivity and
fast response to CIO~ in real water
samples.

e The detection limit of 6G-ClIO was as
low as 12 nM for ClO™.

e 6G-ClO localizes specifically in lyso-
somes and monitors exogenous and
endogenous ClO~ in live HUVEC cells.
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GRAPHICAL ABSTRACT

ABSTRACT

A novel six-membered rhodamine-based fluorescent probe (6G-ClO) was developed from 2-formyl
rhodamine (6G-CHO) and used for hypochlorite detection in water and HUVEC cells. Different from
planar penta cycle of rhodamine spirolactam, there was a twist six-membered spirocyclic hydrazone in
6G-ClO optimized by Gaussian software at DFT/B3LYP/6-31G(d) level. The high selectivity, high sensi-
tivity and fast response of 6G-CIO towards CIO~ would be attributed to the twist six-membered spiro-
cycle. Test-strip prepared with 6G-CIO was successfully used to semi-quantitatively indicate the
concentration of CIO™ in water. 6G-ClO can also quantitatively detect the concentration of CIO™ in tap
water and swimming pool water. The detection limit of 6G-ClO was as low as 12 nM. The co-localization
staining of HUVEC cells further verified that 6G-CIO could specifically accumulate in lysosomes and
capture exogenous/endogenous ClO™ in living lysosomes. 6G-CIO would be a practical probe for real-time
monitoring of CIO™ in the biological and real water samples.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Hypochlorite salts, known as the germicidal ability and oxida-
tion, are widely utilized in various occasions including drinking
water treatment [1,2], pollutant elimination [3—5], wound
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disinfection [6,7] and endodontic irrigation [8,9]. Over one hundred
years later, hypochlorite has been still in use, attributing to its re-
sidual protection, low cost and ease of use [10,11]. Considering the
risk of chlorine gas, sodium hypochlorite has been an optimal
alternative as disinfectants for many water treatment facilities in
recent years [12,13]. However, improper storage and usage of so-
dium hypochlorite will result in toxic disinfection by-products
(DBPs) such as chlorate, perchlorate and trihalomethanes, to be
generated in drinking water disinfection [14,15]. Ultimately, those
DBPs entering human body through water and food intake may
cause fetal malformation [16], hormonal disorders [17] and the
breakdown of red blood cells [12]. Therefore, a reasonable usage of
hypochlorite will be of great significance for risk management in
water disinfection. Hypochlorite is not solely an oxidant consumed
in industry and medicine surgery, but exists as endogenous reactive
oxygen species (ROS) and plays a critical role in inflammatory stress
of human body. Endogenous hypochlorous acid and hypochlorite
(HCIO/CIO™) are now known to be generated from H,0; and chlo-
ride ions Cl™ in the presence of myeloperoxidase (MPO)[18,19]. The
disorder of MPO would endogenously produce superfluous hypo-
chlorite, which further leads to oxidation damage of protein, amino
acids, peptide and lipid [20,21]. Hypochlorite is believed to involve
in many diseases, e. g. arthritis [22], kidney disease [23], lung injury
[24], atherosclerosis [25], and cancer [26]. Considering the health
risk of hypochlorite, it is necessary to quantitatively and qualita-
tively monitor hypochlorite both in real water samples and in
biological specimens.

To determine hypochlorite in different situation, up to now a lot
of fluorescent probes have been reported and applied for hypo-
chlorite in solution and living cells [27—38]. Rhodamine-based
probe, as the most typical one of them, is developing most
rapidly in the recent years, owing to its excellent switching prop-
erties of five-membered spirolactam [39—48]. The colorless and
non-fluorescent five-membered spirolactam with low signal
background can be transformed into a ring-opening zwitterion
with intensive absorptions and emissions by analytes. The
switching nature makes rhodamine spirolactam popular in the
fields of colorimetric chemosensors [49,50], thermochromatic
materials [51], super-resolution bioimaging [52—54], and so on. Of
late six-membered rhodamine spirocycles used as fluorescent
probe for metal ions arrests our attention [55—59]. Compared with
five-membered spirolactam, the expandation of spirocycle might
be helpful to improve the selectivity and sensitivity of fluorescent
probe for analytes [59]. Yet until now, only five six-membered
rhodamine spirocycles have been reported as chemosensors for
Hg?* or Cu®" monitoring (Scheme 1a). To deeply understand the
switching properties of six-membered spirocycle, developing new
six-membered spirocyclic rhodamine for hypochlorite detection is
still highly demanded yet challenging.

The success of rhodamine spirolactams as chemosensors is due
to its platform status possessing the unique reaction of 2-carboxyl
rhodamine with amines, which will be of inspired meaning to
develop six-membered rhodamine spirocycles for hypochlorite
detection. To enrich six-membered rhodamine spirocycle, herein,
2-aldehyde rhodamine (6G-CHO) was firstly developed and used as
a scaffold to design six-membered rhodamine spirocyclic hydra-
zone (6G-ClO) for hypochlorite detection (Scheme 1b). To the best
of our knowledge, 6G-CIO was the first colorimetric and fluoro-
metric probe for hypochlorite based on six-membered rhodamine
spirocycle. Rhodamine 6G spiroaminoethanol (6G-SAE) was ob-
tained from rhodamine 6G and aminoethanol in DMFE Via a
reduction reaction of 6G-SAE with LiAlHg, 2-aldehyl-rhodamine 6G
(6G-CHO) was prepared in 20% yield. Finally, probe 6G-CIO was
easily generated from the reaction between 6G-CHO and hydrazine
hydrate in 58% yield. The six-membered spirocycle in 6G-CIO was

further verified by the chemical shift of spiro-carbon (6¢c 94.9 ppm)
and —CH=N—-NH (dcy 8.03 ppm; dny 6.51 ppm) in NMR spectra,
respectively.

2. Experimental section
2.1. Materials and methods

Rhodamine 6G, ethanolamine and LiAlH4 were purchased from
Aladdin (Shanghai, China). 80% Hydrazine hydrate and triethyl-
amine was supplied by Sinopharm Chemical Reagent Co. Ltd
(China). 2-[4-(2-Hydroxyethyl)-1-piperazinyl]ethanesulfonicacid
(HEPES) was purchased from Huaxia Reagent Co. Ltd (Chengdu,
China). The solvents including THF, C;H50H, DMF and CH,Cl, were
obtained from commercial supplier. Column chromatography was
performed with silica gel (300—400 mesh). HUVEC (Human um-
bilical vein endothelial cells) were obtained from Institute of Basic
Medical Sciences (IBMS) of Chinese Academy of Medical Sciences
(CAMS). RPMI (Roswell Park Memorial Institute) 1640, Mito-tracker
Deep Red and Lyso-tracker DND-26 were purchased from Ther-
moFisher (Invitrogen).

2.2. Synthesis of 6G-CHO

Ethanolamine (500 puL, 8.35 mmol) was added into a solution of
rhodamine 6G (1 g, 2.09 mmol) in 30 mL DMF, and then triethyl-
amine (1.16 mL, 8.35 mmol) was added dropwise. The mixture was
stirred and heated at 100 °C for 10 h. After the DMF was removed
under vacuum, the residue was poured into ice water. Crude
product (6G-SAE) was filtered and used without further purifica-
tion. 6G-SAE (100 mg, 0.219 mmol) in anhydrous THF was stirred at
room temperature in the presence of LiAlH4 (25 mg, 0.659 mmol).
After 30 min, 5 mL THF without dehydration was supplemented
and stirred for half an hour. Then 17 mg (0.448 mmol) of LiAlH4 was
added and stirred overnight. The reaction solution was quenched
carefully with 1 mL of deionized water. The product (17 mg) was
purified by column chromatography (DCM: MeOH, 10: 1, v:v) to
give 6G-CHO in 20% yield. HRMS called 399.2067, found 399.2066,
'H NMR (300 MHz, DMSO) 6 9.83 (s, 1H), 8.26 (d, J=9.0Hz, 1H),
8.07—7.88 (m, 2 H), 7.79 (s, 2 H), 7.51 (d,J= 6.0 Hz, 1 H), 6.94 (s, 2 H),
6.79 (s, 2H), 3.51 (s, 4H), 2.09 (s, 6 H), 1.26 (t, = 6.0 Hz, 6 H). 1°C
NMR (75 MHz, DMSO) 6 192.1,156.8,155.9, 154.8,134.5,133.3,132.2,
130.7,130.5, 128.5, 125.6, 113.4, 93.7, 38.0, 17.5, 13.7.

2.3. Synthesis of 6G-CIO

6G-CHO (50 mg, 0.125 mmol) was dissolved in absolute ethanol
(30 mL) in a round bottom flask, and then 1 mL of hydrazine hy-
drate was added dropwise into the solution. The reaction was
refluxed for 2 h. During this process, the solution color changed
colorless from pink. After the solvent was removed under vacuum,
6G-CIO (30 mg) was obtained by column chromatography (DCM:
MeOH, 100: 1, v:v), yield 58%. HRMS [M+H]" called 413.2341, found
413.2326, 'H NMR (500 MHz, DMSO) 6 8.03 (s, 1 H), 718—7.10 (m,
4H), 6.94 (s, 2H), 6.51 (d, J=5.0Hz, 1H), 6.16 (s, 2H), 4.92 (t,
J=5.0Hz, 2H), 3.10 (q, J=5.0Hz, 4H), 1.94 (s, 6H), 1.20 (t,
J=5.0Hz, 6H). 3C NMR (125 MHz, DMSO) ¢ 147.9, 146.9, 137.5,
130.1, 129.7, 129.5, 1274, 126.9, 124.3, 123.1, 117.3, 115.2, 94.9, 53.7,
37.5,17.2, 14.2.

2.4. Preparation of the test solutions and spectral measurements
413 mg 6G-CIO was dissolved in 10 mL dichloromethane in

volumetric flask. The concentration of stock solution of 6G-ClO was
1 x 103 mol/L. During spectral detection, 2mL stock solution
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Scheme 1. (a) Six-membered rhodamine spirocycles and its precursors reported in literature. (b) Synthetic route of new six-membered rhodamine spirocycle 6G-CIO in this work.

(1 x 103 mol/L) was added into a 100 mL volumetric flask, and the
solvent (CHyCl) was removed. Then a mixture of ethanol and
20 mM HEPES (v:v, 1:1, pH 7.4) was poured into the flask to obtain
test solution (2 x 10~> mol/L). After a certain amount of analytes
was added into the test solution, the absorption and emission
spectra of 6G-ClO were recorded in UV—vis spectrophotometer and
fluorescence spectrophotometer, respectively.

2.5. The calibration of CIO~ solution

The calibration of NaClO solution was referred the methods
reported in literature [60,61]. In these methods, 10 mL tested hy-
pochlorite sodium was firstly injected into a volumetric flask
(100 mL), then deionized water was added. Shake well and place it
in the dark. Next, 10 mL above hypochlorite sodium solution was
further diluted with 100 mL deionized water in 250 mL iodine flask.
Then 10mL KI (100g/L) solution and 10mL dilute H;SOg4
(0.552 mol/L) was added into the above flask. Shake well and seal
with water in the dark for 5 min. Finally, Na;S;03 was used to
calibrate the concentration of hypochlorite sodium in the presence
of starch as an indicator.

2.6. Qualitatively and quantitatively detection of CIO~ solution

6G-ClO was added into different vials with a kind of anion water
solution. If the color of solution changed pink from colorless and its
fluorescence turned on, it can be confirmed qualitatively that the
solution in this vial contained a certain amount of hypochlorite
anion. The quantity of hypochlorite can be assessed, according to
the standard curve.

2.7. Exogenous and endogenous hypochlorite detection

HUVEC cells were incubated with 6G-CIO (5 uM, containing 0.1%
DMSO in PBS) at 37 °C for 10 min. After washed with PBS twice, cells

were treated with 100 uM NaClO for 10 min. Then the images for
exogenous hypochlorite were obtained from the microscope. In
order to detect endogenous hypochlorite, LPS was used as a stim-
ulant in the cells incubation. In control groups, cells were incubated
with 6G-ClO at 37 °C for 10 min and washed with PBS three times.
3 mL 1640 without FBS was added and incubated at 37 °C for 24 h.
In experimental groups, after cells were incubated with 6G-ClO and
washed with PBS three times, LPS (2 pg/mL in 3 mL RPMI 1640
without FBS) was added and further incubated at 37 °C for 24 h.

3. Results and discussion
3.1. The design and synthesis of 6G-CIO

Comparison of the existing six-membered rhodamine spiro-
cycles, it was not difficult to find that there was a reactive group in
2-position of rhodamine dyes. Up to now, only two rhodamine
precursors, 2-carboxyl rhodamine B (2-COOH-rhB) and 2-
isothiocynate or 2-amino-rhodamine B (2-NCS-rhB or 2-NH,-
rhB), have been successfully used to synthesize six-membered
rhodamine spirocycles, as shown in Scheme 1a. To construct new
six-membered rhodamine spirocycles, novel rhodamine interme-
diate bearing active group in 2-position was in a great demand.
Aldehyde group is well known for its reactivity in many kinds of
reactions, including Schiff base reaction, Knoevenagel condensa-
tion, Wittig reaction, and so on. It has be verified that 2-formyl
rhodamine would be a critical candidate for fluorescent probes
based on rhodamine dyes [62—64]. Then, 2-formyl rhodamine 6G
was chosen as an intermediate to synthesize six-membered
rhodamine spirocyclic hydrazone (Scheme 1b). The structure of
6G-CHO was characterized by HRMS m/z 399.2066 and NMR in
which the chemical shifts of aldehyde group were 9.83 (dy) ppm
and 192.1 (6¢c) ppm, respectively. Probe 6G-CIO was easily produced
from the reaction between 6G-CHO and hydrazine hydrate in
ethanol.
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3.2. Geometry optimization

In order to test this hypothesis, the geometry of 6G-ClO with six-
membered spirocycle was optimized by Gaussian software at DFT/
B3LYP/6-31G(d) level (Fig. 1). In contrast, rhodamine 6G acylhy-
drazine (6G-AH) was also optimized in the same basic set (Fig. S1).
Different from planar penta cycle of 6G-AH, there was a non-planar
six-membered rhodamine spirocyclic hydrazone in 6G-CIO. The
dihedral angles C1—N2—N3—C4 (-15.6°) and C5—-C6—C1—N2
(—16.5°) indicated that there was a twist six-membered ring, due to
tetrahedral geometry resulting from sp> hybridized NH in hydra-
zone moiety. The dihedral angles C5—C6—C1-C7 (103.5°) and
C5—C6—C1—C8 (—133.6°) suggested that the benzene ring in
dihydrophthalazine moiety was not perpendicular to the xanthene
ring in 6G-ClO. The bond angles C6—C1—N2 and N3—N2—C1 were
107.3° and 127.6°, which were higher than that of 6G-AH. These
results suggested that there was a stronger ring strain for six-
membered spirocyclic hydrazone in 6G-ClO, compared with 6G-
AH. Additionally, the electron distributions in HOMO and LUMO of
6G-ClO were illuminated in Fig. 1. In HOMO orbital of 6G-CIO the
electron was delocalized on xanthene ring and dihydrophthalazine
moiety, whereas the electron of 6G-AH in HOMO was distributed
primarily on xanthene ring moiety (Fig. S1). Compared with 6G-AH,
the higher electron density of hydrazone moiety in 6G-ClO would
be more vulnerable to hypochlorite, which would serve the high
sensitivity and fast response towards ClO™.

3.3. Spectral selectivity of 6G-CIO toward analytes

The optical properties of 6G-ClO toward various analytes were
studied in aqueous solution (CoHsOH/HEPES, pH 7.4). As shown in
Fig. 2, the absorption and emission intensities of 6G-ClO were faint
in the absence of CIO™. Upon addition of 5 equiv. CIO~, a new ab-
sorption peak arose at 533 nm and a visible pink color of 6G-CIO
solution appeared immediately (Fig. 2a). Meanwhile, an enhancing
fluorescence of 6G-CIO observed at the maximum of emission
(556 nm, Fig. 2b) indicated that a ring-opening reaction of six-

@ Optimal Geometry 3

membered spirocyclic hydrazone could be induced by hypochlo-
rite anion. However, the absorption and emission spectra of 6G-ClO
did not changed upon addition of 5 equiv. anions and other analytes
including ONOO™, CI-, HPO3~, H2POz, SO, NO3, C03~, S,0%,
H»0,, NO3,-OH, F—, Br—, I, CN™, SO%’, NO and H,S. Moreover, the
enhancement of absorption and emission intensity resulting from
the addition of CIO~ was fulfilled, even if the other anions were
added firstly (Fig. 2c and d). In addition, the interferences of metal
ions towards 6G-ClO were also investigated in C;HsOH/HEPES (pH
7.4). There were no observable spectral changes upon addition of 5
equiv. various metal ions, e. g. Kt, Ca®*, Na*, Mg?+, Fe?*, Zn?+, A3,
Cd?*, cr**, Hg?*, Mn?", Fe3*, Cu* (Fig. S2). In order to demonstrate
the high selectivity of 6G-ClO for hypochlorite, rhodamine 6G
acylhydrazine (6G-AH) was synthesized as a control compound and
its spectral selectivity for various analytes was studied (Fig. S2).
Both CIO™ and NO could induce a ring-opening reaction of five-
membered spirolactam in 6G-AH. Upon addition of above metal
jons into 6G-AH solution, Hg?" can cause a significant color change
of the solution. Compared with 6G-AH, probe 6G-ClO exhibited a
higher selectivity towards hypochlorite than other anions and
metal ions.

3.4. Spectral response of 6G-ClO to CIO~

The spectral responses of 6G-ClIO towards CIO~ in CoHs50H/
HEPES (pH 7.4) were carried out and recorded in UV—Vis spectro-
photometer and fluorophotometer. As shown in Fig. 3, with
increasing of CIO~, the absorption intensity increased gradually,
while the pink color of solution became dark accordingly (Fig. 3a).
Corresponding with the concentration of CIO~ from 0 to 20 uM, the
absorption intensity was a linear function with ClO~ (Fig. 3a, inset,
R 0.999). The absorption intensity at 533 nm increased by 97-fold,
and its molar extinction coefficient increased from 3.5 x 10% to
3.4 x 10° L@mol '@cm~’. As addition of CIO~ over time, the
fluorescent intensity of 6G-ClO strengthened continuously at
556 nm (Fig. 3b). A linear function of emission intensity at 556 nm
related to ClO~ concentration range from O to 10 uM was built

9 HOMO >

Fig. 1. The geometry and frontier molecular orbitals (HOMO and LUMO) of 6G-CIO optimized by DFT/B3LYP/6-31G(d) level.
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(Fig. 3b, inset, R 0.991). 6G-ClO showed a 30-fold enhancement of
fluorescence intensity at 556 nm, and the maximum of fluores-
cence quantum yield was up to 0.68 in the solution. The detection
limit was calculated by titration data, according to the triple signal-
to-noise ratio method [65]. The detection limit of 6G-CIO for CIO™ is
determined to be 26 nM and 12 nM, corresponding to the absorp-
tion and emission spectra. Upon addition of 120 uM CIO~ into 6G-

AH solution, the molar extinction coefficient of 6G-AH solution only
increased up to 1.3 x 10*L@mol '@cm~.. The lower slope of
linear function of titration of 6G-AH suggested that the sensitivity
of 6G-AH for hypochlorite was inferior to that of 6G-CIO (Fig. S3). As
expected, six-membered 6G-CIO could be used as a highly sensitive
fluorescent probe for CIO™ detection.
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3.5. Kinetic analysis of 6G-ClO towards CIO~

Time-dependent fluorescence of 6G-CIO was monitored in
absence and presence of CIO~, as shown in Fig. 4. In the absence of
ClO~, fluorescent intensity at 556 nm of 6G-ClO solution was very
faint and stable, under excitation exposure at 525 nm for 5 min and
60 min (Fig. S4). When low concentration of CIO~ (1, 3 uM) was
added into 6G-CIO solution, the intensity of 6G-ClO achieved the
maximum within 6 s, and didn't distinctly fluctuate in the following
test process. When 5, 7 or 9 uM ClO~ was added, the intensity of
6G-CIO achieved the maximum within 18 s and then leveled off.
The fast response of 6G-CIO towards ClO~ suggested that the high
electron density in six-membered rhodamine hydrazone moiety
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might play vital roles in the oxidation between 6G-CIO and hypo-
chlorite anion.

3.6. pH effect

The spectral changes of 6G-CIO with different pH values were
tested, as shown in Fig. 5. In the absence of CIO~, there were similar
trends for absorption and emission spectra at different pH values.
The absorption and emission peaks of 6G-ClO was very faint above
pH 6.0, which signified stable six-membered rhodamine hydrazone
form in 6G-CIO. With pH decreasing, both absorption and emission
were gradually enhanced, suggesting that six-membered spirocycle
in 6G-ClO0 underwent a ring-opening reaction in the process of
protonation of 6G-ClO. The pH titration data provided pKa value of
probe 6G-ClO as 2.07 (+0.06) (Abs) and 2.62 (+0.14) (Fl), respec-
tively (Figs. 5a and 4b). After 1 equiv. ClIO™ was added into 6G-CIO
solution, the absorption and emission spectra of this mixture did
not change over a pH range from 3.5 to 8.0.

3.7. Response mechanism of 6G-ClO with CIO~

CIO™ could oxidize hydrazone moiety in 6G-ClO and induce a
ring-opening reaction of six-membered rhodamine hydrazone
spirocycle [66]. In order to confirm the product of ring-opening
reaction of 6G-ClO, the composition of 6G-ClO and CIO~ mixtures
were analyzed in mass spectra (Fig. S5). A new peak at m/z 447.20
(N—Cl) was found in mass spectrum, upon addition of CIO~ into 6G-
ClO in methanol. The ratio of mass and charge at m/z 447.20 was 35
more than that of 6G-CIO (Found m/z 412.20). Moreover, by
comparing the isotope abundance, it was speculated that there was
a chlorination of hydrazone in 6G-ClO (N—Cl m/z 447.19), as shown
in Scheme 2. In the presence of water, the N—Cl intermediate would

1.1
1.0 1
0.9
0.8 1 \
0.7 1
0.6 -
0.5~
0.4 1
0.3 1
0.2 1
0.1+
0.0 T T

R°=0.994

Normalized Intensity

o+
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Fig. 5. The normalized absorption (a) and emission (b) intensity with maximum of 6G-CIO in the absence (red cycle) and presence (black square) of 1.0 equiv. CIO~ in C;Hs0H/H,0
(1:1 v/v) versus different pH values. (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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Scheme 2. Proposed mechanism of 6G-CIO with CIO™
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Fig. 6. (a) Absorption and emission color changed when 20 uM CIO~ was added into
the vials containing various anions, respectively. (b) Test papers soaked with 6G-CIO
(50 uM, in CHyCly) was immersed in 0, 1, 3 and 5 uM NacClO solution, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

Table 1
The ClIO™ concentration in tap water and swimming pool water.
ST ol (uM) Found (uM) Average (uM)  Recovery%
n=1 n=2 n=3
S1  3.02 Abs  3.05 3.18 3.16 3.13+0.06 103.6%
Fl 2.93 2.89 3.00 2.94 +0.05 97.4%
S2  3.60 Abs  3.82 3.83 3.72 3.79 £0.05 105.3%
Fl 3.72 3.52 3.77 3.67 +0.11 101.9%

2 S1 is tap water from student dorm, Liaoning University. S2 is swimming pool
water from Liaoning University.
b [C10"is the concentration of sample calibrated by standard method.

be further hydrolyzed into 6G-CHO (Found m/z 399.23). The final
product of 6G-ClO with CIO~ was purified by column chromatog-
raphy, and characterized by '"H NMR spectra. Compared with 6G-
CHO, it can be confirmed that the final product of 6 G-ClO with CIO™
was 6G-CHO (Fig. S6). Therefore, a response mechanism was pro-
posed that CIO™ could chloridize rhodamine hydrazone and induce
ring-opening in the six-member of 6G-ClO (Scheme 2).

3.8. Qualitative and quantitative detection for CIO~ in water

The color changes and “off-on” fluorescence of 6G-CIO provided
superior qualitative and quantitative method for CIO™ detection. As
shown in Fig. 6a, 6G-ClO can recognize the vials containing ClO~,
after it was injected into each vial. Pink color and yellow-green
fluorescence appearance meant that the solution must contain
ClO~ in that vial. To semiquantitatively detect CIO~ in vial, test-
strips were prepared and used to monitor CIO™ in the solution.
Test strips were immersed respectively into the solution with
various concentration of ClIO~ (0, 1, 3, 5 uM) for 30s. The color of
test strips deepened with the increasing concentration of hypo-
chlorite solutions (Fig. 6b). Subsequently, standard curve method
was used to quantitatively probe ClIO™ in the solution. As shown in
Table 1, the concentration of CIO™ in water was 3.02 and 3.6 pM,
respectively, calibrated by methods reported in literature [60,61].
Assessed by the standard curve, the concentration of CIO™ both tap
water and swimming pool water was measured by 3 times. The
average ClO~ concentration of tap water and swimming pool water
was 3.13 uM and 3.79 uM, respectively, calculated by the standard
curve of absorption. According to the standard curve of emission,
2.94uM (IO~ in tap water and 3.67 uM CIO~ in swimming pool
water were found. Recoveries ranging from 97.4% to 105.3% indi-
cated that 6G-CIO, as a colorimetric and fluorometric probe, had

good accuracy in quantitative hypochlorite detection in aqueous
solution.

3.9. Exogenous/endogenous ClIO~ imaging of 6G-ClO in living
lysosomes

Before applied cell imaging, the cytotoxic effect of 6G-CIO on
HUVEC cells was evaluated by using MTT assay (Fig. S7). When
HUVEC cells in cell growth logarithmic phase was treated with 6G-
CIO (0—10 uM) for 24 h, the cell viabilities were higher than 90%,
which suggested that 6G-CIO had low cytotoxicity within the
concentration range from 1 to 5 uM. The low cytotoxicity of 6G-ClO
would be well suited for bio-imaging of HUVEC cells. HUVEC cells, a
kind of endothelial cells, were used as cell model for endogenic
nitric oxide or hypochlorite generation stimulated by LPS in the
process of oxidative stress. Herein, HUVEC cells were chosen in the
co-localization study and exogenous hypochlorite monitoring. The
co-localization study of HUVEC cells stained with 6G-CIO was
implemented to confirm its organelle-specifity. HUVEC cells were
incubated with 6G-CIO for 10 min, and then 1 pM CIO~ was added.
These cells glowed with red discrete fluorescence in subcellular
locations, upon excitation at 488 nm (Fig. S8). As we know,
rhodamine dyes are liable to accumulate in mitochondria of living
cells. Then Mito-tracker Deep Red was used as a reference to verify
the mitochondrion-specifity of 6G-CIO (Fig. S9). There was no
overlap in the merged imaging for Ch1 and Ch 2, whose Pearson's
coefficient and Mander's overlap coefficient were very low. The
skewed hourglass shapes of ICA plot further indicated that 6G-ClO
did not accumulate in mitochondria of HUVEC cells. To further
determine the organelles with red fluorescence, these cells were
further stained with lysosome tracker (DND-26). As shown in Fig. 7,
HUVEC cells stained with DND-26 and 6G-ClO (ClO™) exhibited
green and red fluorescence in Channel 1 (Ch1l) and 2 (Ch2),
respectively. The merged image of DIC, Ch1 and Ch2 demonstrated
that green and red fluorescence overlaid well within the cells
(Fig. 7a). The high Pearson's coefficient (0.94) and Mander's overlap
coefficient (0.96) indicated that 6G-ClO can specifically accumulate
in lysosomes of HUVEC cells. The intensity scatter plot showed
diagonal distribution between Ch1 and Ch2, indicated that 6G-CIO
and DND-26 possessed similar localization and intensity distribu-
tion in lysosomes (Fig. 7b). Moreover, skewed hourglass shapes of
ICA plot with positive values further verified that there was a
dependent intensity distribution between Ch1 and Ch2 (Fig. 7c).
These results demonstrated that 6G-CIO used as a nondestructive
probe can monitor exogenous hypochlorite in lysosomes of HUVEC
cells.

In order to monitor endogenous hypochlorite anion in living
cells, HUVEC cells were incubated with 6G-ClO in the absence and
presence of Lipopolysaccharide (LPS) for 24 h at 37 °C. As shown in
Fig. 8a (1), there was a faint fluorescence in HUVEC cells without
stimulant LPS. To determine whether the fluorescence was induced
by endogenous hypochlorite in absence of LPS, a comparative test
to treat cells with myeloperoxidase inhibitor (4-aminobenzoic acid
hydrazide (4-ABAH)) has been implemented (Fig. S10). In the
control group, there was a faint fluorescence in HUVEC cells stained
with 6G-Cl0. Compared with control cells, the fluorescent intensity
of cells inhibited by 4-ABAH did not decline obviously, which
indicated the faint fluorescence in control group was not caused by
a small amount of endogenous ClIO™ in lysosomes of living cells.
Additionally, it was not observed an enhancement of intensity in
control group during the excitation at 515 nm in the microscope
(Fig. S11). Stimulated with LPS, a significant enhancement of
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Fig. 7. (a) The images of Green Channel, Red Channel and overlays of Green Channel, Red Channel and differential interference contrast (DIC). Green channel: fluorescent image of
HUVEC cells stained with Lyso-tracker DND-26 (2 uM), Aex 405 nm, Aem 480—500 nm. Red channel: fluorescent image of HUVEC cells stained with 6G-ClO (2 uM), Aex 488 nm, Aem
550—650 nm. (b) Intensity correlation plot of Green and Red Channel. (c) Intensity correlation analysis (ICA) plot of Green Channel and Red Channel, respectively. (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. 8. (a) Fluorescent images of HUVEC cells stained with probe 6G-ClO and further
stimulated with LPS. 1 is the control group. 2 is the experimental group. (b) The in-
tegrated density of HUVEC cells stimulated with or without LPS.

fluorescence intensity was observed in lysosomes of HUVEC cells
(Fig. 8a (2)), which should be attributed to the generation of
endogenous hypochlorite stimulated by LPS. In order to

quantitatively illuminate the enhancement of fluorescent intensity
in cells with/without LPS, the integrated intensity and optical
density of cells was assessed with the aid of Image ] (Fig. S12, Tab
S1). Compared with control group, the integrated intensity of
cells stimulated by LPS increased visibly (Fig. 8b). The average op-
tical density of cells in stimulated group was in the range from
(2.38—3.68) x 10~2/pixel, which was nearly twice as high as that of
cells in control groups ((1.12—1.77) x 10~%/pixel). These results
demonstrated that 6G-ClO could be an excellent lysosome target-
able fluorescent probe practically applicable to monitor endoge-
nous CIO™ in living HUVEC cells.

4. Conclusion

In summary, to construct new hypochlorite probe based on six-
membered rhodamine spirocycles, a rhodamine platform (6G-CHO)
bearing formyl group in 2-position was firstly developed via the
reduction of rhodamine 6G spiroaminoethanol with LiAlH4. Hy-
pochlorite probe 6G-CIO can be easily synthesized and confirmed
by the chemical shift of spiro-carbon (dc 94.9 ppm) and —CH=
N—NH (dcy 8.03 ppm; ong 6.51 ppm) in NMR spectra.. Compared
with 6G-AH, twist six-membered spirocycle of 6G-ClO optimized
by Gaussian software at DFT/B3LYP/6-31G(d) level would be
beneficial to the selectivity and sensitivity of fluorescent probe for
hypochlorite. The high selectivity of probe 6G-ClO manifested 6G-
ClO can qualitatively detect the hypochlorite existing in solution
without interference from the other anions and metal ions. 6G-CIO
with high sensitivity can quantitatively monitor the concentration
of hypochlorite in real water samples such as tap water and
swimming pool water. The detection limit of 6G-CIO was 12 nM,
calculated by the triple signal-to-noise ratio methods. Moreover,
6G-ClO displayed fast response towards hypochlorite (6—18s). The
co-localization staining of HUVEC cells further verified that 6G-CIO
could specifically localize in lysosomes of living cells. In addition,
6G-Cl0 with low cytotoxicity also can capture endogenous CIO™ in
lysosomes stimulated by LPS. These results suggested that the new
six-membered rhodamine spirocyclic hydrazone for hypochlorite
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detection would lead to the opportunities not only for determining
ClO~ in water and biological samples, but also for the evaluation of
oxidation stress induced by pollutants.
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