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Abstract

Several fluorescent probes have been designed to detect ClO™ in biological systems based on the isomerization mecha-
nism of C=N bonds. Particularly, fluorescein has emerged as an important fluorophore for detecting C1O~ because of
its unique properties. Previously, we introduced the fluorescein analog F-1 with an active aldehyde group. In this study,
two CIO™ fluorescent sensors (F-2 and F-3) with imine groups were designed and synthesized using diaminomaleonitrile
and 2-hydrazylbenzothiazole as amines. The electron cloud distribution of F-2 and F-3 in ground and excited states was
explored via Gaussian calculations, reasonably explaining their photophysical properties. The fluorescence detection of
CIlO™ in solution using the two probes (F-2 and F-3) was realized based on the mechanism of imine deprotection with
ClO™. NaClO concentration titration demonstrated that the colorimetric detection of ClO™ with the naked eye could be
achieved using both F-2 and F-3. However, after adding ClO™, the fluorescence intensity of probe F-2 increased, whereas
that of probe F-3 first decreased and then increased. Probes F-2 and F-3 exhibited good selectivity, anti-interference
capability, and sensitivity, with the detection limits of 169.95 and 37.30 uM, respectively. Owing to their low cell toxicity,
probes F-2 and F-3 can be applied to detect CIO™ in vivo. The design approach adopted in this study will further advance
the future development of CIO™ chemical probes through the removal of C=N bond isomerization.
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Introduction

Reactive oxygen species (ROS) are constantly generated
during cellular metabolism. ClIO~, which is an oxidized
product of the reaction between chloride ions (C17) and
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H,0, that occurs in the presence of the enzyme myeloper-
oxidase, is an important ROS and plays a vital role in main-
taining the normal functioning of the immune system [1-4].
Owing to the strong oxidizing and antibacterial activity of
CIOT7, it has been widely used in household bleach, drink-
ing water disinfection, sewage purification, cooling-water
treatment, and paper and textile industries for bleaching [3,
5]. The excessive production and insufficient excretion of
ClO™ have been demonstrated to result in several diseases,
such as neurodegenerative disorders, atherosclerosis, and
cancer [6—10]. Furthermore, the abnormal content of C10™
can be detrimental to living organisms and environment.
Therefore, the development of highly sensitive and selective
probes is essential for monitoring the C1O™ level in biologi-
cal and environmental systems. Fluorescence analysis has
emerged as an effective tool for detecting target analysts,
and it has unique advantages in terms of sensitivity, selec-
tivity, temporal and spatial resolution, real-time monitoring,
biocompatibility, and operational simplicity [11-13].
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Recently, several probes that can detect CIO™ have been
designed and synthesized based on various mechanisms,
including the oxidation of hydrazide [14], phenothiazine
[15], phenol [16], oxime [17-19], double bond [20], and
diphenylphosphine [21]. Among these mechanisms, the oxi-
dation of the C=N bond in fluorophores, which was syn-
thesized via the protection of aldehyde groups as oximes,
is an important aspect for ClO™ detection. These probes
can be fluorescent-free or fluorescent based on the isom-
erization mechanism. An effective strategy for recovering/
quenching fluorescence is to remove the C=N bond in the
sensor by promoting the specific deprotection reactions of
oximes with special analytes [22-24]. A series of highly
selective probes based on different fluorophores has been
developed to detect the analyte CIO™ [19, 25, 26]. Particu-
larly, fluorescein has emerged as an important fluorophore
for C1O™ detection. The fluorescein structure has been con-
tinuously modified, and several fluorescent probes have
been designed and synthesized for detecting C1O™ owing to
the advantages of fluorescein, such as good water solubil-
ity, excitation and emission wavelengths in the visible-light
region, and high fluorescence quantum yield [23, 27, 28].
Therefore, the development of fluorescent sensors based
on fluorescein or its derivatives is necessary for the high-
performance detection of ClO™. Previously, we investigated
a fluorescein derivative F-1 containing an aldehyde group
(Fig. 1) [29, 30]. The active aldehyde group can react with
different amine substances to form imine derivatives, which
is beneficial for constructing C1O™ fluorescent probes. Dye
F-1 possesses excellent photophysical properties, exhibit-
ing a high fluorescence quantum yield (@) in polar protic
solvents and large Stokes shift ({1123 nm) in various sol-
vents [30]. Therefore, F-1 derivatives can be constructed by
regulating the amines reacting with aldehyde to introduce
imine groups into F-1.

Based on the aforementioned considerations, two new
CIO™ fluorescent sensors (F-2 and F-3) with an imine group
were designed and synthesized via the reaction of two dif-
ferent amines with the fluorescein derivative F-1 (Fig. 1).
The compounds F-2 and F-3 comprised the fluorescein
derivative and an imine protection group as the recognition
unit. The imine group can be deprotected by C1O™ to release

Fig. 1 The structures of F-1, F-2, and F-3
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an aldehyde group, which is accompanied by changes in
the “OFF-ON” or “ON-OFF” signal. The fluorescence
and absorption responses of F-2 and F-3 correlate with the
ClO™ concentration and are due to the oxidization of the
sensor by ClO™. Furthermore, Gaussian calculations were
used to explain the photophysical properties and clarify the
absorbance and emission spectra of F-2 and F-3. Addition-
ally, the cell permeability and cytotoxicity of F-2 and F-3
were analyzed to demonstrate their potential for application
in biology. The design approach adopted in this study will
broaden the platform for the future development of ClO™
chemical sensors through the removal of C=N bonds.

Experimental Section
Synthesis of F-1

The detailed synthesis routines for F-1 can be found in the
literature (Scheme S1) [28].

Synthesis of Probe F-2

F-1(0.13 g, 0.335 mmol) and diaminomaleonitrile (0.19 g,
1.770 mmol) were dissolved in CH;CH,OH (15 mL) and then
placed into a round-bottomed flask. The reaction mixture
was stirred at 85 °C and refluxed for 3.5 h. After completing
the reaction, the solution was cooled to room temperature
and then dried by a rotary evaporator. Then, after vacuum
drying, the purplish red was separated and purified by col-
umn chromatography (CH,Cl,/CH,OH =200/3). The yield
was obtained as 71% on the basis of chromatography The
target product fluorescent probe F-2 (0.113 g, 0.239 mmol)
was obtained. ! H NMR (400 MHz, DMSO-d,) ' H NMR
(400 MHz, DMSO-dy) 3 8.63 (s, 1 H), 8.06 (d, J=7.7 Hz,
1 H), 7.70 (t, J=7.5 Hz, 1 H), 7.58 (t, J=7.9 Hz, 1 H),
722 (d,J=7.4Hz, 1 H), 7.16 (d, J=14.4 Hz, 2 H), 6.77 (s,
1 H), 6.30 (s, 1 H), 2.11 (dt, J=17.3, 6.7 Hz, 2 H), 1.58 (dt,
J=12.0, 6.3 Hz, 2 H), 0.86 (t, J=6.7 Hz, 2 H). > C NMR
(100 MHz, DMSO-d,) 6 155.01, 154.81, 151.38, 151.29,
135.63, 135.60, 132.49, 130.95, 130.37, 128.92, 125.79,
123.76, 123.24, 116.40, 115.50, 115.26, 114.40, 112.11,
106.69, 103.16, 29.57, 27.55, 23.32, 22.76, 20.51, 14.45.
Found: C, 63.55%; H, 3.52%; N, 11.80%; O, 13.58%;
molecular formula C,sH,,CIN,O, requires C, 63.50%; H,
3.62%; N, 11.85%; O, 13.53%. HRMS Found: [M+H]"
471.0871; molecular formula C,sH;,CIN,O, requires
[M+H] 472.0938.
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Synthesis of Probe F-3

F-1 (0.10 g, 0.268 mmol) and 2-hydrazylbenzothiazole
(0.09 g, 0.555 mmol) were dissolved in CH;CH,OH (15
mL) and then placed into a round-bottomed flask. F-3 was
synthesized and purified by the analogous method as that
used to obtain F-2. Then, after vacuum drying, the yellow
solid preliminary product was obtained by column chroma-
tography (CH,Cl,/CH,OH =200/5). After preliminary puri-
fication, add a small amount of Na,CO; to the solution of
preliminary product in CH;CH,OH and then reflux for 6 h.
The purified product fluorescent probe F-3 (0.074 g, 0.140
mmol) was obtained. ' H NMR (400 MHz, DMSO-d;)
5 8.46 (s, 1 H), 8.02 (d, J=7.8 Hz, 1 H), 7.72 (s, 2 H),
7.59 (t, J=7.7 Hz, 1 H), 7.43 (d, J=7.9 Hz, 1 H), 7.27 (t,
J=8.2 Hz, 2 H), 7.07 (t, J=7.5 Hz, 1 H), 6.66 (s, 1 H),
6.20 (s, 1 H),2.10 (d, J=12.9 Hz, 2 H), 2.06-1.94 (m, 2 H),
1.57 (h, J=6.5 Hz, 2 H). ' C NMR (100 MHz, DMSO)
6 167.83, 167.15, 154.13, 151.45, 149.83, 133.03, 130.95,
130.11, 129.06, 126.26, 125.38, 123.57, 121.83, 121.69,
116.69, 114.24, 109.53, 103.16, 68.97, 63.26, 56.30, 35.58,
32.56, 31.74, 30.07, 29.49, 29.28, 29.15, 29.04, 27.52,
27.02, 25.56, 25.26, 23.17, 22.55, 20.50, 14.41. Found:
C, 63.35%; H, 3.85%; N, 7.98%; O, 12.13%; S, 6.10%;
molecular formula C,3H,,CIN;0,S requires C, 63.45%; H,
3.80%; N, 7.93; O, 12.08%; S, 6.05%. HRMS Found: [M —
H]™ 528.0793; molecular formula C,sH,,CIN;0,S requires
[M —H] 528.0785.

Results and Discussion

Synthesis and Photophysical Properties of
Fluorescent Probes F-2 and F-3

Generally, the fluorophores containing C =N bonds are non-
fluorescent or weakly fluorescent. Therefore, fluorescent
probes F-2 and F-3 were prepared via the reaction of the flu-
orescein derivative F-1 with 2-hydrazylbenzothiazole and
diaminomaleonitrile (Schemes S1 and S2). During prepa-
ration, the yields of probes F-2 and F-3 were monitored
via liquid chromatography—mass spectrometry (LC-MS).
Notably, the mass spectrum of F-3 always indicated the
presence of a certain by-product with a molecular weight of
530.1 g/mol (Fig. S1), and the unknown product accounted
for 85.619% of the total product (Table S1). Comparing
the precise molecular weight of probe F-3 (529.08 g/mol)
with the molecular weight of the unknown product, the lat-
ter has approximately one proton less than probe F-3. Con-
sidering that the carboxyl group on the benzene ring of the
fluorescein-like fluorophore easily closes to form a penta-
membered spirocyclic ester, the by-product is presumed

to be the ring-closed structure F-3’ of probe F-3 (Scheme
S3). To completely convert byproduct F-3” into probe F-3,
a small amount of Na,CO; was added to the solution of pre-
liminary product F-3. Unexpectedly, by-product F-3” can be
converted into target probe F-3 with a high yield (100%) by
refluxing it for 6 h.

After purifying the preliminary products F-2 and F-3,
their absorption and emission spectra were investigated.
From Tables S2 and S3, the maximum absorption range in
the spectra of probes F-2 and F-3 is 471-494 nm and 431—
438 nm, respectively. The maximum emission wavelengths
of probes F-2 and F-3 range from 531 to 574 nm and 527
to 578 nm, respectively. Compared with that of probe F-3,
the absorption wavelength of probe F-2 is redshifted, which
may be attributed to the presence of two nitrile groups
with strong electron withdrawing ability in the structure
of probe F-2. Comparing with those of conventional fluo-
rescein derivatives, the Stokes shifts of probes F-2 and F-3
are larger (148 nm), which is consistent with the predicted
result and is beneficial for future applications. Furthermore,
the fluorescence quantum yields for F-2 and F-3 in different
solvents are summarized in Tables S2 and S3. The fluores-
cence quantum yields of probe F-2 were lower than those of
probe F-3, and probe F-2 exhibited negligible fluorescence.
Although probe F-3 exhibited weak fluorescence in various
solvents, the fluorescence quantum yield of F-3 remained
lower than that of F-1. In summary, the isomerization of
the C=N bond in fluorophores leads to a reduction in the
fluorescence quantum yield.

Density Functional Theory (DFT)/Time-Dependent
DFT Study of Fluorescent Probes F-2 and F-3

To analyze the photophysical properties and the reason for
the low fluorescence quantum yield of probes F-2 and F-3,
the absorption and emission spectra of probes F-2 and F-3
in dimethyl sulfoxide (DMSO) were determined using the
B3LYP/6-311G (d, p) basis set, and the frontier molecular
orbitals of the probes were analyzed. The strongest absorp-
tion band in the spectrum of probe F-2 is mainly attributed
to the electronic transition from the ground state (S) to the
excited state (S,). The resulting transition occurs from the
highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO), and the oscillator
strength (f;;) is estimated as 0.8586 (Fig. 2). The calculated
absorption wavelength (4,,) is 483.54 nm (Table S4). The
electron cloud of LUMO is distributed within xanthene
and diaminomaleonitrile moieties on the left. The electron
cloud of HOMO is also mainly distributed in these two
parts; however, the distribution density is slightly different
(Fig. 2). Furthermore, considering the emission spectrum of
probe F-2, the emission wavelength is mainly attributed to

@ Springer
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Fig. 2 The frontier molecular orbital diagram for probe F-2 in DMSO
solvent, the left column is the calculation for absorption spectrum
which is based on the optimized S, and the right column is the calcu-
lation of emission spectrum which is based on the optimal S,

the electronic transition from S, to Sy, which occurs from
LUMO to HOMO. The calculated emission wavelength 4,,,
and f;;, values are 697.35 nm and 0.9940, respectively (Table
S5). The LUMO electron cloud is distributed on the left
part of oxanthene, diaminomaleonitrile, and benzoic acid,
whereas the electron cloud of HOMO is distributed on the
left part of oxanthene and diaminomaleonitrile (Fig. 2). A
significant charge transfer occurs in the electron cloud from
LUMO to HOMO. However, all the wave function excita-
tion coefficients (CI) for the S,—S, transition are negative
(Table S5). A negative CI value indicates that the S;—S,
transition is prohibited. Therefore, probe F-2 exhibited neg-
ligible fluorescence in the DMSO solvent, confirming the
photophysical property of probe F-2 in DMSO with a low
fluorescence quantum yield.

Furthermore, the electron cloud distribution of probe F-3
was determined via Gaussian calculations to explore the ori-
gin of its fluorescence. Based on DFT, Gaussian calculations
were performed for the absorption and emission spectra of
probe F-3 using the B3LYP/6-311G (d, p) basis set, and
the frontier molecular orbitals of probe F-3 were analyzed.
The calculation results indicate that the strongest absorption
band of probe F-3 mainly originates from the S;—S, transi-
tion, which corresponds to the electron leap from HOMO
to LUMO (Fig. S2). The corresponding f;,, value is 1.3082,
and the calculated absorption wavelength 4., is 452.84 nm

@ Springer

(Table S6). Additionally, the emission spectrum of probe
F-3 was determined. The calculated data reveal that the
emission wavelength mainly originates from the S;—S§,
transition, corresponding to the electron leap from LUMO
to HOMO with an f,;, of 1.1284. The calculated emission
wavelength 4, is 664.24 nm (Table S7), which is larger than
the measured emission wavelength of probe F-3 in DMSO.
However, the calculated Stokes shift (111.40 nm) is similar
to the actual Stokes shift (124 nm) in DMSO. Therefore,
the calculated result is consistent with the actual measured
value, and the error between the calculated and actual values
is within the permissible range, which confirms that probe
F-3 exhibits fluorescence and large Stokes shifts in DMSO.
Additionally, the LUMO electron cloud is mainly distrib-
uted on the benzoic acid, xanthene, and hydrazine moieties,
whereas the HOMO orbital electron cloud is primarily dis-
tributed on the xanthene and hydrazine benzothiazole parts
(Fig. S2). A distinct charge separation phenomenon occurs
from LUMO to HOMO, which may have resulted in the
large Stokes shift of F-3.

Titration of Fluorescent Probes F-2 and F-3 with pH

To investigate the suitability of probes F-2 and F-3 during
pH variation, fluorescence changes to different pH values
were obtained (Figs. S3 and S4), which describes the fluo-
rescent intensity at 545 and 555 nm as a function of pH.
As seen from Fig. S3, the fluorescent intensity at 545 nm
for F-2 decreases slowly from 2.24 to 6.15 (Fig. S3A),
then a sharp increase appears within a pH range of 6.15 to
13.91 (Fig. S3B). Thus, the pKa for F-2 was calculated to
be 4.00 and 11.56, respectively. The fluorescent intensity at
555 nm for F-3 also increases slowly from 2.57 to 6.73, a
sharp increase appears within a pH range of 6.73 to 10.20,
and becomes steady after that (Fig. S4). The fluorescent
enhancement was about 3-fold from 6.73 to 10.20 and the
pKa for F-3 was calculated to be 7.45. The titration of fluo-
rescent probes F-2 and F-3 to pH indicates the fluorescence
intensity of F-2 and F-3 can be affected by different pH.
Thus, the fluorescent changes at fixed 7.39 and 7.45 were
performed, respectively. It was observed that fluorescent
intensity is stable for more than 10 min (Fig. S5), indicating
the fluorescence signal can be stable at the fixed pH. The
following pH for other detection systems was adjusted to a
fixed pH using buffer solution.

Titration of Fluorescent Probes F-2 and F-3 with CIO®

The concentration titration analysis was conducted to inves-
tigate the effects of different CIO™ concentrations on probes
F-2 and F-3. After adding different concentrations of NaClO,
the absorption and emission spectra of probes F-2 and F-3
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were measured (Fig. 3 and S6). From Fig. 3, the absorption
intensity of probe F-2 at 485 nm gradually decreases, and
the maximum absorption wavelength of probe F-2 exhibits
a blue shift with increasing CIO™ concentration (Fig. 3A).
Under natural light, the color of the F-2 solution gradually
changes from deep red to light red (Fig. 3A). Furthermore,
as the ClO™ concentration increased, the maximum emis-
sion wavelength gradually shifted from 573.5 to 545 nm,
and the fluorescence of the F-2 solution changed from weak
yellowish green to blue under ultraviolet light (inset in
Fig. 3B). Additionally, to analyze the ability of probe F-3 to
detect C107, the absorption and emission spectra of probe
F-3 were monitored after adding different concentrations of
NaClO (Fig. S6). The absorbance at 333 and 430 nm gradu-
ally decreased with an increase in the CIO™ concentration,
whereas the absorbance at 560 nm gradually increased.
Under natural light, the yellow color of the probe F-3 solu-
tion gradually lightened (Fig. S3A). The corresponding flu-
orescence intensity at 555 nm gradually decreased, and the
peak blue shifted to 545 nm. The fluorescence of probe F-3
changed from weak yellowish green to blue under ultravio-
let light (Fig. S3B). However, the maximum emission wave-
length of the probe solutions is not consistent with the color
of fluorescence after the complete reaction of the probes
with NaClO. Theoretically, the fluorescence correspond-
ing to the emission wavelength of approximately 540 nm
should be green; however, the actual color of the probe solu-
tion was blue.

To determine the reason for the occurrence of the afore-
mentioned phenomenon, other detection methods should be
adopted, and the reaction mechanism of probes F-2 and F-3
with NaClO should be elucidated. Here, the mass spectra
analysis of the products obtained after the reaction of probes
F-2 and F-3 with C1O™ was conducted. From Figs. S7 and
S8, the peaks associated with probes F-2 and F-3 (m/z
471.09 [M-H]™ and m/z 528.03 [M—H]") have completely
disappeared. Considering a large number of fragments in
the mass spectra (Figs. S7 and S8), the peaks at m/z 385.05
(or 385.00) and m/z 430.59 (or 430.63) can be attributed
to the molecular ion peaks of dye F-1 at [M+3 H]** and
[M+2 HJ**4+2[Na]*. This confirms that dye F-1 with the

aldehyde group can be generated through the reaction of the
C=N bond in probes F-2 and F-3 with NaClO. Furthermore,
distinct peaks were observed at m/z 507.02 or m/z 566.57
(Figs. S7 and S8). The peak at m/z 507.02 corresponds to
the [M +H]* molecular ion peak of the products obtained
after the addition of the C=N bond with the chloride anion
in probe F-2 (Fig. S7) [25]. In the case of probe F-3, C1O™
can preferentially attack the hydrazine group or react with
C=N. Irrespective of the bond that is first attacked by C10~,
dye F-1 is always generated during the reaction. When a
high concentration of NaClO was added to the solution con-
taining probe F-3, an oxidation reaction occurred, resulting
in a product whose spectrum comprises a peak at m/z 566.57
(Fig. S8). Based on the aforementioned result, a feasible
mechanism of detecting C1O™ for probes F-2 and F-3 is pro-
posed in Scheme S4. The fluorescent spectra of probes F-2
and F-3 at different NaClO concentrations also support the
proposed mechanism. Therefore, the products obtained after
the reaction of the two probes with NaClO are in the form
of mixtures, which may lead to inconsistencies between the
emission spectra and fluorescent performance of the solu-
tion after the reaction.

Furthermore, the detection limit of probes F-2 and F-3
was estimated via a linear response relationship between the
fluorescence or absorbance intensity of probes and NaClO
concentration. The fluorescence intensity of F-2 at 545 nm
exhibits a good linear relationship with NaClO in the low-
concentration range, and a ClO™ detection limit of 169.95
UM is obtained (Fig. S9). Based on the change trend of the
absorption spectra at 560 nm of probe F-3, the detection
limit of probe F-3 for CIO™ is calculated as 37.30 uM (Fig.
S10). The aforementioned results indicate that probes F-2
and F-3 can facilitate a highly sensitive detection of C10™.

Response Time and Selectivity of Fluorescent Probes
F-2 and F-3 Toward CIO”

Considering the relevance of the response time of fluores-
cent probes F-2 and F-3, the time-dependent fluorescent
intensities at 545 and 555 nm were monitored at a fixed
ClO™ concentration. From Fig. 4, the fluorescence intensity
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Fig.4 Time course of the fluorescence response of probe F-2 (15 uM)
in an aqueous solution (CH;CH,OH /HEPES buffer="7/3) with respect
to the presence of 52 eq NaClO, the excitation wavelength is 485 nm,
and the monitored emission wavelength is 545 nm

increases rapidly with increasing reaction time, and the
reaction of probe F-2 with NaClO (65 eq) is nearly com-
pleted within 10 min. However, the result of the response
time analysis obtained for probe F-3 is different from that
for probe F-2. The fluorescence intensity of probe F-3 first
decreased abruptly within 2 s after the addition of 150 eq
NaClO, and then, it slowly increased and stabilized (Fig.
S11). Although a slight enhancement in fluorescence was
observed, the fluorescence intensity remained lower than
that of the initial intensity. This result is consistent with the
aforementioned titration results. Therefore, when NaClO
was added, both probes F-2 and F-3 immediately showed
a clear response with a short response time, indicating that
probes F-2 and F-3 can be used for the rapid detection of
ClO™.

To assess the selectivity of probes F-2 and F-3 toward
CIO7, several substances and interfering ions (Ca2+, H,0,,
K*, Br, HCO;~, HSO;~, I7, NO;~, NH,*, and Zn**) were
added to the detection system, respectively. As shown in
Fig. S12, the absorbance and fluorescence intensity of probe
F-2 exhibits no distinct changes in comparison with those
of the blank sample. Furthermore, the absorbance and fluo-
rescence intensity of probe F-3 did not significantly change
with the addition of different interfering ions (Fig. S13).
Therefore, probes F-2 and F-3 can selectively distinguish
ClO™ from the other exogenous substances and ions.

Cytotoxicity and Fluorescent Imaging Analyses
Using Fluorescent Probes F-2 and F-3

Considering that probes F-2 and F-3 will be used in future

biological applications, MTT colorimetry was used to deter-
mine their cytotoxicity. The absorbance values of formazan
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Fig.5 The cell survival rate of MCF-7 at different concentrations (0.2,
1,2,5,10, 15 and 20 uM) of probe F-2 was tested at 562 nm, and the
mean value and standard deviation were obtained from three indepen-
dent experimental measurements

at 562 nm were determined via three independent experi-
ments at different concentrations (0.2-20 uM) to obtain
the average cell survival rate. From Fig. 5, when the con-
centration of probe F-2 is 0.1 pM, the cell survival rate is
98%. Even when the probe concentration was 20 pM, the
cell survival rate was 90%. For probe F-3, the highest cell
survival rate was 93% at a concentration of 0.1 uM, and the
cell survival rate was 85% at a concentration of 20 uM (Fig.
S14). In general, the cell survival rate observed for probe
F-2 was higher than that for probe F-3, indicating that probe
F-2 exhibits lower biotoxicity to cells than probe F-3.

Next, the ability of probes F-2 and F-3 for detecting C1O™
in living cells was examined using fluorescence confocal
microscopy. Upon incubation with probe F-2, MCF-7 cells
generated weak fluorescence. Furthermore, the fluorescence
intensity did not increase with an extension of the monitor-
ing time to 10 min (Fig. 6). However, when the MCF-7 cells
were further treated with fresh NaClIO (750 uM) for an addi-
tional 15 min, their fluorescence intensity increased from
139 to 211. Moreover, the fluorescence intensity increased
from 211 to 294 with prolonged monitoring time (Fig. 7).
Additionally, the detection of CIO™ in living cells using
probe F-3 was investigated (Fig. S15). The fluorescence
intensity remained unchanged before the addition of exog-
enous CIO™. As depicted in Fig. S16, the fluorescence inten-
sity decreases from 215 to 54 after incubation with NaClO
(750 uM) for additional 15 min. The aforementioned results
indicate that both probes could be successfully used for the
quantitative detection of CIO™ in living cells.
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Fig.6 Confocal fluorescence images of MCF-7 stained with probe F-2
(15 uM) for 0.5 h without NaClO. Fluorescent images of the channels
were collected at 520 ~ 580 nm; excitation wavelength was selected at
488 nm

Time (min)
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Fig. 7 Confocal fluorescence images of MCF-7 stained with F-2 (15
uM) for 0.5 h before and after incubation with NaClO (750 uM). Fluo-
rescent images of the channels collected at 520~ 580 nm; excitation
wavelength at 488 nm. Notes: the number under the pictures stands
for fluorescence intensity in vivo; the horizontal arrow stands for an
extension of fluorescence monitoring time; the vertical arrow stands
for the increase of NaClO concentration

Conclusions

In summary, two ClO™ fluorescent probes (F-2 and F-3)
were rationally designed and synthesized by introducing a
C=N recognition functional group based on the fluorescein
derivative F-1. LC-MS analysis confirmed the presence of
by-product F-3’ during the preparation of probe F-3. F-3’
could be converted to F-3 through a ring-opening reaction
in a weakly alkaline system with a high yield. Gaussian

calculation results reasonably revealed the electron cloud
distribution of F-2 and F-3 in the ground and excited states
and explained the photophysical properties of the synthe-
sized probes. NaClO concentration titration and anti-inter-
ference analyses demonstrated that probes F-2 and F-3
could be used for the selective and fluorescent detection of
CIO™ in solution based on the mechanism of imine deprot-
ection by C1O™. Cell toxicity analysis revealed that probes
F-2 and F-3 possessed low biotoxicity and could be applied
to detect C10™ in vivo. Therefore, the synthesis and applica-
tion of probes F-2 and F-3 are expected to be beneficial for
the development of functional CIO™ probes in future.
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