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Fluorescent probes have beenwidely employed in biological imaging and sensing. However, it is always a
challenge to design probes with high sensitivity. In this work, based on rhodamine skeleton, we
developed a general strategy to construct sensitivity-enhanced fluorescent probe with the help of
theoretical calculation for the first time. As a proof of concept, we synthesized a series of HOCl probes.
Experiment results showed that with the C-9 of pyronin moiety of rhodamine stabilized by an electron
donor group, probe DQF-S exhibited an importantly enhanced sensitivity (LOD: 0.2 nmol/L) towards
HOCl together with fast response time (<10 s). Moreover, due to the breaking symmetrical electron
distribution by another electron donor group, the novel rhodamine probe DQF-S displayed a far red to
near-infrared emission (>650 nm) and large Stokes shift. Bioimaging studies indicated that DQF-S can not
only effectively detect basal HOCl in various types of cells, but also be successfully applied to image tumor
tissue in vivo. These results demonstrate the potential of our design as a useful strategy to develop
excellent fluorescent probes for bioimaging.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Fluorescent probes, owing to their simple operation, non-
invasive nature, high sensitivity, and fine spatiotemporal resolu-
tion, etc., have been one of themost important tools for bioimaging
[1–6]. So far, various fluorophores have been used as signaling
units to construct fluorescent probes [7–11]. Among them,
rhodamine and its derivatives are particularly popular scaffolds
for developing high contrast probes due to an equilibrium between
an open, highly fluorescent quinoid form and a closed, nonfluo-
rescent lactone (Fig. 1a) [8,12]. Moreover, owing to their cationic
character, these dyes generally have good water solubility and cell
membrane permeability, which is very beneficial for rapid cellular
uptake and imaging [13]. However, due to the short emission
wavelength (usually between 500 nm and 600 nm) and small
Stokes shifts, most of the traditional rhodamine probes suffer from
serious auto-fluorescence and self-quenching, resulting in signifi-
cantly compromised signal-to-noise ratio [14,15]. Importantly, the
fluorescent probes based on the spirocyclization of traditional
rhodamines usually display a delayed response time [16–23], and
the relationship between their structure and probe’s sensitivity is
still unknown, which severely hinders their further application in
titute of Materia Medica, Chinese
biological imaging. Therefore, it is significant and necessary to
develop a general strategy that could solve these problems.

Hypochlorous acid (HOCl) is an important reactive oxygen
species (ROS), which is formed by per-oxidation of chloride ions
with the catalysis of myeloperoxidase (MPO) and can serve as a
“killer” for pathogens in the innate immune system [24–26]. In
physiological condition, the average produced level of HOCl is
about 0.47 nmol/min per 106 cells [27,28]. However, aberrant
generation of HOCl would lead to various clinical diseases, such as
Parkinson’s disease [29], cerebral ischemia [30] and cancers
[26,31]. Thus, it is imperative to develop effective fluorescent
probes to track HOCl and investigate its role in related diseases in
living systems.

In this work, by introducing electron donor onto the conjugated
structure with the help of theoretical calculation, we describe a
general strategy to develop highly sensitive rhodamine probe
(Fig. 1b). Moreover, due to the break of symmetrical electron
distribution, the novel rhodamine probe exhibits large Stokes shift
accompanied with far red to near-infrared emission (> 650 nm). To
verify the advantages of the novel rhodamine probe in living
system, we then constructed a HOCl fluorescent probe DQF-S.
Bioimaging studies indicated that probe DQF-S could quickly enter
the cells (within 3min) and effectively react with the basal HOCl in
cancer cells. Furthermore, benefiting from its far red to NIR
emission, DQF-S was also successfully applied to image HOCl in
tumor tissue and live mice.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. (a) Structures of traditional rhodamine and the equilibrium between its
spirolactone and ring-opening form. (b) Chemical structures of traditional and
novel rhodamine probes.

P. Lu et al. / Chinese Chemical Letters 31 (2020) 2980–2984 2981
Rhodamines, owing to their outstanding photophysical proper-
ties such as high extinction coefficients and quantum yields, and
excellent photostability, have been widely used for fluorescent
probe design [8]. Although as popular as they are, most of those
probes suffer from poor sensitivity and delayed response to the
signalling elements. We reason that the electronics deficiency of
the pyronin moiety, especially the lack of electrons on C-9,
hindered the open loop of the traditional rhodamine probes. Thus,
we conjecture that if we can stabilize C-9, the response
performance of the rhodamine probes (including sensitivity and
response time) could be effectively enhanced. Conversely, enhanc-
ing the C-9’s positive charge will reduce their response perfor-
mance. To prove our conjecture, we choose and design three kinds
of rhodamine dyes (Fig. 2a). Density functional theory (DFT)
calculations indicate that the charge on C-9 of traditional
rhodamine B is 0.128 (NBO charge). However, with the strong
electron donor group amine modified at C-7 position, the novel
rhodamine DQF-RB exhibits an obvious charge reduction at C-9
(0.107). In contrast, if we reduce the electron donating ability of the
amine group at the C-3 position and introduce a phenothiazine
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Fig. 2. (a) Rational engineering principle of novel rhodamine probes and the charge (N
HOCl probes.
unit at the C-7 and C-6 position, the charge on C-9 of the novel
rhodamine PZQ-R6G would increase up to 0.132. As proof of
concept, we designed and synthesized three probes for detecting
HOCl based on above rhodamine derivatives (Fig. 2b). The
synthetic route was as described in Scheme S1 (Supporting
information). The probes were synthesized by the reaction of
rhodamine dyes with Lawesson’s reagent and then confirmed by
ESI and NMR analyses (Supporting information).

To compare the responsiveness of the three probes, we firstly
titrated HOCl to the PBS solution (containing 50% EtOH, pH 7.4) of
the probes from 0mmol/L to 20mmol/L. As shown in Fig. 3a and
Figs. S1–S3 (Supporting information), based on the traditional
rhodamine B scaffold, probe RB-S showed 15-fold enhancement of
the fluorescence signal (F/F0) at 585 nmwhen 20mmol/L HOCl was
added. However, as we expected, with an electron donor group
decorated, probe DQF-S has a significant signal enhancement,
about 500-fold enhancement with 20mmol/L HOCl treated.
Importantly, even with only 1mmol/L HOCl added, the fluores-
cence enhancement of DQF-S can also be reached up to 78-fold,
which is about 5 times than that of probe RB-S with 20mmol/L
HOCl added (Fig. 3a and Figs. S1–S3). These results demonstrated
that stabilizing C-9 of the pyronin part of rhodamine with an
electron donor group can indeed enhance the sensitivity of the
rhodamine probe. On the other hand, compared to traditional
probe RB-S, DQF-S exhibited a large Stokes shift (81 nm) and NIR
emission (677 nm), which can effectively enhance tissue penetra-
tion depth,minimize autofluorescence and self-quenching [14,32].
In addition, it can be clearly seen that when the charge on C-9 of
the pyroninmoiety of rhodaminewas increased in PZQ-R6G, probe
PZQ-S displayed no response in the presence of 20mmol/L HOCl
(Fig. 3a and Figs. S1–S3). This further illustrated that stabilized C-9
of the pyronin part is very important and can effectively increase
the sensitivity of rhodamine probe.

Based on above results, we further explored the detection limit,
selectivity, and response time of DQF-S to HOCl. As shown in
Fig. 3b, DQF-S (5mmol/L) is essentially non-fluorescence. When a
low concentration of HOCl from 0mmol/L to 1mmol/L was added,
the fluorescence signal (F/F0) of DQF-S at 677 nm was gradually
enhanced and showed a linear response (Fig. 3b and Fig. S4 in
Supporting information). According to the formula (3 � standard
deviation/slope), the detection limit of probe DQF-Swas calculated
to be 0.2 nmol/L, which is much lower than RB-S (80 nmol/L) and
BO charge) distribution on their pyronin rings. (b) Chemical structures of the three
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Fig. 3. Fluorescence spectra of DQF-S (5mmol/L) responding towards HOCl in
ethanol/PBS (1:1, pH 7.4) solution. (a) Fluorescence intensity ratio (F/F0) of DQF-S,
RB-S and PZQ-S to the concentration of HOCl, data was acquired immediately after
HOCl addition. The excitation wavelength of these probes was at their optimal
excitationwavelength. (b) Fluorescence enhancement of DQF-S upon addtion of low
concentrations of HOCl (0-1mmol/L). (c) Fluorescence intensity of DQF-S to HOCl
(5mmol/L) and other analytes: 1-13: blank, GSH (1mmol/L), Cys (50mmol/L), Fe3+

(50mmol/L), H2O2 (100mmol/L), t-BuOO
�
(100mmol/L), NO

�
(100mmol/L), O2

��

(100mmol/L), H2S (100mmol/L), Na2SO3 (100mmol/L), OH
�
(100mmol/L), ONOO�

(5mmol/L), HOCl (5mmol/L). (d) Time course of fluorescence intensity of DQF-S
after adding 1mmol/L and 5mmol/L HOCl. lex = 580 nm.
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Fig. 4. (a) Time course of fluorescence intensity of MCF-7 cells after addtion of
5mmol/L DQF-S. (b) Average intensity in image a, respectively. Error bars are
standard deviation (SD). The excitationwavelengthwas 561 nm. The emission band
was at 600-700 nm. Scale bar: 20mm.
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PZQ-S (> 20mmol/L) as well as those of the known HOCl probes
(Tables S1 and S2 in Supporting information), indicating that DQF-
S has a great potential to detect trace amounts of HOCl in living
cells.

To investigate the selectivity, various interfering reactive
species (H2O2,t-BuOO

�
, NO

�
, O2

��, H2S Na2SO3,
�
OH, ONOO) and

biomolecules (GSH, Cys, Fe3+) were added to the PBS solution
(containing 50% EtOH, pH 7.4) of probe DQF-S (5mmol/L). As
shown in Fig. 3c, even with excess concentrations than that of
living cells, the fluorescence intensity of DQF-S at 677 nm had
hardly changes towards the other activemolecules, comparedwith
5mmol/L HOCl. Time-course studies revealed that DQF-S has a very
rapid response to HOCl, the reaction can be completed within
seconds (Fig. 3d), which is much faster than those of the known
HOCl probes (Table S2 in Supporting information). In addition,
DQF-S exhibited good stability in the range of pH 4–9, which
proved that the response was indeed caused by HOCl (Fig. S5 in
Supporting information). All these results indicated that probe
DQF-S is an excellent HOCl probe with high sensitivity, superior
selectivity, and fast response, and is very feasible for the real-time
detection of HOCl in living system.

Encouraged by the promising experimental results in vitro, we
further studied the performance of DQF-S in biological system.
Before the cell experiments, we first studied the biocompatibility
of DQF-S, theMTTassay showed that DQF-S has negligible effect on
cell viability at the concentration range of 1�10mmol/L after 24 h
of incubation (Fig. S6 in Supporting information). Then exogenous
experiments were conducted, as shown in Fig. S7 (Supporting
information), live L02 cells incubated with 5mmol/L DQF-S
showed almost no fluorescence. While a significant fluorescence
was observed after the cells were treated with 20mmol/L HOCl.
The exogenous cell experiment results demonstrated the efficacy
of DQF-S to detect intracellular HOCl. Therefore, we next examined
the applicability of DQF-S to monitor endogenous HOCl level in
living cells. Fig. S8 (Supporting information) showed that DQF-S
presented no fluorescence in living L02 cells regardless of the
presence or absence of LPS stimulation. However, by contrasting,
HeLa cells incubated with 5mmol/L DQF-S emitted strong
fluorescence signals without stimulation and showed an obvious
increase in fluorescence intensity after treated with LPS (Fig. S8).
This may be reasoned for that L02 cells (hepatocyte cells) lack of
MPO enzymes and therefore cannot synthesize HOCl [33]. For HeLa
cells, we assumed that it is not only because of the presence ofMPO
enzymes, but also due to the higher levels of HOCl in HeLa cells
[27]. After stimulation, the increased levels of HOCl once again
proved the existence of MPO enzyme in HeLa cells, and also
confirmed the availability of DQF-S in monitoring endogenous
HOCl level in living cells. In addition, colocalization experiments
showed that probe DQF-S mainly concentrated in mitochondria
(Fig. S9 in Supporting information), indicating that DQF-S has
potential to mitochondrial HOCl detecting.

Based on the above results, we next investigated the ability of
probe DQF-S to be taken up by living cells and real-time image
endogenous HOCl. As shown in Fig. 4a and Fig. S10 (Supporting
information), MCF-7 cells showed almost no fluorescent signal
after the addition of 5mmol/L DQF-S. However, a significant
fluorescence signal was observed after a few minutes. Moreover,
the fluorescence intensity increased over time. The large slope of
the fluorescence intensity curve in the first few minutes (only
about 3min) indicated that probeDQF-S can quickly enter cells and
sensitively respond with intracellular HOCl. However, due to the
continuous production of HOCl in living cells, the fluorescence
intensity of DQF-S would also gradually increase after the probe
entered the cells (3�30min) (Fig. 4b and Fig. S10 in Supporting
information). The linear response between emission intensity and
HOCl indicated that DQF-S possesses great potential to quantify the
concentration of HOCl in living cells.

Usually, the concentration of basal HOCl for each cell line is
unequal. Encouraged by the above results, we further verified
whether probe DQF-S is enough sensitive to distinguish the
difference of the basal HOCl in various cells. We selected three types
of cancer cells (HeLa,MCF-7 andMDA231), two kinds of normal cells
(L02 and HEK293) and one kind of immune cells (RAW264.7) as
researchmodels.AsshowninFig.5a,after incubationof thecellswith
5mmol/L DQF-S for 20min, cancer cells exhibited strong fluores-
cence. Incontrast, almostnofluorescencewasobservedinthenormal
cells, and RAW264.7 cells showedweak fluorescence. Theses results
indicated that the basal HOCl levels in cancer cells (HeLa,MCF-7, and
MDA-MB-231) are much higher than that of non-cancer cells (L02,
HEK293, and RAW264.7), especially for normal cells (HEK293). This
may be due to the fact that cancer cells are under higher levels of
oxidative stress thannormalcells,which leads to increasedROS(such
as HOCl, ONOO�, H2O2) in cancer cells and in turn triggered
alterations in metabolism and oncogenic transformation [34,35]. In
addition, it should also be noted that there is obvious differences in
fluorescence intensity for different types of cancer cells. As shown in
Fig. 5b, theMCF-7 cells showed the strongest fluorescence, followed
by MDA-MB-231 cells, and HeLa cells showed relatively low
fluorescence. To confirm that the increase in fluorescence intensity
was indeed caused by HOCl, we precultured MCF-7 cells with 4-
aminobenoic acid hydrazide (ABAH, a myeloperoxidase inhibitor)
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Fig. 5. (a) Fluorescence imaging and fluorescence-transmission overlay imaging of
normal cells (HEK293, RAW, L02) and cancer cells (MCF-7, MDA231, HeLa) stained
with 5mmol/L DQF-S for 20min. (b) Averagefluorescence intensity of different cells
in images of a. The emission band was collected at 600-700 nm, lex = 561 nm, Scale
bar: 20mm.
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and a significant fluorescence reduction was observed (Fig. S11 in
Supporting information). These results indicated that DQF-S was a
useful tool,which cannotonlyeffectively distinguish the cancer cells
fromnon-cancercells, but also identifiedthedifferent typesofcancer
cells by detecting their basal HOCl.

As an additional showcase of the application, we subsequently
mixed cancer cells and normal cells to construct a simulated tumor
environment. Herein, we selected MCF-7 cells and L02 cells which
have obvious morphological differences. As shown in Fig. S12
(Supporting information), after incubation of DQF-S for 20min,
cellswith different brightness and darkness statewere observed by
the confocal microscope. Compared to L02 cells exhibiting non-
fluorescence, MCF-7 cells displayed significant fluorescence at the
channel of 600�700 nm. This phenomenon can also be achieved by
flow cytometry (Fig. S13 in Supporting information). The signifi-
cant difference in fluorescence intensity reached our expectations
and further demonstrated the potential of DQF-S to distinguish
cancer cells from normal cells.

Considering that the NIR emission (> 650 nm) has enhanced
tissue penetration and reduced tissue background fluorescence
[15,36], we then validate the possibility of probe DQF-S for in vivo
imaging. By subcutaneous injection of cancer cells MCF-7, we
established a tumor model into the armpits of nude mice. As
shown in Fig. S14 (Supporting information), with DQF-S injected in
situ, the tumor in livingmice exhibited a strong fluorescence, while
the normal tissue remained largely negative. To confirm the tumor
signal was indeed derived from the tissue within the tumor, we
then dissected the tumor from the nude mice for further imaging.
Living imaging system and confocal microscope displayed that
tumor tissue exhibited much stronger fluorescence than normal
tissue, indicating there is a much higher level of HOCl in tumor
tissue than that of normal tissue. This result is in good according
with our above investigation. All these biological experiments
confirmed that DQF-S can be employed as an efficient NIR HOCl
probe for imaging tumor tissue in vivo.

In summary, we report in this study a novel strategy to develop
highly sensitive rhodamine probe with far red to NIR emission.
With the electron donor introduced onto pyronin part, the novel
rhodamine probe DQF-S not only exhibited an importantly
enhanced sensitivity (LOD: 0.2 nmol/L), but also showed rapid
response (< 10 s) towards HOCl in near-infrared region together
with a large Stokes shift. Cells imaging indicated that DQF-S could
quickly enter the cells and holds the ability to detect both
exogenous and endogenous HOCl in cells. In particular, the probe is
efficient to detect basal HOCl in cancer cells, and rationally be
applied to distinguish cancer cells fromnon-cancer cells. The result
was future confirmed by co-culture of MCF-7 cells and L02 cells.
Moreover, NIR emission enabled probe DQF-S further applicable in
vivo and tissue imaging. We believe that our strategy not only can
be used to develop excellent HOCl fluorescent probes, but also
largely contributes to future designs of other highly sensitive
rhodamine probes.
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