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1. Introduction

The strict control over internal redox status is very important to
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2010). Being the second messengers in a biological process, re-
active oxygen species (ROS) (some overlapped with reactive ni-
trogen species (RNS)) in cellular compartments form the unique
biological oxidation and reduction cycles mediating cellular signal
transduction and homeostasis regulation (Dickinson and Chang,
2011; Shahrokhian, 2001; Yap et al., 2007; Chen et al., 2010). Un-
regulated generation of ROS will cause oxidative damage to pro-
teins, lipids and nucleic acids, which is connecting to serious hu-
man diseases such as diabetes, cancer and neurodegenerative
disease disorders including Alzheimer's disease and Parkinson's
disease where age is a risk factor (Miller et al., 2007; Wardman,
2007; Dickinson et al., 2010; Dickinson and Chang, 2011; Lu et al.,
2004; Balaban et al., 2005; Gunnlaugsson et al., 2006; Que et al.,
2008; Schulz et al., 2000). As a result, precise measurement of ROS
and real-time monitoring their redox homeostasis changes should
have broad physiological and pathological perspective.

Many technology and tools have been developed and applied to
detecting transient ROS burst and relevant oxidation and reduction
events in living systems. Due to its greater sensitivity, more con-
venience and less invasiveness, fluorescence imaging becomes the
most favorite choice for biological imaging (Yang et al., 2013). Espe-
cially, in vivo fluorescence imaging which uses a sensitive camera to
detect fluorescence emission from fluorophores in whole-body living
small animals (Rao et al., 2007) prefers near infrared (NIR) light (650—
900 nm) due to the multifaceted advantages of the NIR imaging,
including deep tissue penetration, minimum photodamage and
minimum background autofluorescence interference.

Recently, fluorescence imaging with redox-responsive fluor-
escent biosensor has become one of the most powerful tools for
establishing a real-time visualization of the various stages of oxi-
dative signaling, stress, or repair in living systems. Today, the rapid
development in the design and synthesis of fluorescent biosensors
facilitates the fast growing of redox-sensitive fluorescent bio-
sensors (Miller et al., 2007; Benniston et al., 2008; Yamada et al.,
2008; Kierat et al., 2010; Hirosawa et al., 2012; Reddie et al., 2012;
Wang et al., 2013a, 201343, 2013b; Lou et al., 2013a, 2013a, 2014,
2013b, 2015; Liu and Wu, 2013; Zhang et al., 2013; Manjare et al.,
2014a, 2014b, 2014c; Yu et al., 2012a, 2012b, 2011, 2013, 2012,
2012d; Koide et al., 2012; Takahashi et al., 2012; Xu et al., 2011,
2013; Kundu et al., 2009; Li et al., 2015; Narayanaswamy et al.,
2016; Nie et al., 2016; Yin et al.,, 2015). Generally, these redox-
sensitive small-molecule biosensors can be categorized into ul-
traviolet (UV)-visible and NIR biosensors, or alternatively into ir-
reversible and reversible biosensors. Compared with the UV-visi-
ble biosensors whose fluorescence excitation and emission locate
in the UV or visible region (Miller et al., 2007; Benniston et al.,
2008; Yamada et al.,, 2008; Kierat et al., 2010; Hirosawa et al.,
2012; Reddie et al., 2012; Wang et al., 2013a, 2013b; Lou et al,,
20134, 2013b, 2014, 2013c, 2015; Liu and Wu, 2013; Zhang et al.,
2013; Manjare et al., 2014a, 2014b, 2014c; Yu et al., 2012a, 2012b),
the NIR biosensors (Koide et al., 2012; Takahashi et al., 2012; Yu
et al., 2011, 2013, 2012c, 2012d; Xu et al., 2011, 2013; Wang et al.,
2013b; Kundu et al., 2009; Li et al., 2015; Narayanaswamy et al.,
2016; Nie et al., 2016; Yin et al., 2015) are more optimal for in vivo
fluorescence imaging due to the afore-mentioned reasons. In
contrast to the irreversible biosensors which are limited in their
usefulness, the reversible biosensors capable of cycling back and
forth through continuous oxidation and reduction events have the
excellent ability to distinguish and sense the transient bursts in
ROS production within cells and thus allow for visualizing the
changes in redox homeostasis in living systems through fluores-
cence imaging. Further, compared with the genetic reporters for
ROS which can also allow for the reversible detection of ROS,
fluorescent small-molecule ROS biosensors are sometimes more
convenient due to the rather complicated nature of genetic ma-
nipulation (Woolley et al., 2013).

There have quite a few reviews on NIR fluorescent probes and
ROS probes. For example, in 2014, Yoon and Shin and coworkers
published a nice review on “Recent progress in the development of
near-infrared fluorescent probes for bioimaging applications” that
highlights the recent advances (2010-2013) in the development
and applications of NIR fluorescent probes including ROS/RNS-
responsive probes (Guo et al., 2014). The good review published by
Cotter and coworkers in 2013 discusses the improvements in
methodologies and technologies that have improved the specifi-
city, localization and sensitivity of the ROS probes (Woolley et al.,
2013). In 2012, Chang and coworkers published another nice re-
view which presents a survey of tools and tactics for using reac-
tion-based small-molecule fluorescent probes to detect biologi-
cally important chemical analytes including ROS (Chan et al,
2012).

In this article, we conduct a survey on the recently (2011-2016)
developed redox-sensitive reversible NIR fluorescent small-mole-
cule biosensors which can continuously and reversibly monitor
the oxidation and reduction events in living cells and small ani-
mals through fluorescence imaging (Yu et al.,, 2011, 2013, 2012c,
2012d; Xu et al., 2011, 2013; Wang et al., 2013c; Takahashi et al.,
2012; Koide et al., 2012; Nie et al., 2016). For these developed NIR
fluorescent biosensors, special attention is given to their spectro-
scopic property, design strategy and fluorescence sensing me-
chanism, ROS selectivity and sensitivity, reversibility, capability of
subcellular location, cytotoxicity, and applications in in vitro/in vivo
fluorescence imaging. Finally, we summarize the features of the
NIR small-molecule biosensors recently developed for reversibly
monitoring redox changes and give suggestions about the future
design and applications of redox-responsive reversible NIR small-
molecule biosensors.

2. ONOO-sensitive NIR biosensors: reversibly monitoring the
redox cycles between peroxynitrite and thiols

As a highly RNS or ROS, the peroxynitrite (ONOO ™) plays sig-
nificant role in living biological systems because of the double-
edged character of ROS: a well-controlled level of ONOO~ is good
at driving and mediating cellular functions whereas a high level of
ONOO™ can cause oxidative (or nitrosative) damage and lead to
many serious redox-related diseases.

Three developed reversible NIR biosensors all showed great spe-
cificity, fast response, and high sensitivity towards ONOO~ against
other ROS/RNS (or other biologically relevant species) in vitro/in vivo.
The switch on-off NIR biosensor Cy-PSe, in Fig. 1, from Han's la-
boratory (Yu et al., 2011) was developed and based on the organo-
selenium compound of monoselenides (a major glutathione perox-
idase (GPx) mimic) (Nascimento et al., 2012). It features a 4-(phe-
nylselanyl)aniline fluorescent modulator with specific and sensitive
responses to ONOO~ and a NIR fluorescent heptamethine cyanine
(Cy) dye. This biosensor shows maximum absorption and emission at
758 nm and 775-800 nm, respectively. The fluorescence is switched
on upon detection of ONOO ~ with an increase factor of 23.3-fold but
is switched off when responds to the main in vivo antioxidants glu-
tathione (GSH) and L-cysteine. Density functional theory (DFT) and
time-dependent density functional theory (TD-DFT) study revealed
that the fast photo-induced electron transfer (PET) mechanism on
the excited state between the modulator and the heptamethine cy-
anine dye is responsible for the fluorescence quenching while the
PET is blocked with the Se oxidation by ONOO~ to cause the fluor-
escence emission to be switched on. Being applied in in vitro confocal
fluorescence imaging, biosensor Cy-PSe successfully and reversibly
monitored the multiple redox cycles between ONOO~ oxidative
stress and GSH reduction in the mouse macrophage cell line
RAW264.7 (see Fig. 1).
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Fig. 1. Biosensor Cy-PSe and its oxidized product Cy-PSeO, its spectroscopic features under simulated physiological conditions (pH 7.40, 0.1 M PBS, 10.0 uM Cy-PSe) and in
vitro confocal fluorescence imaging of reversible redox cycles between ONOO ~ /thiols in living RAW264.7 cells. [From Yu et al. (2011)].
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Fig. 2. Biosensor BzSe-Cy and its oxidized product BzSeO-Cy, and in vitro confocal fluorescence imaging of the multiple redox cycles between ONOO ~/ASCH, in living

RAW264.7 cells at 37 °C. [From Xu et al. (2011)].

Biosensor BzSe-Cy, in Fig. 2, from Tang's laboratory (Xu et al.,
2011) was developed and based also on the organoselenium
compound (Nascimento et al., 2012) of monoselenides. It contains
the heptamethine cyanine dye as the NIR fluorophore and the
divalent selenium as a redox-responsive group. BzSe-Cy emits NIR
light with a maximum emission around 795 nm and its fluores-
cence emission is switched “off’ and “on” when it responds to
ONOO~ and the antioxidant ascorbate (ASCH,), respectively. The
fluorescent intensity decreases with a factor of 5-fold upon de-
tection of ONOO~ and the weak fluorescent signal is due to the
PET mechanism in BzSeO-Cy, that is, the oxidized product of BzSe-

Cy by ONOO ™. BzSe-Cy was also demonstrated to be effective for
the reversible and real-time monitoring of the redox changes be-
tween ONOO™ oxidative stress and ascorbate reductive repair in
RAW264.7 cells with confocal laser scanning microscopy.
Biosensor Cy-NTe, in Fig. 3, also from Han's group (Yu et al., 2013)
was a tellurium-based compound (Ba et al., 2010), in which the NIR
fluorescent heptamethine cyanine dye acts as the signal transducer
and the 2-(phenyltellanyl)benzohydrazide (NTe) serves as fluorescent
modulator. Cy-NTe shows absorption peak and emission peak at
793 nm and 820 nm respectively and has the ONOO ™ detection limit
of 917 x 10~7 M in potassium phosphate solution. The fluorescent
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Fig. 3. Biosensor Cy-NTe and its oxidized product Cy-NTeO, its spectroscopic features under simulated physiological conditions (50 mM PBS pH 7.4, 10 uM) and in vivo
fluorescence imaging of the reversible redox cycles between ONOO ™~ and GSH in peritoneal cavity of the mice BALB/c. [From Yu et al. (2013)].

intensity of Cy-NTe increases upon the detection of ONOO~ (i.e.,
quantum yield changes from 0.0032 to 0.0431), the mechanism of
which is due to the blocking of the fast PET process by the selective
oxidation of the tellurium atom by ONOO™. This biosensor allowed
for the real-time imaging of the redox changes in living cells and
animals. Especially, the in vivo fluorescent imaging of redox cycles

between mitochondrial peroxynitrite and GSH in peritoneal cavity of
the mice BALB/c under different treatment conditions has high-
lighted the enough sensitivity of this biosensor in visualizing the
ONOO™ redox reversibility in living animals, which can be indicated
from the data about the quantification of mean fluorescence intensity
of each treatment condition (see Fig. 3).
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The three biosensors all showed good ability to target and re-
tain in the mitochondria (i.e., a major cellular source of ROS) and
are low toxicity to the cultured cell lines (see the bright-field
image (f) in Figs. 1-2). The reversibility of the three biosensors was
demonstrated by that the reversible oxidation-reduction cycles
can be repeated at least 5 times with no loss of fluorescence in-
tensity, 8 times with no loss of intensity and 5 times with a
moderate loss of intensity. Among the three biosensors, Cy-PSe has
the fast respond speed to the ONOO™ changes within 8 min, and
the other two biosensors BzSe-Cy and Cy-NTe respond within 30
and 10 min, respectively.

Recently, based on the 2-(2'- hydroxyphenyl)benzothiazole (BT)
fluorophores, a two-photon “switch-on” biosensor NP3 (Li et al.,
2015) was synthesized in Hu's laboratory by switching the hy-
droxyl group of BT to N-methyl-p-hydroxyaniline and then in-
stalling electron-donating groups to the p-hydroxyaniline ring
through Mills reaction. NP3 showed obvious fluorescent en-
hancement with an increase factor of 600-fold upon the detection
of ONOO ™~ and was demonstrated to be very effective for real-time
imaging of ONOO™ generation in both living cells and animals. In
particular, NP3 has realized the real-time imaging of endogenous
peroxynitrite formation after brain microvessel injury in living
mice. The advantages of NP3 lie in its two-photon excitability, low
detection limit of 5.0 nM, high temporal and spatial resolution,
and good blood-brain barrier penetrability. Especially, two-photon
biosensors are compatible with two-photon microscopy offering
longer observation time, less photodamage, deeper tissue pene-
tration and local excitation. But NP3 is not reversible.

OH , HOBr "

ascorbic acid

Cy-TemOH

Strongly fluorescent

diMPhSe-BOD

strong fluorescence
~ 635 nm

weak fluorescence
~ 700 nm

3. HBrO-sensitive NIR biosensors: reversible monitoring the
multiple redox cycles between HBrO and ascorbic acid and
between HBrO and H,S

In vivo excessive production of hypobromous acid (HBrO) can
cause tissue damage and thus leads to many diseases like asthma,
cardiovascular diseases, arthritis and cancers. Recently, Han and
coworkers devised and synthesized two NIR biosensors Cy-TemOH
(Yu et al., 2012¢) and diMPhSe-BOD (Wang et al., 2013c) which
only respond to HBrO, as shown in Fig. 4. These two biosensors
were demonstrated to be effective for reversibly monitoring the
multiple redox cycles between hypobromous acid and ascorbic
acid, and between hypobromous acid and hydrogen sulfide (Hs,S),
respectively, in the mouse macrophage living RAW264.7 cells.

In Cy-TemOH, the heptamethine cyanine platform is acting as
the fluorophore and the integrated 4-hydroxylamino-2,2,6,6-tet-
ramethylpiperidine-N-oxyl (TemOH) moiety is acting as the
fluorescent modulator that responses to the redox changes of
HBrO. Cy-TemOH showed maximum absorption and emission at
702 nm and 755 nm, respectively, and its fluorescence quantum
yield reduced to 0.02 upon the detection of HBrO. As known, the
reaction with HBrO triggers the chemoselective oxidation of hy-
droxylamine to oxoammonium cations (Oam) (Ishii et al., 2011),
and the TemOH-fluorophores have strong fluorescent emission
while the Oam-fluorophores have faint fluorescent emission.
Based on the DFT/TD-DFT calculations, the sensing mechanism of
Cy-TemOH is clarified to be a donor-excited PET (d-PET) me-
chanism between the excited-state fluorophore and Oam, and
once the d-PET is prevented by the Oam reduction, the biosensor
can emit strong red fluorescence.

Fig. 4. Biosensor Cy-TemOH and the real-time monitoring of the multiple redox cycles between HBrO and ascorbic acid in the mouse macrophage living RAW264.7 cells by
confocal microscopy imaging with Cy-TemOH [From Yu et al. (2012¢)]. Biosensor diMPhSe-BOD and its oxidized product diMPhSeO-BOD, and the real-time ratiometric
visualization of the multiple redox cycles between HBrO and H,S in living RAW264.7 cells by confocal fluorescence imaging with diMPhSeO-BOD [From Wang et al. (2013c)].
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Fig. 5. Biosensor DA-Cy and the reversible sensing of H,0, oxidative stress and thiols repair in the fresh rat hippocampus tissues by confocal microscopy and DA-Cy [From Yu
et al. (2012d)]. Biosensor Cy-O-Eb and monitoring the redox changes between H,0, and GSH in living HepG2 cells by confocal laser scanning microscopy [From Xu et al.
(2013)].
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Biosensor diMPhSe-BOD was based on Se-BODIPY with the BOD-
IPY dye as the fluorophore and the 4-methyoxylphenylselenide
(MPhSe) as the modulator. Here, the modulator was integrated into
the fluorescent platform through a styrene bridge. The diMPhSe-BOD
showed a maximum (weak) emission at 711 nm and its NIR profiles
are due to the strong electron-donating properties of the Se group.
Upon the detection of HBrO, a new emission band centered at 635 nm
appears with rapidly increased intensity (230-fold). Thus, diMPhSe-
BOD is actually a ratiometric type of NIR biosensor, demonstrating a
linear relationship between the fluorescent intensity ratios Fgss/F71;
and the HBrO concentrations. This intensity ratio Fg3s/F7; increases by
a factor of 118-fold upon HBrO detection. As for its sensing mechan-
ism, the heavy atom effects (Kurishita et al., 2010) are responsible for
the weak fluorescence emission at 711 nm, and after the “selenide” is
oxidized to “selenoxide” by HBrO, the weaker electron donating ability
of “selenoxide” has shortened the donor-acceptor m—conjugated sys-
tem and causes the strong fluorescence emission at 635 nm.

The subcellular location of the two biosensors was demon-
strated to be in the cytoplasm of the living cells. Their redox cycle
profiles (i.e., reversibility) demonstrated a moderate loss in fluor-
escent intensity during 3 oxidation-reduction cycles for Cy-TemOH
and a moderate 18% decrement in intensity ratio during 5 cycles
for diMPhSe-BOD. The respond time to HBrO of Cy-TemOH and
diMPhSe-BOD is within 30 min and within 3 min, respectively.
Compared with Cy-TemOH, diMPhSe-BOD has an advantage of
ratiometric sensing which can cancel out the variability arising
from environmental factors. In addition, the bright-field images
confirmed the biosensors’ low cytotoxicity to the living cells.

4. H,0,-sensitive NIR biosensors: reversibly monitoring the
redox changes between hydrogen peroxide and thiols

The hydrogen peroxide (H,0;) is also an important ROS species
and has a rather high cellular concentration. It usually has close re-
lation to those cellular processes like the respiratory chain activity
and the b-oxidation of fatty acids, etc. The in vivo excessive con-
centration of hydrogen peroxide can cause oxidative stress that con-
nects to neurodegenerative and cardiovascular diseases, cancers, etc.

As shown in Fig. 5, two reversible biosensors DA-Cy (Yu et al.,
2012d) and Cy-O-Eb (Xu et al., 2013) respond only to H,0, at
physiologically relevant levels and allow for real-time monitoring
of its multiple redox cycles in living cells (Baker, 2010), tissues and
living animals. The “on-off-on” biosensor DA-Cy was developed in
Han's laboratory by integrating a dopamine (DA) unit into a cya-
nine scaffold via central substitution, which showed a major ab-
sorption maximum at 630 nm and a fluorescent maximum at
755 nm, respectively. Upon detection of H,0,, its fluorescence
intensity decreases and switches off, but the fluorescence is gra-
dually switched on with the GSH reduction. Normally, reaction
with H,0, oxidized DA to DA-o-quinone (Shen et al., 1996). Thus,
when the biosensor is oxidized, the fluorescence is switched off
due to the d-PET mechanism between DA-o-quinone and the cy-
anine fluorophore, while the fluorescence re-emits when the
d-PET is prevented by the GSH reduction. Biosensor DA-Cy was
demonstrated to be effective for image monitoring the reversible
H,0, oxidative stress and GSH reducing repair in living HL-7702
and HepG2 and RAW264.7 cell lines, and confocal microscopy
experiments also demonstrated its unique ability in reversibly
sensing the process of H,0, oxidative stress and thiols repair at
150 pm in fresh rat hippocampus tissue.

Biosensor Cy-O-Eb was developed by integrating the ebselen (Eb)
moiety (a modulator with unique response to H,0,/GSH) into the
heptamethine cyanine fluorophore platform. It showed maximum
absorption and maximum emission at 768 nm and 794 nm, respec-
tively. The fluorescence intensity decreased rapidly with the GSH

reduction, and the intensity recovered and increased rapidly upon
the detection of H,0,. As for the sensing mechanism, the reaction
with GSH converted Cy-O-Eb to the reduced Cy-O-SeH, and the PET
mechanism in Cy-O-SeH makes it weakly fluorescent. With confocal
laser scanning microscopy, Cy-O-Eb successfully achieved the real-
time imaging of redox cycles in living HepG2 cells (Fig. 5), redox
changes during L-buthionine sulfoximine (BSO)-induced apoptosis in
HepG2 and HL7702 cells and in vivo H,O, changes at the wound
margin in zebrafish larvae. Moreover, the real-time monitoring dur-
ing the BSO-induced apoptosis revealed that cancer cell apoptosis
has reversibility and the reversal can be promoted by the recovery of
intracellular reduced microenvironment.

DA-Cy is capable to locate in the cytoplasm of the living cells and
has a good permeability in the tissues. Cy-O-Eb is targetable to mi-
tochondria with good reversibility demonstrated by that the reversible
redox cycle can be repeated more than four times with no loss of
fluorescent intensity. They both have low cytotoxicity to living cells
and respond rapidly to H,O, within 9 min and 5 min, respectively.

Recently, Govindaraju and coworkers (Narayanaswamy et al.,
2016) reported a stimuli-responsive NIR biosensor which allowed
for measuring in vitro levels of H,O,. The switch-on biosensor
QCy-BA c DNA was based on phenyl boronic acid-functionalized
quinone-cyanine (QCy-BA) in combination with AT-rich exogenous
or endogenous nuclear DNA. This approach of combining DNA
fluorescence biosensor with stimuli-responsive appendages is in-
teresting and useful to develop new stimuli-responsive biosensors.
However, QCy-BA c DNA is not a reversible NIR biosensor.

5. 0,-sensitive NIR biosensor: reversibly monitoring hypoxia-
normoxia cycles in living cells

Diseases such as cardiovascular diseases, tumors and stroke all
related to hypoxia. Shown in Fig. 6, the reversible biosensor
RHyCy5 was developed in Hanaoka's laboratory (Takahashi et al.,
2012) for real-time monitoring of the repeated hypoxia-normoxia
cycles in living cells. Its development strategy utilized the Forster
resonance energy transfer (FRET) mechanism, i.e., in RHyCy5, QSY-
21 (darker quencher of fluorescence in NIR region) acts as FRET
acceptor and cyanine dye Cy5 acts as FRET donor. The maximum
absorption and maximum emission of the biosensor is located at
660 nm and 650 nm, respectively. RHyCy5 showed weak fluores-
cence under normoxia, but its fluorescence intensity increased
with a factor of (7 —8)-fold under hypoxia.

The sensing mechanism of RHyCy5 is associated with the redox
behavior of QSY-21. Under hypoxia, QSY-21 can be one-electron
reduced to its radical form QSY-21-radical (see Fig. 6), and this
reduced radical form undergoes rapid oxidation when exposed to
air. Such rapid oxidation and the large separation between Cy5
and QSY-21 in RHyCy5 caused the decreased fluorescence of the
biosensor from hypoxia to normoxia, instead of the fluorescence
quenching of the Cy5 fluorophores. The strong fluorescence under
hypoxia is due to no FRET in RHyCy5-radical. In combination with
fluorescence confocal microscopy, biosensor RHyCy5 has success-
fully monitored the repeated cycles of hypoxia-normoxia in living
A549 cells within 5 h. In addition, the biosensor responds to hy-
poxia and normoxia within 1 h and 10 min, respectively. The other
features of the biosensor such as reversible profile, ability of
subcellular location, cytotoxicity were not reported.

6. ROS-sensitive NIR biosensors: reversibly monitoring the
redox cycles between ROS and GSH

Generally, multiple ROS of H,0,, O, ~, - OH, O,, and HOCI co-
exist in vivo and transformation among these ROS usually occurs in
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Fig. 6. Biosensor RHyCyS5, its FRET acceptor QSY-21 and their reduced radical forms under hypoxia, as well as real-time monitoring of repeated hypoxia-normoxia cycles in

A549 cells by fluorescence confocal microscopy [From Takahashi et al. (2012)].

living biological systems. Hence, ROS-responsive biosensors,
though not own the high specificity and sensitivity to one in-
dividual ROS as the biosensors afore-mentioned, are powerful to
disclose the functions and relations of multiple ROS. Two re-
versible biosensors 2-Me TeR (Koide et al., 2012) and GeP640 (Nie

et al., 2016) were developed in Nagano's laboratory and Zhang's
laboratory for detecting the redox changes of multiple ROS.
Biosensor 2-Me TeR, in Fig. 7, can effectively detect - OH, ONOO~
and ~OCl at once. It was a tellurium-rhodamine-based compound and
was synthesized by replacing the O atom of the xanthene moiety of
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Fig. 7. Biosensor 2-Me TeR, its oxidized product 2-Me TeOR and the time courses of
the change in fluorescence intensity for H,0,-stimulated and H,0,-unstimulated
HL-60 cells and H,0,-stimulated HeLa cells [From Koide et al. (2012)].

rhodamines with a Te atom. 2-Me TeR showed an absorption maximum
at 600 nm and no fluorescence due to heavy atom effect in 2-Me TeR.
Upon ROS detection, 2-Me TeR was oxidized to 2-Me TeOR through the
selective oxidation of the Te atom. This oxidized product 2-Me TeOR
displayed maximum absorption and maximum emission at 669 nm
and 686 nm, respectively, and the fluorescence intensity of 2-Me TeOR
increased with a factor of ~200-fold upon ROS detection due to that
the oxidation of the Te atom has weakened the heavy atom effect in
2-Me TeOR. Applying 2-Me TeR to H,0,-stimulated living HL-60 cells
which can produce a large amount of ROS (e.g, “OCl), the reversible
redox cycles of endogenously produced ROS were successfully mon-
itored by the time courses of the change in fluorescent intensity (Fig. 7).

As illustrated in Fig. 8, biosensor GeP640 was based on novel
Ge-pyronine dyes (GePs) and was synthesized by the germanium
substitution of the O atom of the xanthene moiety of O-pyronine
(OP). GeP640 also can effectively detect - OH, ONOO~ and ~OCl
simultaneously, and it showed maximum adsorption and max-
imum emission at 621 nm and 643 nm, respectively. Expansion of
the xanthene ring can cause the emission wavelength in the NIR
region (665 and 682 nm). Upon reaction with GSH, the fluores-
cence of the biosensor is greatly quenched due to the formation of
a nonemissive product and the quenching mechanism is asso-
ciated with an interruption of w— 7 conjugation. GeP640 allowed
the real-time imaging of ROS stress and GSH repair in living HL-60
cells under H,0, stimulation with the production of a large
amount of ROS (e.g. "OCl) and the time courses of the change in
fluorescence intensity monitored the instantaneous concentration
changes of ROS (Fig. 8).

Both sensors showed selectively high sensitivity to -OH,
ONOO~ and ~OCl against other ROS (H,0;, KO,, -NO, O, 7). The
oxidation-reduction cycles of 2-Me TeR/GeP640 can be repeated at
least 3/4 times with a moderate decrease of 20% in fluorescent
intensity. GeP640 also features the ultrafast response to ROS/GSH
within 20 s/10 s, high fluorescence quantum yield (0.32-0.44) in
aqueous media, good cell permeability and low cytotoxicity.

Recently, Chen and coworkers also synthesized a ROS-sensitive
NIR ratiometric biosensor Cy-NB (Yin et al., 2015) with cysteine

sensitivity for in vivo monitoring of mitochondrial oxidative stress.
In Cy-NB, heptamethine cyanine dye is acting as the fluorophore
and p-nitrobenzoyl as the fluorescent modulator. But they did not
refer the reversibility of this biosensor.

7. Design strategy for redox-responsive reversible NIR
biosensors

In general, the redox-responsive reversible NIR biosensor con-
sists of NIR fluorophore platform and fluorescent modulator re-
versibly responsive to ROS and their antioxidants. In recent de-
velopment of these biosensors in particular with modulators, one
primary design strategy is relied on mimicking the GPx activity,
where GPx is a selenoenzyme that protects organisms from oxi-
dative damage through catalyzing the reduction of hydroperoxides
by glutathione. This primary strategy has been utilized in the de-
sign and synthesis of biosensors Cy-PSe, BzSe-Cy, diMPhSe-BOD,
Cy-0-Eb, Cy-NTe and 2-Me TeR. Here, either the selenium atom or
the tellurium atom is acting as the functional core of the sensing
group in these reversible ROS biosensors. In more details, Cy-PSe,
BzSe-Cy and diMPhSe-BOD are based on monoselenides and Cy-O-
Eb is based on ebselen, and both monoselenides and ebselen are
known to be the major GPx mimics (Nascimento et al., 2012); Cy-
NTe and 2-Me TeR are based on organotellurium compounds due
to some of the organotellurium compounds show even higher
GPx-like activity and more remarkable antioxidant ability than
their organoselenium analogues (Ba et al., 2010). In addition, for
these selenium-based and tellurium-based biosensors, ROS oxi-
dation converted only selenium or tellurium element to its oxide
form, and their sensing mechanism is usually associated with the
heavy atom effects (diMPhSe-BOD and 2-Me TeR) or with the PET
mechanism (others).

Design strategy for Cy-TemOH is based on the nitroxides’ re-
versible response to oxidation and reduction. Specifically, it uti-
lizes the redox couple of hydroxylamine and Oam: ascorbic acid
reduced nitroxides to hydroxylamine, and HBrO oxidized hydro-
xylamine to Oam which then converted back to hydroxylamine
with reduction of ascorbic acid (Ishii et al., 2011). Rather similarly,
quinones’ reversible response to oxidation and reduction, or the
utilization of the redox couple of hydroquinone and quinone, of-
fers the strategy to design DA-Cy. In DA-Cy, the redox-active do-
pamine was attached to a cyanine dye, and ROS oxidation con-
verted the dopamine to DA-o-quinone which was then scavenged
by cellular thiols (mainly GSH) through Michael addition to give
thiol-DA conjugates (Shen et al., 1996). Other strategies such as the
FRET mechanism and the utilization of the novel Ge-pyronine dyes
have been utilized in the design of RHyCy5 and GeP640.

On the other hand, cyanine dyes are commonly chosen and
used as the NIR fluorophores in most of the biosensors for their
NIR emission, high molar absorptivity, low cytotoxicity, ability of
subcellular location and good biocompatibility. In addition, BODI-
PY dyes and Ge-pyronine dyes are also used as the NIR fluor-
ophores of some reversible ROS biosensors.

Fig. 9 demonstrates the design strategies in recent develop-
ment of the redox-responsive reversible NIR biosensors applicable
to in vitro/in vivo fluorescence imaging, utilizing the GPx mimics
(e.g., organoselenium compounds and organotellurium com-
pounds), the nitroxides, the quinones, the FRET mechanism and
the novel GePs.

8. Summary and perspective

In this article, we have surveyed the recently (2011-2016) de-
veloped redox-responsive reversible NIR biosensors which have
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successfully detected the small transient ROS burst and reversibly
monitored the oxidation and reduction events in living cells and
small animals through in vitro/in vivo fluorescence imaging. These
small-molecule biosensors, which are most applicable to in vivo/in
vitro fluorescence imaging and with the capability to dynamically
detect the redox changes at cellular level, have the following
salient features: NIR absorption and emission; high selectivity and
sensitivity to (individual) ROS; quantitative detection of ROS (lin-
ear correlation between fluorescence intensity and ROS con-
centration); high sensitivity or rapid response to (individual) ROS
and their antioxidants; reversibility (cycling back and forth
through continuous oxidation and reduction); cellular perme-
ability and capability of subcellular localization; tissue penetra-
tion; low cytotoxicity; water solubility; minimum effect on cellular
homeostasis. In their design strategies, organoselenium and or-
ganotellurium compounds mimicking the GPx-like activity, nitr-
oxides and quinones are commonly chosen as the redox-re-
sponsive fluorescent modulators, and fluorescence “turn on” or
“turn off” is thus triggered by their reversible response to oxidation
or to reduction. In mechanism, their fluorescence sensing origi-
nates from either the fast PET or the heavy atom effects (organo-
selenium- and organotellurium-based), d-PET (nitroxides- and
quinones-based), FRET (FRET-based), interruption of m—m con-
jugation (GePs-based). Up to date, these design strategies and the
thus designed biosensors are proved to be successful and sig-
nificant in sensing the redox status in living biological systems.
Most importantly, all these biosensors enabled the successful ap-
plication in in vitro and in vivo studies. Table 1 summarizes the
features of the redox-responsive reversible NIR small-molecule
biosensors in this survey.

Thus far, the in vitro and in vivo fluorescence imaging with
these recent NIR biosensors generally employed only one kind of
biosensors specified to one individual ROS. Future experiments
could consider using two or more kinds of biosensors in one
imaging process. Although this combination of different kinds of
biosensors becomes more complicated and is thus difficult to
handle, it is more promising for understanding and analyzing
biological synergy and dynamical relations between two in-
dividual ROS through detecting redox changes with more than one
individual ROS involved. Future work could also focus on devel-
oping ratiometric type of reversible NIR biosensors (such as
diMPhSe-BOD) to achieve high signal-to-noise ratio in monitoring
the redox cycles in living systems, because ratiometric biosensors
are good at resisting environmental interference. Since two-pho-
ton fluorescence microscopy offers the advantages of longer ob-
servation time, deeper tissue penetration, less photodamage and
local excitation, three-dimensional imaging can be realized with
two-photon microscopy. Hence, future attention on developing
two-photon ROS biosensors would also have significant implica-
tions for the ROS studies with two-photon microscopy. However,
quantities of ratiometric biosensors and two-photon biosensors,
especially the redox-responsive reversible NIR biosensors, are not
many thus far.

There still leaves room for developing new functional organic
compounds that contain the organochalcogen atoms and can mi-
mic the GPx-like activity to serve as the redox-responsive fluor-
escent modulators as well as for proposing new ways to make
fluorescence emission in NIR range, such as utilizing the strong
electron-donating properties of Se group in the design of
diMPhSe-BOD and utilizing the expansion of the xanthene ring in
the design of GeP640. Developing new NIR dyes to serve as sui-
table fluorescent fluorophores is also essential to the future de-
velopment of redox-responsive reversible NIR biosensors. In par-
ticular, since the emission wavelength of 820 nm now seems to be
the up bound of the recent redox-responsive reversible NIR bio-
sensors, thus, future extension to even longer wavelength range

Table 1

Features of the redox-responsive reversible NIR small-molecule biosensors.

Subcellular location Refs

Reversibility (oxidation- re-

Selectivity
duction cycles)

Sensing mechanism

Emission (nm) Design strategy

Excitation (nm)

Biosensor

Yu et al., 2011

Mitochondria

ONOO~

Organoselenium compounds (GPx PET

mimics)

775-800

758

Cy-PSe

Xu et al., 2011

Mitochondria

ONOO~

Organoselenium compounds (GPx PET

795
mimics)

770

BzSe-Cy

Yu et al., 2013

Mitochondria

ONOO~

PET

Organotellurim compounds (GPx

820
mimics)

793

Cy-NTe

Yu et al., 2012c
Wang et al., 2013c

Cytoplasm

HBrO

d-PET

755 Nitroxides

702
610

Cy-TemOH

Cytoplasm

HBroO

Organoselenium compounds (GPx Heavy atom effect

mimics)

635, 711

diMPhSe-BOD (Ratiometric

type)
DA-Cy

Yu et al., 2012d
Xu et al., 2013

Cytoplasm

Hy0,
H,0,

d-PET

Organoselenium compounds (GPx PET

mimics)

Quinones
FRET

755

794

630
768

Mitochondria

Cy-0-Eb

Takahashi et al.,

0z

FRET

650

660

RHyCy5

2012

Koide et al., 2012

3

ROS: -OH, ONOO™,

-od

Heavy atom effect

Organotellurim compounds (GPx

mimics)
GePs

686

600

2-Me TeR

Nie et al., 2016

4

ROS: -OH, ONOO ™,

-0cCl

Interruption of n—n
conjugation

643

621

GeP640
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(900-1000 nm) will greatly enhance their potential applications in
biological in vivo imaging for, e.g., noninvasive and sensitive tumor
diagnosis.

Further, elucidation of sensing mechanism is usually facilitated
with theoretical investigation. Since the DFT/TD-DFT theoretical
approaches have been proved to be very useful for the mechanism
studies of molecule sensing systems especially for photophysical
or spectroscopic studies (Zhao and Han, 2007a, 2007b, 2008a,
2008b, 2012; Zhao et al,, 2007; Chen et al., 2013a, 2013b, 2014a,
2015, 2013c, 2013d, 2014b; Li et al., 2011, 2012; Song et al., 2012a,
2012b; Li and Chu, 2011), they could also be essential to the future
design, development, reasoning and understanding of biosensors.

Here, the primary design strategy based on mimicking the GPx-
like activity, proposed originally by Han and coworkers in their
development of the redox-responsive biosensors, indeed provided
a good illumination to the future development of biosensors for
detecting biological changes in living systems: the best idea al-
ways comes from mimicking functionality of a biological system
itself, just like mimicking the catalytic cycle of selenium enzyme
with organochalcogen compounds.

Developing NIR biosensors is indispensible to in vivo fluores-
cence bioimaging. The near future will surely see the continued
evolution of NIR biosensors, which will be partially benefited from
the recent researches on NIR small-molecule biosensors. Finally,
we mention that there is still some distance to go to use these NIR
small-molecule biosensors in clinic applications and it is necessary
to develop flexible and versatile ways, such as using these NIR
biosensors as a component of a nanoparticle delivery systems or a
self-assembly micelle delivery system (Guo et al., 2014; Woolley
et al., 2013), to further improve their stability, reversibility, sen-
sitivity, selectivity, tumor targetability, quick-response ability, anti-
interference ability and biocompatibility.
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