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ABSTRACT: Overgeneration of reactive oxygen species
(ROS) is closely associated with cellular damage and
diseases. As superoxide anion (O,°”) is the precursor of
other ROS, exploring O,°~ fluctuations in cells and in vivo
is of great significance. To address this critical need, we
have developed a novel reversible fluorescent probe with
one-photon and two-photon fluorescence properties,
which is well suited for monitoring O,°~ fluxes selectively
and dynamically. Imaging results substantiate dynamic and
reversible fluorescence responses of this probe to intra-
cellular O,° under apoptotic stimuli. Moreover, this probe
can conveniently visualize changes in O,*” concentration
during reperfusion injury in hepatocytes, zebrafish, and
mice, by means of one-photon or two-photon imaging
according to depths of various samples. The present study
provides a powerful fluorescent imaging tool for dynamic
tracking of O,°” in live cells and in vivo.

0,°7, the fluorescent probe must offer greater penetration
depth and less photodamage, as well as high sensitivity,
instantaneous response, and reversibility. Therefore, it is
urgently desired to construct a novel probe combining the
merits of OP and TP fluorescence imaging features (we call it
dual-mode for short), for dynamically monitoring fluctuations
of O, selectively, instantaneously, and reversibly. Further-
more, this dual-mode image not only can improve greatly the
accuracy of the O, detection but also can be adopted flexibly
according to depths of various samples. As far as we know, no
reports to date have been published on the use of dual-mode
fluorescent probes to image O,".

Inspired by the interaction between caffeic acid phenethyl
ester and 0,°7,'* a novel turn-on probe, N,N'-di-((2E)-3-(3,4-
dihydroxyphenyl)acrylic acyl)-1,3,5-triazine-2,4,6-triamine
(TCA), for 0, was designed on the basis of a
tripolycyanamide scaffold, covalently conjugating with two
caffeic acid molecules (Scheme 1). In the presence of O,°”, we

Reactive oxygen species (ROS) are pivotal intermediates as
causative agents in many toxicological mechanisms.'
Abundant evidence suggests that excessively produced ROS
can be implicated in a wide variety of diseases, including
degenerative disorders” and ischemia-reperfusion (IR) injury in
surgery.” Since superoxide anion (O,%7) is the precursor of
other ROS,* elucidating the relation between O,*~ fluxes and
diseases is of great importance.

One-photon (OP) fluorescence imaging offers a powerful
approach to monitor intracellular O,°” levels owing to its high
sensitivity.> However, existing O,*~ fluorescent probes used for
cell imaging have some drawbacks. For instance, small
molecular fluorescent probes often suffer from interference
from other ROS,° delayed response time,” and irreversible
reactions.” Thus, alternative O,”~ fluorogenic probes with
distinct advantages, such as high specificity, instantaneous
response, and reversible interaction, remain in urgent demand
for bioimaging in cells and in vivo.

As is well known, two-photon (TP) imaging possesses
distinct advantages, including increased penetration depth and
reduced specimen photodamage, due to its excitation utilizing
two lower energy photons.® Although several TP probes have
been used for imaging thiols,” H202,10 metal ions,'" and so on,
there has been no report on the TP imaging of O,°” in live cells
or in vivo. For ideal monitoring of O,°” fluxes, considering the
extremely short lifetime and low concentrations of intracellular
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Scheme 1. Structures of TCA and TCAO
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hypothesized that caffeic acid residue of TCA can transform
from pyrocatechol, an electron-donor, to benzoquinone
(TCAO), an electron-acceptor. By a computational study
performed at the B3LYP/6-31G(d,p) level, we confirmed that
the charges on caffeic acid moiety of TCAO decreased upon
changing hydroxyl to carbonyl (Supporting Information, Figure
S1). As expected, a reversible fluorescent probe was obtained.
Our results showed that OP and TP fluorescence of TCA were
enhanced markedly in the presence of O,°”. Importantly, the
probe TCA was successfully applied to hepatocytes, zebrafish,
and mice to dynamically visualize the changes in O, levels
under various types of stimulation. Those results clearly showed
that the TCA has great promise to accurately and dynamically
image O,°” fluctuations in cells and in vivo.
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The photophysical properties of TCA were tested under
simulated physiological conditions (Tris buffer, pH 7.4). It
emits at around S15 nm and is excited at ~491 nm (OP) and
800 nm (TP). Upon addition of O,*, the OP fluorescence
intensity increased markedly (Figures la and S2), as also

including selectivity, reversibility, and instantaneity, make it
capable of probing O, dynamically in cells and in vivo.
With a probe in hand that met the need of O,*~ detection in
live cells, we attempted to monitor intracellular O, using a
dual-mode imaging method. In Figure 2, panels ¢ (OP imaging)
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Figure 1. Photophysical properties and selectivity. (a) OP excitation
and emission spectra for TCA (10 uM) before (®,0) and after (A,A)
addition of O,*” (20 uM). Inset: TP emission spectra for TCA (10
uM) before (O) and after (A) addition of O,*~ (20 uM). All of the
spectra were acquired in 0.03 M Tris buffer (pH 7.4) at 4, = 491 nm
(OP) and 800 nm (TP). (b) Fluorescence responses of 10 uM TCA
to various reactive oxygen and nitrogen species (20 mM H,0,, 200
4M TBHP, 200 M NaClO, 200 M '0,, 33 uM ONOO™, 200 M
*OH, 200 uM NO, and 20 uM O,*”). Bars represent the fluorescence
0—60 min after addition of each reactive species. Data were acquired in
0.03 M Tris, pH 7.4, with 4., = 491 nm.

observed in the TP process (Figure la inset). Furthermore,
TCA converted into TCAO with a concomitant increase in OP
fluorescence which is linear for O, concentrations ranging
from 1.0 X 107® to 2.0 X 10~ M (Figure S2), and the linear
regression equation was F = 271.0 O,*” (uM) + 3578, with a
correlation coefficient of 0.9950. The detection limit was
calculated to be 2.3 nM, as defined by IUPAC based on
triplicate measurements of the relative standard. The nature of
TCA enables it to quantitatively determine O,*” with high
sensitivity.

The reversibility of the probe was then assessed. The
reversible cycles of the probe were mediated by O,°” or
glutathione (GSH). As indicated in Figures S3 and S4, the
fluorescence intensity of the probe increased evidently in the
presence of O,°, owing to the proton transfer of pyrocatechol
from TCA to 0,°7;'* namely, upon dehydrogenation of TCA,
highly fluorescent TCAO formed. Fluorescence then decreased
upon addition of GSH as a proton donor for TCAO, due to the
rapid formation of low-fluorescent TCA. This reversible cycle
can be repeated three times more under the same conditions.
The decline of TCAO fluorescence with different concen-
trations of GSH is shown in Figure SS. The reversibility implies
an advantage of TCA for dynamic determination of O,°” in
cells and in vivo.

To prove the selectivity of TCA for O,*7, we studied its
responses toward competing ROS,'>'° reactive nitrogen species
(RNS), and metal ions. The results showed that TCA exhibited
high selectivity for O,°” and was unperturbed upon the
addition of other ROS, RNS, and metal ions, including
hydrogen peroxide (H,0O,), tert-butylhydroperoxide (TBHP),
hypochlorite (OCI™), singlet oxygen ('O,), peroxynitrite
(ONOO"), hydroxyl radical (*OH), nitric oxide (NO), Fe**,
Fe’, Cu*, Cu', and Zn*" (Figures 1b, S6, and S7). TCA
displayed an instantaneous response, good photostability, pH
insensitivity, and low cytotoxicity (Figures S8—S10). Thus,
features of reaction between TCA and intracellular O,°,
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Figure 2. Fluorescence images of O, levels in hepatocytes. One-
photon (ac,e) and two-photon (b,d,f) fluorescence images of HL-
7702 cells incubated with 10 uM TCA (green) and 10 uM Hoechst
33342 (the commercial cell nucleolus dye, blue). (c,d) Cells were
pretreated with PMA (1.0 pg/mL) for 30 min. (ef) The PMA-
stimulated cells were incubated with 10 uM Tiron for 30 min. One-
photon images were acquired using 405 nm (Hoechst 33342) and 488
nm (TCA) excitation, and fluorescence emission windows: blue =
400—470 nm, green = S500—600 nm. Two-photon excitation
wavelength was at 770 nm and emission windows S00—S550 nm.
Scale bar = 15 yum. (gh) Relative OP and TP fluorescence intensity of
TCA-labeled cells in panels a—f. Cells shown are representative images
from replicate experiments (n = S).

™

and d (TP imaging) indicate that hepatocytes stained with
TCA fluoresced strongly after being treated with phorbol-12-
myristate-13-acetate (PMA), enhancing O,°” release in
cells.'">'® In contrast, upon the addition of superoxide
scavenger (Tiron), fluorescence intensity weakened distinctly
(Figure 2e,f), which was consistent with the results of
superoxide dismutases and Tiron scavenger experiments in
cellular extracts (Figure S11). Moreover, identical results from
OP and TP imaging indicated that TCA could dynamically
visualize the changes of O, levels in hepatocytes. Addition-
ally, OP images present a wider field to facilitate parallel
analysis;'” meanwhile, TP images express higher signal-to-noise
ratio because of minimal interference from background
autofluorescence. More importantly, this dual-mode method
makes the results more convincing.

Previous reports suggested that liver injury mediated by IR is
the major cause of morbidity and mortality in liver surgery and
transplantation.'® The mechanisms of IR injury are most
relevant to ROS.” In the existing studies, ROS produced from
Kupfler cells and neutrophils can at least partially diffuse into
hepatocytes and induce cell injury under IR conditions.'
However, up to now, it has been a challenge to demonstrate
that IR-induced ROS are over§enerated in the hepatocytes,
which make up 85% of the liver.””*' Given that O, is the first
oxygen-derived free radical and can trigger generation of other
ROS, it is crucial to explore carefully O,°” fluctuations in
hepatocytes during IR injury. Here, we used an oxygen and
glucose deprivation (OGD) reperfusion mdel** to imitate TR
conditions with the aim to gain insight into the relationship
between O,°” fluctuations and IR injury inside hepatocytes.
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Dual-mode images (Figure 3ab) indicated that hepatocytes
exhibited weak fluorescence under OGD conditions. Sub-
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Figure 3. Fluorescence images of O,°” levels in hepatocytes before
and after reperfusion. One-photon (ac) and two-photon (b,d)
fluorescence images of HL-7702 cells incubated with 10 yuM TCA
(green) and 10 uM Hoechst 33342 (blue). (a,b) Cells were pretreated
with S mM sodium hydrosulfite (an oxygen-free medium) in glucose-
free DMEM for 30 min. (c,d) Pretreated cells were reperfused with
high-glucose DMEM for 30 min, and in the absence of sodium
hydrosulfide. Images were acquired using 405 and 488 nm for OP
excitation, and 770 nm for TP excitation. OP fluorescence emission
windows: blue = 400—470 nm, green = 500—600 nm. TP fluorescence
emission windows: 500—550 nm. Scale bar = 15 um. (e,f) Relative OP
and TP fluorescence intensity of TCA-labeled cells in panels a—d.
Cells shown are representative images from replicate experiments (n =

5).

sequently, both high sensitivity of OP (Figure 3c) and high
temporal/spatial resolution of TP (Figure 3d) images showed
that O,°” increased notably after reperfusion. These results
signified that O,°” played a vital role in liver reperfusion injury.
Besides, we speculated that the main source of the over-
production of O,*” in hepatocytes under OGD reperfusion was
mitochondrial respiratory chain complex II (Figures S12 and
S13).

To test the reversibility of TCA fluorescence in live cells, OP
fluorescence imaging of reversible cycles in hepatocytes was
then undertaken. A bright fluorescence was definitely observed
when the probe-loaded cells were incubated with PMA for 30
min (Figure 4b). The fluorescence of these cells then decreased
markedly after addition of GSH (Figure 4c). Another reversible
cycle can be easily achieved by again adding PMA and GSH
(Figure 4d,e). These results strongly suggest that TCA has
reversibility to image O,°” levels in living cells.

Next we assess the dynamic fluorescence responses of TCA
to real-time changes of O,°  levels in the process of cell
apoptosis, referring to previous reports that O,°” is increased in
cells exposed to an apoptotic stimulus.”® Consistent with
previous findings, OP fluorescence images clearly show that
TCA fluorescence is progressively enhanced with prolonged
time in liver cancer cells preincubated with L-buthionine
sulfoximine (BSO) (Figure Sa), indicating dramatically
increased O,°” concentrations. Meanwhile, upon BSO treat-
ment, the cells showed morphological features, ie., shrinkage
and budding. After BSO was removed, the fluorescence
intensity declined gradually in these cells, indicating that
intracellular GSH increased in the absence of BSO, which also
rescues the cells from apoptosis.”* The dynamic changes in
0,° levels after the cells were stimulated by PMA are shown in
Figure S14. The results imply that TCA is an ideal imaging tool
to dynamically and reversibly monitor intracellular O,*” levels.
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Figure 4. OP fluorescence imaging of reversible cycles in hepatocytes.
(a) Cells loaded with 10 uM TCA for 30 min. (b) Probe-loaded cells
treated with PMA (1.0 ug/mL) for 30 min. (c) Probe-loaded, PMA-
treated cells incubated with GSH (2 mM) for 30 min. (d) The cells
above exposed to a second dose of PMA (1.0 g/mL) for an additional
30 min. (e) The cells above exposed to a second dose of GSH (2 mM)
for an additional 30 min. (f) Relative OP fluorescence intensity of
TCA-labeled cells in panels a—e. Cells shown are representative
images from replicate experiments (n = S). Scale bar = 15 um.
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Figure S. Real-time fluorescence imaging during BSO-induced
apoptosis. (a) 10 uM TCA-loaded HepG2 cells were treated with §
mM BSO (0, 20, 40, and 60 min). BSO was then removed, and the
cells were further cultured in a fresh cell medium (20 and 40 min). (b)
Relative OP fluorescence intensity of TCA-labeled cells in panel a.
Cells shown are representative images from replicate experiments (n =
5). Scale bar = 15 um.
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To validate the applications of TCA in intra-vital imaging,
the probe was used to detect changes in O,°” levels deep inside
live zebrafish (Figure S15). The dual-mode approach provides
large visual fields (OP) and distinct images (TP) of O,*”
fluctuations in zebrafish reperfusion injury.

In vivo imaging was next successfully realized in mice with
liver IR. In situ TP images were acquired from simulated liver
surgery (Figure 6). The injured liver emitted bright
fluorescence after IR compared with the control (Figure 6b).
These results indicated that O,*” was overgenerated after
simulated liver surgery, and IR injury was mediated directly by
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Figure 6. Changes in O,*” levels in mice with liver IR. (a) The surgical
procedure exposes the left liver lobe for imaging. (b) TP fluorescence
in situ images of liver with TCA (100 yM). Images were acquired
using 770 nm TP excitation. TP fluorescence emission windows: S00—
550 nm Scale bar = 100 pm.

0,"”. With the advantage of TP deep-tissue imaging (250 ym),
broader applications of TCA can be achieved in bioimaging.

In summary, a novel O,°” probe combining the merits of
one-photon and two-photon fluorescence properties has been
synthesized and applied for dynamic monitoring of O,°~ fluxes
selectively, instantaneously, and reversibly. The probe can
dynamically and reversibly respond to intracellular O, under
apoptotic stimuli. With good sensitivity, wide field of OP
imaging, and high resolution and deep tissue penetration of TP
imaging, the probe is well-suited as a dual-mode fluorescent
imaging tool for tracking O,°” fluctuations in hepatocytes,
zebrafish, and mice during mimicked IR injury, which revealed
that overproduction of O,°” is closely related to reperfusion
injury. The outstanding features of the probe, which can be
easily used at various depths for imaging of O,°”, make it an
ideal tool for dynamic and reversible investigation of O,°”
fluctuations in live cells and in vivo.
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