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We report here a new bioinspired copper-based strategy of
superoxide sensing and the development of sensitive (>90-fold
fluorescence turn-on) and selective superoxide probes for imaging
of variations in endogenous superoxide level in various live
mammalian cells (HEK293T, Hela and A431).

Selective recognition of the small, reactive and short-lived
superoxide and its detection, in particular in complex
biological matrix, are challenging. Intracellularly produced
superoxide can lead to oxidative damage of biomolecules and
production of other ROS, and its toxicity is implicated in aging"
and different diseases including Alzheimer’s® and Parkinson’s
diseases®. Yet, the highly reactive superoxide can also be
utilized as an immune response as well as a signaling molecule
to mediate cellular processes.*> Bioanalytical tools for
selectively recognizing and detecting superoxide from other
also highly oxidizing ROS, especially those that can be applied
in live biological samples, will therefore be highly valuable for
studying the redox biology associated with superoxide. In this
regard, fluorescent imaging with superoxide selective probe is
a convenient and effective bioanalytical method for the study
of the short-lived, highly reactive superoxide in live biological
samples.

Currently, there are only few examples of superoxide
probes that are applicable for live cell imaging.®** Of these few
examples, nucleophilic unmasking and oxidation of organic
functional groups on fluorescent dyes by superoxide are the
only two strategies of fluorescent superoxide detection. In
general, the functional group reacting with superoxide in these
probes is directly linked to the fluorophore backbone such that
after the superoxide-mediated reaction, the change in the
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electronic and photophysical properties of the fluorophore
results in a fluorescent response. The superoxide sensing
chemistry, functional groups and fluorophores in these probes
have therefore all to be judiciously chosen in order to obtain
the required superoxide reactivity and selectivity. Indeed,
different superoxide selectivity over other nucleophilic species
has been observed in a series of fluorescein-derived probes
based on a nucleophilic substitution mechanism for superoxide
sensing.” As such, chemical modifications on the probe to
tune the photophysical and biological properties may not be
trivial and could require highly sophisticated molecular design
and heavy synthetic efforts.
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Scheme 1. Synthesis of SOP-cyan and the proposed reaction of
SOP-cyan with superoxide.

J. Name., 2013, 00, 1-3 | 1

Please do not adjust margins




Please do not adjust margins

COMMUNICATION

Journal Name

IS

Aom = 385 nm, 485 nm

2 HO A 2
Q —

QLY |
[ N c
2 i 2 time
3 3 time 3
£ SOP-blue €2
(7 )
2 hex =325 nm 2
s s
& &

w

2l
SOP-cyan 2
SN k]
hex=455nm £ o
e =daom Y |8 yiqeees
173 —
£ \ /Ng\/'*k’j) v
HO oY o X
I °
= 7 g1 SOP-orange
\_% @ NZ I % A
X @ Lex =570 nm
Aom = 585 nm

0 T
360 400 440 480 520 560 600 640 680

0
360 400 440 480 520 560 600 640 680

0
360 400 440 480 520 560 600 640 680

Alnm Al nm Alnm
E 30 100 40
n
8 90 35
E 251 2 80 2
a 2 2 30
Q S 70 7}
= 20 € €
g S 60 S 254
B 15 3 50 8 20
z § wo] 5 .
£ 104 2 30 2
£ ] 84

[

S 5] & 204 &
“E’ 10
H 04

X Ov O ¢
«‘v‘o \Q‘o O R KOO S w?‘x‘o \*"o
+ o o% Qw o (¢ O‘p D3 +oo oo 0¢

oox\ $ & O 9 o° 2

.01 & F & O ©
) O™ .y 0 ¥ O WS
O \‘g \@

Fig. 1. (a) Time-dependent fluorescence response (0, 3, 5, 7, 10, 60 min) of 5 uM SOP-blue (left), SOP-cyan (center) and SOP-orange (right)
towards superoxide (xanthine oxidase: 10 mU/ml; hypoxanthine: 75 uM); and (b) selectivity towards 20 eq. of other reactive species. Error

bars are +SD (n = 3).

Inspired by copper oxygenases which involve a Cu(ll)-0,"
species for substrate oxidation,""® we report here a modular
copper-mediated oxidative bond cleavage reaction as a
general and versatile strategy for selective superoxide
detection. SOP-cyan, a Cu(ll) complex-caged coumarin, was
also developed as a highly sensitive probe for the selective
superoxide imaging in various mammalian cell lines. This new
metal-based strategy is highly modular that not only different
fluorophores can be facilely coupled to the biomimetic
complex to obtain superoxide probes of desired photophysical
and biological properties, but also the combination of the
metal and ligand can be systematically varied to tune the
reactivity and selectivity of the probes towards other reactive
species.”’21

Synthesis of SOP-cyan is straightforward with four simple
steps as depicted in Scheme 1. SOP-cyan consists of a Cu(ll) ion
coordinated to a hydroxylmethyl substituted tris(2-
picolyl)amine ligand, a class of common ligand scaffold for
copper-based oxygenase biomimetic, linked to 3-(2-
benzothiazolyl)-7-hydroxycoumarin via an C-O bond. The
ligand can be easily coupled to other fluorophores via an Sy
reaction to obtain probes of desired properties. As caged in its
ether form, a 5 uM solution of SOP-cyan in Tris buffer (50 mM,
pH 7.6) is weakly emissive but showed a strong, 92-fold
fluorescence turn-on centered at 488 nm upon reaction with
superoxide produced from xanthine oxidase/hypoxanthine
within 1 hour (Fig. 1). The fluorescence turn-on was
attenuated by competitively removing superoxide by the
radical scavenger TEMPOL® or superoxide dismutase,
confirming that the observed fluorescence responses were
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superoxide-dependent. In addition, SOP-cyan is selective only
to superoxide and showed no fluorescence enhancement by
other reactive species including H,0,, ‘BUOOH, 102, -OH, CIO,
-NO, ONOO™ and H,S under the same conditions. The presence
of other biological ligands (e.g. histidine, methionine, cysteine,
glutathione) and transition metal ions (Fe**, Fe*" and zn*") did
not affect the fluorescence response of SOP-cyan towards
superoxide (Figure S1), further establishing the applicability of
the probe in the complex intracellular environment. Taking
advantage of the high modularity of our probe design, 7-
hydroxycoumarin-based SOP-blue and resorufin-based SOP-
orange have also been synthesized via a straightforward
conjugation of the biomimetic complex and the fluorophores
(Scheme S1). Similar to SOP-cyan, SOP-blue and SOP-orange
also exhibit a selective superoxide fluorescence turn-on, but
respectively featuring a blue and orange emission color. SOP-
blue additionally displays a ratiometric response.23 Such a
tunability of probe properties via only simple synthetic
procedures, while at the same time not compromising the
reactivity and selectivity of the superoxide trigger, is enabled
by this new and modular strategy and is different from existing
superoxide sensing methods.

Reactions of SOP-cyan with superoxide and other reactive
species were further studied by LCMS. First, it was found that
SOP-cyan was stable and no significant difference was noticed
in the chromatograms of the same SOP-cyan solution analyzed
over three days (Fig. S2). The good stability of SOP-cyan is
probably due to the polydentate nature of the ligand. Next,
the expected oxidative C—O bond cleavage has been confirmed
by the appearance of a new peak corresponding to the
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uncaged 3-(2-benzothiazolyl)-7-hydroxycoumarin (m/z = 296.1
[M+H]") in the chromatogram of the reaction mixture of SOP-
cyan and superoxide (Fig. S5). In addition, LCMS studies
showed that reactions of SOP-cyan with H,0,, tBuOOH, Cclo,
‘OH, and 102 and ONOO resulted in no oxidative bond
cleavage (Fig. S8). Some degree of Cu(ll) displacement by
excess NO or H,S was observed, yet the resulting ligand-
fluorophore conjugate was still caged in its non-emissive form
and thus producing no fluorescence response. Notably, such
competitive Cu(ll) displacement is a common strategy in the
design of fluorescent probes for NO, H,S and related small
reactive species, in which a fluorescent enhancement is a
result of the removal of the paramagnetic transition metal
quencher.m'27 In the present case of SOP-cyan, the
fluorophore is still covalently caged in its non-emissive form
even when the Cu(ll) is displaced, and therefore distinguishing
SOP-cyan with a unique mechanism of superoxide selectivity.
Finally, reactions of SOP-cyan with superoxide at different pH
(pH 4.5 to pH 8.5) all showed the release of the fluorophore
(Fig. S11), suggesting that this detection strategy could be
applied to prepare superoxide probes that are applicable at
different intracellular pH.

After demonstrating the in vitro analytical performance of
SOP-cyan, we next sought to apply the probe in the
fluorescent imaging of superoxide in living cells under
biologically relevant conditions. Menadione (vitamin K3)
stimulation of human cervical carcinoma (Hela) and human
embryonic kidney (HEK293T) cells was first studied as models
of stimulated superoxide generation and initiation of ROS-
mediated signaling upon intracellular activation of the
229 As shown in Fig. 2 and S11, Hela cells stimulated
by menadione for 30 min and stained by SOP-cyan exhibited a
marked 2.2-fold increase in intracellular fluorescence when
compared to control cells only stained by the probe. Similar
increase in the intracellular fluorescence in menadione-
stimulated cells was also observed from HEK293T cells stained
by the probe under similar conditions (Fig. S12). In addition, a
significantly reduced intracellular fluorescence was observed
in both Hela and HEK293T cells pretreated with the cell-
permeable superoxide dismutase PEG-SOD (40 U/ml) for 24
hours when compared to control cells, showing that SOP-cyan
is also capable of reporting decreases in the endogenous
superoxide level in these cell lines. Nuclear staining and MTT
assays showed that SOP-cyan is not cytotoxic and the cells
were viable throughout the experiment (Fig. S11, S12 and
515),30 showing that the probe is applicable in the imaging of
both stimulated production and changes in endogenous level
of intracellular superoxide in different cells. In addition to
vitamin K stimulation, imaging of NADPH oxidase (NOX)-
mediated superoxide production and ROS signaling upon
binding of epidermal growth factor (EGF) to epidermal growth
factor receptor (EGFR) by SOP-cyan was also studied.>*®® As
shown in Fig. 2 and S13, epidermoid carcinoma cells A431,
which expresses a high level of EGFR, treated with EGF (100
ng/ml) exhibited an increase in the intracellular fluorescence
upon staining by SOP-cyan. On the other hand, A431 cells
treated with 5 uM diphenyleneiodonium (DPI), an NOX

vitamin.
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inhibitor, showed a significant decrease in the intracellular
fluorescence, suggesting that SOP-cyan is sensitive to image
both the upregulation and downregulation of NOX-mediated
superoxide signaling. Taken together, these experiments have
successfully established the applicability of SOP-cyan in
detecting changes of superoxide level under biologically
relevant conditions in different cell lines, and show the
potential of the probe as an efficient imaging tool for studying
the redox biology of superoxide in a cellular setting.

Fig. 2. Representative confocal microscopy images of (a-c)
Hela, (d-f) HEK293T and (g-i) A431 cells stained with 5 uM
SOP-cyan for 30 min. (a, d and g) Control cells. (b, e) Cells
treated with 10 uM menadione for 30 min. (c, f) Cells treated
with PEG-SOD (40 U/ml) for 24 hours. (h) Cells treated with
EGF (100 ng/ml) for 4.5 hours. (i) Cells treated with 5 uM DPI
for 4.5 hours. Scale bar = 50 um.

In summary, we have described a versatile reaction-based
strategy for the selective detection of superoxide using a
bioinspired copper(ll) complex, and its development into three
highly sensitive and selective superoxide probes with various
emission colors. Live cell imaging studies showed that SOP-
cyan is capable of detecting changes in endogenous
superoxide levels in different cell types (HelLa, HEK293T and
A431) under relevant biological conditions. This new
superoxide sensing strategy features a modular bond cleavage
mechanism for fluorescence turn-on which not only allows
straightforward chemical modifications of the photophysical
and/or cellular properties of the probe via simple conjugation
of the trigger with different fluorophores or reporter groups,
but also provides a unique mechanism for attaining superoxide
reactivity and selectivity that distinguishes SOP-cyan from
existing superoxide probes. In addition, systematic variations
of the coordination environment of the biomimetic complex to
change the chemical reactivity of the trigger for the selective
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recognition and detection of other reactive species and small
molecules, and applications of the biomimetic trigger in
prodrugs, controlled-release and other responsive materials
can also be expected.
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