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ABSTRACT: Bis-labeling with luminescent energy donor/acceptor pair onto biological substrates affords probes which give FRET
readouts for detection of interaction partners. However, the covalently bound luminophores bring about steric hindrance and non-
specific interaction, which probably perturb the biological recognition. Herein, we designed a highly sensitive and specific
“labeling after recognition” sensing approach, where luminophore labeling occurred after the biological recognition. Taking the
cutting enzyme caspase-3 as an example, we demonstrated the detection of its catalytic activity in solution and apoptotic cells using
the tetrapeptide motif Asp-Glu-Val-Asp (DEVD) as the cleavable substrate, and an iridium(Ill) complex and a rhodamine
derivative as the energy donor/acceptor pair. The DEVD tetrapeptide was modified with an azide and a GK-norbornylene groups at
the amino and carboxyl terminuses, respectively, which allowed donor/acceptor bis-labeling via two independent catalysis-free
bioorthogonal reactions. The phosphorescence lifetime of the iridium(III) complex was quenched upon bis-labeling owing to the
intracellular FRET to the rhodamine derivative, and significantly elongated upon the peptide was catalytically cleaved by caspase-
3. Interestingly, the sensitivity and efficiency of the lifetime response were much higher in the “labeling after recognition” sensing
approach. Molecular docking analysis showed that the steric hindrance and non-specific interactions partially inhibited the
biological recognition of the DEVD substrate by caspase-3. The imaging of the catalytic activity of caspase-3 in apoptotic cells was
demonstrated via photoluminescence lifetime imaging microscopy (PLIM). Lifetime analysis not only confirmed the occurrence of
intracellular bioorthogonal bis-labeling and catalytic cleavage, but also showed the extent to which the two dynamic processes
occurred.

main limitations are difficulty in synthesis and reduced

INTRODUCTION

Fluorescence resonance energy transfer (FRET)-based probes
involving two luminophores as an energy donor/acceptor pair
have been widely designed for sensing different intracellular
biomolecules.' Upon interaction with specific biomolecules,
the proximity and orientation of the donor/acceptor pair
determine the FRET luminescence readout. Many examples
demonstrated bis(luminophore)-labeled probes for bioimaging
of molecular analytes such as pH values,” metal ions,%” and
biosulfides,® and biological parameters'® and activities.'!'-!3
Cutting enzymes that are able to cleave the linkage between
the donor/acceptor pair are possible ideal targets of FRET
probes because the readout luminescence is changed to the
maximum extent. However, the utilization of FRET probes for
enzyme detection is relatively rare compared to sensing for
other small molecular analytes.'* Given that there are a variety
of fluorescent and phosphorescent probes and imaging
reagents available for selection as donor/acceptor pairs, the

catalytic activity of enzymes in the presence of two
luminophores.

As illustrated in Figure 1, traditional FRET sensing of
cutting enzymes is a “labeling before recognition” process.!314
The recognition substrate serves as a linker and is first labeled
with two luminophores as a donor/acceptor pair at the two
ends. Upon recognition by a specific enzyme, the substrate is
catalytically cleaved and the two luminophores are separated,
leading to remarkable FRET readout. However, the bulky
Iuminophores probably increase the steric hindrance disturbing
specific enzyme recognition or induce non-specific affinity
toward other biomolecules, especially in a complex
intracellular environment. To address these problems, in this
work we designed a new “labeling after recognition” sensory
strategy by using bioorthogonal labeling technique, which has
been widely used to label intracellular biomolecules in their
native environments,'>!¢ but has not been used to generate an
intracellular probe for biosensing. Instead of luminophores,
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two chemical reporters are incorporated into the recognition
substrate. The chemical reporters are small, non-native, and
non-perturbing chemical functionality,!>!¢ which can be
sensitively  recognized by  exogenously  delivered
luminophores. Since the Dbioorthogonal labeling of
luminophores occurs after the catalytic cleavage by the cutting
enzyme, steric hindrance or non-specific interaction is
minimized and high specificity and sensitivity are anticipated.
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Figure 1. (A) Schematic representation of the recognition and
catalytic cleavage of a substrate by a specific cutting enzyme. (B)
Schematic representation of FRET-based sensing of cutting
enzymes via a “labeling before recognition” process in the
literature. (C) Schematic representation of FRET-based sensing of
cutting enzymes via a “labeling after recognition” process in this
work.

A new challenge 1s to select suitable donor/acceptor pairs
and bioorthogonal reactions to realize wash-free real-time
imaging in living cells. There are some requirements to be
fulfilled. First, a large wavelength overlap between the
emission of donor and the absorption of acceptor favors the
occurrence of FRET.!7 Second, there is no crosstalk between
two Dbioorthogonal reactions for donor and acceptor
labeling.!'®!° Third, for both donor and acceptor, the labeled
luminophore 1s easily distinguishable from the unlabeled one
to minimize possible mterference from free luminophores
during 1maging. Luminophores with emission turn-on upon
bioorthogonal labeling are attractive, but fluorogenic probes
available for use are very limited.?*?! Luminophores with
variation 1n emission lifetimes are also potential
candidates.”>? The labeled luminophore 1is readily
differentiated from unlabeled one via photoluminescence
lifetime 1maging microscopy (PLIM). Additionally, the
lifetime of the donor is also a sensitive variable depending on
the donor/acceptor distance in FRET sensing.* Whereas
intensity analysis shows overall brightness over a certain range
of wavelength, lifetime imaging explicitly gives different
lifetime values for analytes on different states with high spatial
resolution quantitatively and summarizes the occurrence of
every state. Furthermore, the lifetime value is sensitive to the
molecular structure but independent of the concentration,
which is promising for eliminating interference from dynamic
concentration variation during imaging in living cells.?

Caspase-3 1s an important cutting enzyme which is activated
in early apoptosis and catalyzes the cleavage of the

tetrapeptide motif Asp-Glu-Val-Asp (DEVD).? In view of the
important biological roles of caspase-3, in this study we took it
as an example to demonstrate our proposed “labeling after
recognition” sensing. The tetrapeptide DEVD was modified
with an azide and a norbornylene groups as two chemical
reporters at the amino and carboxyl terminuses, respectively.
A phosphorescent iridium(IIl) complex functionalized with
dibenzocyclooctyne?™?! and a rhodamine derivative modified
with a tetrazine unit® were chosen as the donor and the
acceptor, respectively. Their bioorthogonal labeling behavior
and photophysical response toward labeling have been
mvestigated using azido acetic acid and 5-norbornene-2-
methylamine as model substrates. When the donor/acceptor
pair were labeled onto the same peptide molecule,
mtramolecular FRET occurred and the phosphorescence
lifetime of the iridium(IIl) complex was shortened. Once the
peptide was cleaved by caspase-3, the phosphorescence
lifetime was recovered, imndicating that the lifetime value could
be used as an indicator for measuring the catalytic activity of
caspase-3. Interestingly, the lifetime response in the “labeling
after recognition” sensing was much faster and more
significant compared to that in the widely-used “labeling
before recognition” sensing. Molecular modeling study
confirmed that labeling with two luminophores brought about
steric hindrance and nonspecific interactions, and increased
the free binding energy of the peptide and caspase-3.
Detection of the catalytic activity of caspase-3 during cellular
apoptosis has also been demonstrated using the “labeling after
recognition” approach via photoluminescence lifetime
imaging. Compared to intensity-based imaging, lifetime
analysis gave detail visualization of intracellular caspase-3
induced peptide cleavage with spatial resolution.

RESULTS AND DISCUSSION

A phosphorescent iridium(IIl) complex (1) and a rhodamine
derivative (2) were used as the donor and the acceptor,
respectively (Figure 2A, 2B). Their synthesis (Figure S1, S2)
and characterization by 'H and *C nuclear magnetic resonance
(NMR) and matrix-assisted laser desorption ionization time-
of-flight (MALDI-TOF) mass spectrometer (MS) were shown
in supporting information. Selection of an iridium(III)
complex as the energy donor i1s because the long-lived
phosphorescence is  distinguishable  from  short-lived
autofluorescence via PLIM? and the lifetime is highly
sensitive to structure modification such as bioorthogonal
labeling.?? The iridium(IIl) complex 1 was functionalized with
dibenzocyclooctyne (DIBO), which readily undergoes strain-
promoted alkyne—azide cycloaddition (SPAAC) without
catalysis (Figure 2A).22*! The rhodamine derivative 2 was
modified with a tetrazine unit which is expected to quench the
fluorescence and enable the turn-on response toward mverse-
electron demand Diels-Alder cycloaddition (EDDAC) with
dienophiles such as norbornylene (Figure 2B).*? Additionally,
the phosphorescence spectrum of complex 1 was well
overlapped with the absorption spectrum of compound 2
(Figure S3), ensuring efficient intramolecular FRET when
they were labeled onto the same species. Furthermore, the two
bioorthogonal labeling processes are supposed to be
independent of each other.

The labeling behavior of 1 and 2 and their photophysical
response toward their corresponding labeling reactions was
mvestigated using azido acetic acid (1a) and 5-norbornene-2-
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methylamine (2a) as model substrates, respectively. Formation
of the resultant compounds 1b and 2b in 5 min was confirmed
by the MALDI-TOF MS analysis (Figure 2C, 2D), though
they were obtained as a mixture of regioisomers. The MS
spectrum of a mixture of 1, 2, 1a, and 2a revealed four peaks
at m/z = 625, 721, 1046, and 1147, corresponding to 2, 2b, 1,
and 1b, respectively (Figure 2E), demonstrating no crosstalk
between the two labeling reactions.
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Figure 2. (A) SPAAC bioorthogonal labeling reaction of complex
1 and 1a to yield 1b. (B) iEDDAC bioorthogonal labeling reaction
of compound 2 and 2a to yield 2b. The MOLDI-TOF MS spectra
of a mixture of 1 and 1b (C), 2 and 2b (D), and 1, 1a, 2, and 2a
(E). Luminescence spectra of complex 1 and a mixture of 1 and
la (F), and compound 2 and a mixture of 2 and 2a (G) in
DMSO/PBS buffer (1 : 99, v/v, pH = 7.4) at room temperature.
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Figure 3. (A) Bioorthogonal labeling reactions yielding

compounds 4 and 5. (B) The MOLDI-TOF MS spectra of a
mixture of 1 and 3 before (blue) and after (red) addition of 2. The
calculated masses of 4 and 5 are shown in black for comparison.
Luminescence spectra (C) decay curves (D) and lifetime values
(insets in (D)) of 1 and resultant conjugates upon each step of
labeling in DMSO/PBS buffer (1 : 99, v/v, pH = 7.4) at room

temperature. (E) Luminescence spectra of pairwise mixtures
under the same condition.

Accompanying the SPAAC labeling, complex 1 exhibited
reduced absorption at 270 — 310 nm (Figure S4), which has
also been observed wupon addition of 1la to 4-
dibenzocyclooctynol. Upon photoexcitation, complex 1
exhibited intense luminescence at 573 nm with a lifetime of
186 ns in phosphate buffer saline (PBS) buffer at pH 7.4. The
phosphorescence was slightly enhanced by 1.2 fold upon
addition of 1a, but the spectrum was indistinguishable from
that of complex 1 (Figure 2F). Compound 2 exhibited the
absorption maximum at about 537 nm and was nonemissive in
solution owing to the efficient quenching by the tetrazine
moiety. Intense fluorescence was turned on upon generating
2b with an enhancement factor of 28 fold (Figure 2G and
Figure S5). Thus, intracellular labeling of the acceptor is
readily visualized via laser-scanning fluorescence confocal
microscopy. To investigate the effect of intramolecular FRET
on the phosphorescence properties of the donor, 1 and 2 were
allowed to react with the azide-C6-norbornene model
compound 3 to yield 4 and 5 in two steps (Figure 3A). The MS
spectra of the resultant conjugates in each step were shown in
Figure 3B, confirming the generation of 4 and 5. After the
SPAAC labeling of complex 1, the phosphorescence of 1 was
enhanced by 2.1 fold with the lifetime elongated to 408 ns
(Figure 3C and 3D), which was significantly quenched with
the lifetime shortened to 57 ns upon further iEDDAC
tetrazine-norbornene click reaction with compound 2,
indicative of efficient intramolecular FRET from iridium(III)
to rhodamine. According to the equation (E = 1 - mpa/7p), the
FRET efficiency (E£) in compound 5 was calculated to be 86%.
For comparison, the phosphorescence spectra of the pairwise
mixtures of 1 and 2, 1 and 2b, 1b and 2, and 1b and 2b were
recorded and shown in Figure 3E to evaluate the
intermolecular energy transfers. These mixtures maintained
the luminescence characteristics of complex 1 or 1b with the
lifetimes longer than 180 ns.

The utilization of 1 and 2 as a donor/acceptor pair for
detection of caspase-3 was demonstrated in PBS buffer
containing 1% dimethyl sulfoxide (DMSO) and 10% fetal
bovine serum (FBS) using DEVD tetrapeptide as the cleavable
substrate. The presence of FBS (10%) helped to maintain the
polarity and viscosity of the solution unchanged upon addition
a small amount of caspase-3. The tetrapeptide DEVD
modified with an azide and a GK-norbornylene groups at the
amino and carboxyl terminuses, respectively (Figure 4A), (N3-
DEVDGK-norbornylene) was purchased from ChinaPeptides.
In the typical “labeling before recognition” sensing (Figure
4B), the peptide was first labeled with 1 and 2. Upon addition
of the stock mixture of 1 (10 uM) and 2 (10 uM) to Ns-
DEVDGK-norbornylene (10 uM), successful and efficient bis-
bioorthogonal labeling (Figure 4A) in less than 0.5 h was
confirmed by the observation that the fluorescence of
compound 2 was turned on (Figure S6) and the
phosphorescence lifetime of complex 1 was shortened from
1389 to 1023 ns. The FRET efficiency in the 1-peptide-2
conjugate was calculated to be 26%, which was much smaller
than that in compound 5, because the peptide linker was much
longer than the spacer-arm 3, leading to a longer distance
between the two luminophores. Addition of caspase-3 (50 pM)
to the 1-peptide-2 conjugate gradually elongated the lifetime
to 1299 ns in 2 h at 37 °C. In another experiment, which we
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call “labeling after recognition”, the caspase-3 (50 pM) was
first added to the cleavable peptide (10 uM) and the mixture
was stirred gently at 37 °C for 0.5 — 2 h (Figure 4C). The stock
mixture of 1 (10 pM) and 2 (10 uM) was added for labeling
0.5 h before lifetime measurement. As shown in Figure 4D,
increasing the duration of the recognition resulted in a longer
phosphorescence lifetime. Two control experiments were
performed where the caspase-3 enzyme or the peptide was
absent. In the absence of caspase-3, the 1-peptide-2 conjugate
kept the lifetime of about 1023 ns at 37 °C almost unchanged
(Figure 4D). In the absence of the peptide, the mixture of 1, 2
and caspase-3 exhibited a phosphorescence lifetime of about
1395 ns. The lLifeime elongation in the two sensing
experiments indicated that the intramolecular FRET was
inhibited owing to the catalytic cleavage of the peptide by
caspase-3. Thus, the phosphorescence lifetime can be used as
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an indicator of the catalytic activity of caspase-3. Interestingly
and importantly, the lifetime response in the “labeling after
recognition” sensing was much faster and more significant
compared to that in the “labeling before recognition” sensing.
The lifetime reached an equilibrium point in 1.5 h and the
lifetime value was comparable to that m the control
experiment where the peptide was absent. Further increasing
recognition time did not elongate the lifetime much. These
results suggested that the peptide was almost completely
cleaved in 1.5 h and indicated that “labeling after recognition”
was much more sensitive and more efficient than “labeling
before recognition” 1n the detection of caspase-3. Such
difference has been tentatively ascribed to that luminophore-
induced steric hindrance and/or non-specific interaction was
avoided during catalytic cleavage in the “labeling after
recognition” approach.
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Figure 4. (A) The chemical structures of N3-DEVDGK-norbornylene and the bioorthogonal labeling reaction with 1 and 2. Scheme
showing the caspase-3 detection in the “labeling before recognition” approach (B) and the “labeling after recognition” approach (C). (D)
Phosphorescence lifetime traces upon caspase-3—DEVD recognition for 0.5 — 2 h in two sensing approaches. Error bars represent the

standard deviations of three independent measurements.

To gain msight into the possible binding mode on the
DEVD binding site of caspase-3 and the structural basis
underlying the differences in the sensitivity of the two sensing
approaches, molecular docking?* was performed for the
azide and norbornylene bis-modified peptide before and after
bis-bioorthogonal labeling. The coordinates of the protein
structure of capsase-3—-DEVD were obtained from the Protein
Data Bank (PDB code: 3PD0)* and the model substrate AC-
DEVD-CMK (Figure 5A) was extracted via PyMOL.
Molecular docking of the DEVD-containing peptide into
capsase-3 was achieved in AutoDock 4.2373% As shown in
Figure 5B, the model substrate was buried in the pocket
forming hydrogen bonds with Phe-250, Asn-208, Arg-207,
Ser-205, Gln-161, Arg-64 residues of caspase-3. The bond
lengths ranged from 2.07 to 3.47 A. Modification of the
tetrapeptide motif with azide and norbornylene groups did not
remarkably affect the binding to caspase-3. N;-DEVDGK-
norbornylene located in the same pocket and hydrogen bonds

with the same residues were also present (Figure 5C). The
coordinates of N3-DEVDGK-norbornylene were quite similar
to those of the model substrate AC-DEVD-CMK (Figure 5D)
and the free binding energy was calculated to be —8.08
keal/mol (Figure SE) which was slightly higher than that of
AC-DEVD-CMK (-8.21 keal/mol). After bioorthogonal
labeling, upon docking 1-DEVDGK-2 into the same pocket,
similar hydrogen bonds were not observed except those with
Arg-207 and Ser-205 residues (Figure 5F) and the free binding
energy increased to —4.12 kecal/mol probably due to steric
hindrance caused by the large molecular sizes of complex 1
and compound 2. The coordinates of 1-DEVDGK-2 were very
different from those of the model substrate AC-DEVD-CMK
(Figure 5G). Additional interactions with Ser-65, Thr-62, Ser-
209, Arg-164 residues were observed (Figure 5F), which may
lead to non-specific affinity during DEVD recognition by
caspase-3. Taken together, the results of molecular docking
studies showed that N;-DEVDGK-norbornylene was more
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easily recognized by caspase-3 before luminophore labeling
compared to 1-DEVDGK-2, which also well explained why
the “labeling after recognition” sensing of caspase-3 exhibited
a higher sensitivity compared to the “labeling before
recognition” sensing.

Intracellular bioorthogonal labeling has been investigated
via confocal luminescence and lifetime imaging microscopy.
Both 1 and 2 showed negligible cytotoxic effect toward living
HeLa cells under the imaging conditions as revealed by the 3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium  bromide
(MTT) assay Figure S7). HeLa cells incubated with complex 1
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(5 uM, 30 min) exhibited intense intracellular luminescence
(Figure S8A). Further incubation with 1a (5 uM, 30 min) did
not cause remarkable change in the staining pattern or
emission intensity. Decay analysis of the intracellular
luminescence via PLIM indicated an elongation of the
emission lifetime from about 665 ns to 683 ns upon
intracellular SPAAC forming 1b (Figure S8A). In another
experiment, HeLa cells incubated with compound 2 (5 uM, 30
min) remained nonemissive under photoexcitation at 515 nm
until further loading of 2a (5 uM, 30 min) to activate iIEDDAC
labeling and generate fluorescent 2b (Figure S8B).
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Figure 5. (A) The chemical structure of the model substrate of caspase-3, AC-DEVD-CMK. Binding pocket and conformation of AC-
DEVD-CMK (B) and N3-DEVDGK-norbornylene (C) in caspase-3. The hydrogen-bond interactions and bond-lengths (A) with key amino
acid residues in the binding site are shown. (D) Overlap view of AC-DEVD-CMK and N3-DEVDGK-norbornylene in the binding pocket
of caspase-3. The DEVD segment was yellow and orange in AC-DEVD-CMK and N;-DEVDGK-norbornylene, respectively. (E)
Calculated free binding energy of AC-DEVD-CMK, N;-DEVDGK-norbornylene, and 1-DEVDGK-2 toward caspase-3. (F) Binding
pocket and conformation of 1-DEVDGK-2 in caspase-3. (G) Overlap view of AC-DEVD-CMK and 1-DEVDGK-2 in the binding pocket
of caspase-3. The DEVD segment was yellow and sky-blue in AC-DEVD-CMK and 1-DEVDGK-2, respectively.

Then we demonstrated the simultaneous labeling of 1 and 2
onto N3-DEVDGK-norbornylene in living cells. HeLa cells
were first simultaneously incubated with 1 (5 uM) and 2 (5
uM) for 30 min followed by incubation with N;-DEVDGK-
norbornylene. Photoluminescence confocal imaging revealed
moderate emission quenching upon bis-labeling (Figure S9).
The phosphorescence lifetime of complex 1 at 575 + 25 nm
was recorded via PLIM. As shown in Figure 6A, before

bioorthogonal labeling, intracellular complex 1 exhibited a
lifetime of about 660 ns and the lifetime distribution inside the
cells was even. Upon incubation with N;-DEVDGK-
norbornylene for 10 min, some short-lived spots appeared
inside the cells (Figure 6B,C). The lifetime values of the long-
lived and short-lived spots were determined to be 672 ns and
533 ns, respectively, giving an averaged lifetime of 627 ns
(Figure 6D). The short-lived spots have been assigned to bis-
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labeled peptide and the long-lived signals originated from free
complex 1 or monolabeled 1-peptide conjugate, respectively.
As incubation proceeded, the short-lived spots became
dominant, indicating more peptide molecules were bis-labeled.
The averaged lifetime reached the shortest value of 513 ns in
50 min and the lifetime distribution returned to uniformity,
indicating that the labeling was successful and finished.
Analysis of the relative occurrence of the long-lived and short-
lived signals gave an approximate overview on the degree of
bis-labeling occurred. About 83.5% of intracellular complex 1
appeared on the bis-labeled peptide in 50 min of peptide
incubation (Figure 6E). The fluorescence of compound 2 was
turned on upon labeling and the fluorescence pattern exhibited
a good colocalization coefficient (91%) with the
phosphorescence of complex 1 (Figure S10A), suggesting that
1 and 2 were labeled onto the same peptide molecule inside
the cells. When la and 2a were used for intracellular
bioorthogonal labeling instead of N3-DEVDGK-norbornylene,
similar fluorescence turn-on of compound 2 was observed, but
the colocalization coefficient dropped to 25% (Figure S10B).
This 1s because 1 and 2 were labeled on different molecules,
although the labeling reactions occurred.
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Figure 6. (A) Photoluminescence lifetime confocal microscopy
images of living Hela cells preloaded with 1 and 2 and then
incubated with N3;-DEVDGK-norbornylene (5 uM) for 0 — 50
min. Enlarged view of the marked area in (A). (C) The
photoluminescence decay curves of the circled area in (B). (D)
Averaged lifetime values of living Hel.a cells preloaded with 1
and 2 and then incubated with N3-DEVDGK-norbornylene (5
uM) for 0 — 50 min. (E) Relative occurrence of long-lived and
short-lived signals during lifetime imaging. Scale bar: 20 um.

The catalytic activity of intracellular caspase-3 during
cellular apoptosis was measured via PLIM. In the “labeling
before recognition” approach, conjugate 1-DEVDGK-2 was
first prepared extracellularly in solution and then added into
the medium for cellular uptake. However, the internalization
of this conjugate was inefficient and insufficient photon
signals were detected during PLIM analysis. Using
bioorthogonal probes to form the conjugate intracellularly
perfectly solved this problem. HelLa cells were first incubated
with N;-DEVDGK-norbornylene and then complex 1 and
compound 2 were added into the culture medium for
mtracellular bioorthogonal labeling. After that, cisplatin was
used to induce cellular apoptosis*-® and the phosphorescence
lifetime was measured in 4 h. In the “labeling after
recognition” experiment, cells were incubated with N;-
DEVDGK-norbornylene and then stimulated with cisplatin for
4 h. Complex 1 and compound 2 were added into the culture
medium 1 h before photoluminescence lifetime imaging. The
luminescence images were shown 1n Figure S11. The intensity

response was not significant in either sensing approach. As
shown in the PLIM images (Figure 7A), in both sensing
approaches, the intracellular phosphorescence lifetime became
longer when the cells were stimulated with cisplatin,
indicating that caspase-3 was activated when the cells itialed
apoptosis. Lifetime analysis showed that as the concentration
of cisplatin increased, the long lifetime spots became more and
the short lifetime spots became fewer mn the PLIM images
(Figure 7B), resulting in elongation of the averaged lifetime
values (Figure 7C). The relative occurrence of the long-lived
signals in the lifetime 1images reflected the extent to which the
catalytic cleavage proceeded. Colocalization analysis of the
phosphorescence of complex 1 and the fluorescence of
compound 2 showed that the coefficients dropped from about
90% to about 20% when the cells were treated with 40 ug/mlL
of cisplatin for 4 h (Figure S12A), which confirmed that the
peptide was catalytically cleaved by activated caspase-3
during cellular apoptosis. As in the case of sensing in solution,
the lifetime response toward activated caspase-3 in apoptotic
cells 1s faster and more sensitive during “labeling after
recognition” imaging compared to “labeling before
recognition” sensing. Especially, when the cells were treated
with cisplatin at a concentration as low as 1 pg/ml, the
lifetime of conjugate 1-DEVDGK-2 was hardly responsive in
4 h, but i contrast, long-lived spots with a lifetime of about
670 ns were observed (Figure 7D) and accounted for about
32% of the emissive spots when labeling took place after the
catalytic peptide cleavage, which led to an increase of the
averaged lifetime to about 556 ns. When increasing the
duration of cisplatin treatment to 24 h, the difference in the
lifetimes measured 1n the two sensing approaches was not that
big (Figure S12B), indicating that the cleavage products was
the same during the two sensing approach, but the lifetime
response in the “labeling after recognition” was much faster.

A Labeling before recognition (LbR)

(su) awnayn =

B @660+ 20 ns g513+20 ns
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» i ipp
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1
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0 1 5 10 20 40 0
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Figure 7. (A) Photoluminescence lifetime confocal microscopy
images of Hela cells stimulated with cisplatin at different
concentrations for 4 h in two different sensing approaches. (B)
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Relative occurrence of long-lived and short-lived signals during
lifetime imaging. (C) Averaged lifetime values of the lifetime
images. Error bars represent the standard deviations of three
independent measurements. (D) Enlarged view of the marked area
in (A) and photoluminescence decay curves of the circled area.
Scale bar: 20 pm.

CONCLUSION

Labeling of substrate with Iuminescent tags has been
extensively used for signaling and imaging of a variety of
biomolecules owing to the specific and strong substrate-
biomolecule interactions. Bis-labeling of an energy donor and
acceptor facilitates FRET-based signaling, but usually brings
about steric hindrance and induces nonspecific interactions,
inhibiting the specific recognition by biomolecules.
Additionally, a larger molecular size upon bis-labeling
probably inhibits the cellular internalization. Bioorthogonal
chemistry is a powerful method that has been used for labeling
biomolecules in their native environments. In this work, we
demonstrated intracellular bis-labeling of a phosphorescent
iridium(IIl) complex and a fluorescent rhodamine derivative
via two bioorthogonal reactions onto the tetrapeptide DEVD,
which is a substrate of the cutting enzyme caspase-3, affording
an FRET-based sensor for the catalytic activity of caspase-3
during cellular apoptosis. Owing to the high specificity, the
two labeling processes did not interfere with each other even
in the intracellular environment. Experimental detection and
computational molecular docking showed that the bis-labeling
of the donor/acceptor pair reduced the specificity and affinity
of the DEVD—caspase-3 recognition. To address this issue, we
designed a new “labeling after recognition” sensing approach,
in which bioorthogonal labeling occurred after the substrate
was recognized and cleaved by caspase-3. In real-time long-
term cellular imaging, the photoluminescence intensity was
interfered by dynamic concentration variation of the
luminophores in living cells. We used PLIM to measure
photoluminescence lifetimes as a sensitive indicator for
caspase-3. Compared to traditional “labeling before
recognition” sensing and imaging, the sensitivity in the new
“labeling after recognition” approach was remarkably
improved because the steric hindrance and/or non-specific
interaction was minimized. Lifetime analysis also gave more
information on the catalytic peptide cleavage compared to the
intensity-based imaging. Analysis the relative occurrence of
long-lived and short-lived signals in the images gave an
approximate idea about the extent to which the catalytic
cleavage occurred. This new sensing approach involving
intracellular ~ bioorthogonal labeling, “labeling  after
recognition”, and photoluminescence lifetime imaging can be
easily and widely used for imaging other cutting enzymes or
biomolecules in living cells during specific cellular activities.
In the future, with the fast development of bioorthogonal
chemistry and the photoluminescence lifetime imaging
technique, “labeling after recognition” represents a new
powerful platform for the non-invasive detection and imaging
of biological activities.
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