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Abstract

We introduce a simple, versatile and robust one-step technique that enables real-time imaging of
multiple intracellular caspase activities in living cells without the need for complicated synthetic
protocols. Conventional fluorogenic probes or recently reported activatable probes have been
designed to target various proteases but are limited to extracellular molecules. Only a few have
been applied to image intracellular proteases in living cells because most of these probes have
limited cell-permeability. Our platform does not need complicated synthetic processes; instead it
involves a straightforward peptide synthesis and a simple mixing step with a commercial
transfection agent. The transfection agent efficiently delivered the highly quenched fluorogenic
probes, comprised of distinctive pairs of dyes and quenchers, to the initiator caspase-8 and the
effector caspase-3 in MDA-MB-435 cells, allowing dual-imaging of the activities of both caspases
during the apoptotic process induced by TNF-related apoptosis induced ligand (TRAIL). With the
combination of multiple fluorogenic probes, this simple platform can be applied to multiplexed
imaging of selected intracellular proteases to study apoptotic processes in pathologies or for cell-
based high throughput screening systems for drug discovery.
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1. Introduction

Apoptosis, or programmed cell death, is a controlled sequence of events leading to discharge

of cells without releasing toxic materials to the surroundings [1]. In physiological
conditions, apoptosis plays pivotal roles in regulating embryonic development, growth and
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differentiation and causes tumor cell death once triggered by chemotherapeutic drugs [2, 3].
One of the key players in apoptosis is a family of cysteine-dependent aspartate-directed
proteases, named caspases. There are twelve known caspases found in humans which can be
classified into two distinct types: the initiators (e.g. caspase-8 and —9) and the effectors (e.g.
caspase-3 and —7) [4-6]. Initiators are in charge of activating effectors by cleaving the pro-
forms of effector caspases. Subsequently, effectors will cleave protein substrates in the death
pathway at specific sites containing aspartic acid followed by triggering the apoptotic
process. Since successful anticancer therapeutics such as chemo- and radiation-therapy rely
on apoptosis, a robust apoptosis monitoring and screening method has the potential to
accelerate the process of drug discovery and development. Various strategies based on
different imaging modalities have been reported to image apoptotic processes in cells and in
vivo, which are well summarized elsewhere [7-11].

The gold standard method to assess apoptosis utilizes dye-labeled annexin V, a Ca2*
dependent phospholipid-binding protein which binds to phosphatidylserine exposed on the
cell membrane during the stages of apoptosis [12, 13]. Although binding of annexin V to the
apoptotic cell surface has proven valuable and simple, it is an indirect method that is not
completely specific to apoptosis. Another approach is to monitor specific apoptosis
signaling molecules such as caspases. Caspases have attracted particular interests in
apoptosis imaging because these enzymes are direct and crucial mediators of apoptosis [5,
14]. Recently, significant efforts have focused on the development of optical molecular
probes targeting altered activities of caspases during apoptotic processes. Measuring the
levels of different types of activated caspases from a single cell lysate can be done easily
with a commercialized assay kit comprised of fluorogenic substrates specific to certain
caspases. However, monitoring caspases’ activities in living cells can be difficult because
caspases are intracellular enzymes and fluorogenic substrates are typically cell-impermeable
[15]. Furthermore, multiplexed imaging of multiple caspases in living cells is more
complicated [16]. To target key intracellular caspases, various strategies are reported to
enhance the membrane-permeability of caspase-sensitive probes [17]. Among them, cell-
permeable activatable optical imaging probes have become an attractive platform for real-
time imaging of apoptosis [18, 19].

Activatable probes are designed to amplify fluorescence signals in response to specific
biomolecular recognition in real-time. These probes are typically based on fluorogenic
substrates comprised of a peptide substrate specific for a target enzyme, a dye and quencher
pair and a carrier to optimize stability or enhance the cellular uptake of the probe. A variety
of activatable probes have been introduced by a combination of substrate, dye/quenchers,
polymers or inorganic nanoparticles [20-25]. Most reported probes have been designed to
target extracellular enzymes but only a few have ability to target intracellular enzymes like
caspases in living cells [17]. Recently, we and others reported a series of cell-permeable,
caspase-activatable probes based on the use of cell-penetrating peptides, self-assembled
polymeric nanoparticles, polymer-coated gold nanoparticles, or silica nanoparticles [16-19,
26-28]. Each design displays promising results either in vitro or in vivo; however, the
reported systems are not necessarily practical for routine monitoring the activities of
multiple caspases in living cells due to the need for complicated multistep synthesis and
purifications. Alternatively, engineered fluorescent and luminescent proteins can be applied
to multiplexed caspase imaging in living cells, but these strategies require genetically
modified cells, which are time-consuming and costly [29, 30].

In this study, we report a simple, versatile and robust method using a one-step technique that
is capable of boosting multi-fluorescence signals upon apoptosis in living cells, enabling
real-time imaging of the caspase cascade. The formula is based on the mixture of highly
quenched fluorogenic probes consisting of substrates targeting different caspases and
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diverse pairs of dyes and dark quenchers (Fig. 1A). Instead of modifying these probes
through complicated multi-step synthesis, we simply improved its cell-permeability by
blending fluorogenic probes with a commercially available transfecting agent, PULSIn®.
PULSIn® is a cationic amphiphilic-based delivery agent. It forms a complex with negatively
charged peptides or proteins by electrostatic or hydrophobic interactions. [31, 32]. As a
proof-of-concept, we demonstrate the synthesis, preparation and characterization of the
activatable formula and apply it to real-time imaging of two representative initiator and
effector caspases, namely caspase-8 and -3, in single living cells undergoing apoptosis.

2. Materials and Methods

2.1. Chemicals

Cy5.5 N-hydroxy succinimide (NHS) ester was purchased from GE Healthcare (Piscataway,
NJ) and FPG456 was a gift from BioActs (Incheon, Korea). TNF-related apoptosis induced
ligand (TRAIL) was obtained from Sigma-Aldrich (St. Louis, MO). Caspase-3 and
caspsase-8 inhibitors and their polyclonal antibodies were obtained from R&D Systems Inc.
(Minneapolis, MN). MDA-MB-435 cells were purchased from the American Type Culture
Collection (Manassas, VA). Peptide/protein transfection reagent, PULSIn®, was purchased
from VWR International (Radnor, PA). 35-mm glass bottom dishes and 8-well chambers
were purchased from MatTek Corporation (Ashland, MA, USA). The amino acids and
peptide synthesis related reagents were obtained from CS Bio. Co. (Menlo Park, CA). All
other solvents and chemicals were purchased from Sigma-Aldrich.

2.2. Synthesis of fluorogenic probes

A synthetic scheme is described in the Supplementary Data (Scheme S1 and S2, Fig. S1 and
S2). Briefly, caspase-3 activatable probe (denoted as C3) was prepared from the side chain
protected caspase-3 substrate 3, NH,-Gly-Asp(tBu)-Glu(tBu)-Val-Asp(tBu)-Ala-Pro-
Lys(Boc)-OH. 3 was synthesized using an automatic peptide synthesizer by Fmoc chemistry
ata 0.1 mmol scale using a Gly-2-CITrt resin 1 (0.43 meqg/g). O-Benzotriazole-N,N,N’,N’-
tetramethyl-uronium-hexafluoro-phosphate (HBTU) and hydroxybenotriazole (HOBt) were
used as the activating reagents. Crude peptide on resin 2 was cleaved by 1% trifluoroacetic
acid (TFA) in dichloromethane, followed by precipitation in cold ethyl ether. Peptide 3 was
purified by preparative reversed-phase high performance liquid chromatography (RP-HPLC,
Dionex, CA), using 20% to 90% acetonitrile containing 0.1% TFA versus distilled water
containing 0.1% TFA over 30 minutes at a flow rate of 10 mL/min (C18 column, 5 um, 250
x 20 mm). The proper fraction was collected and lyophilized. Then the fluorescence donor,
Cy5.5 NHS ester (Cy5.5-NHS, 10 wM), was reacted with 3 in anhydrous N, N-
dimethylformamide (DMF, 200 L) containing 2% diisopropylethyalamine (DIPEA) at
room temperature in the dark. The reaction was monitored by analytical RP-HPLC, using
5% to 65% acetonitrile containing 0.1% TFA versus distilled water containing 0.1% TFA
over 30 minutes at a flow rate of 1 mL/min (C18 column, 5 um, 120A°, 250 x 4.6 mm).
Crude product of 4 was precipitated by addition of cold ethyl ether and then lyophilized. The
side chain protecting groups were removed by a TFA/water/triisopropylsilane/1,2-
ethanedithiol (92.5/2.5/2.5/2.5, viviviv) cleavage cocktail. Cy5.5 labeled caspase-3 substrate
5 was purified by preparative RP-HPLC, 10% to 55% acetonitrile/water (0.1% TFA), for 30
min at a 10 mL/min flow rate, and lyophilized as described above. The dried compound
gave a blue color and was kept in dark for the further experiments. Finally, the NHS ester of
Black Hole Quencher® 3 (BHQ-3-NHS) was coupled to the e-amino group of lysine and
product was purified and lyophilized. The purity and mass of C3, 6, was confirmed by
analytical RP-HPLC and LC/MS (Fig. S1). Similarly, caspase-8 activatable probes (denoted
as C8) with and without quencher were prepared as described above using the peptide
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sequence of Gly-lle-Glu(OtBu)-Thr(tBu)-Asp(OtBu)-Ala-Pro-Lys(Boc) and FPG456 (ex/
em, 475/522 nm) and BHQ-1-NHS as a quenching pair (Fig. S2).

2.3. Characterizations of probes

The absorbance of each dye, quencher and probe were measured in PBS (10 mM, pH 7.4)
buffer by Genesys 10S UV-Vis spectrophotometer. The quenching efficiency (QE) was
quantified by F-7000 spectrofluorometer (Hitachi, Japan). Briefly, known concentrations of
dyes (FPG456 and Cy5.5) and probes (C8 and C3) were measured by spectrofluorometer.
The excitation wavelength was set at 450 nm for FPG456 and 675 nm for Cy5.5 and the
emission spectra were recorded from 500 to 650 nm and 680 to 750 nm, respectively. The
QE was calculated as C8 versus FPG456 signals at 520 nm and C3 versus Cy5.5 signals at
695 nm. To visualize the activated fluorescence signals, C8 and C3 were dissolved in the
caspase reaction buffer (20 mM HEPES, 10% Sucrose, 100 nM NaCl, 10 mM DTT, 1 mM
EDTA, 0.1% CHAPS, pH 7.2) and were imaged before and after the addition of 12 nM of
caspase-8 and —3 by Maestro 2.0 imging system (Caliper Lifer Science, Hopkinton, MA)
using “orange” and “blue” filters, respectively. The images were compared at the same
scale.

2.4. In vitro caspases activation of probes

The fluorescence activation of C3 by caspase-3 was investigated by incubating 500 nM of
C3in a reaction buffer containing a sequentially diluted active caspase-3 (0.5, 1.5, 3, and 6
nM) for 90 min at 37 °C. The fluorescence intensity was monitored using a
spectrofluorometer. Similarly, C8 was incubated with different concentrations of caspase-8
(1.5, 3, 6, and 12 nM) and fluorescence changes were monitored for 90 min. For the
specificity test, 500 nM of C3 and C8 were mixed at a final concentration of 500 nM in the
reaction buffer. The background of the probe mixture was monitored at respective emission
wavelengths (522 nm and 695 nm for FPG456 and Cy5.5) at 10 min intervals during the first
50 min. At 50 min, 12 nM of caspase-8 was added into the mixture and fluorescence
intensity from each dye was monitored up to 60 min. At 110 min, 6 nM of caspase-3 was
further added into the reaction system and fluorescence intensity changes were recorded for
another 1 hr at selected time points. Finally, the signals from each time point were analyzed
and normalized with the signals from the starting time-point.

2.5. Cellular uptake of probes by PULSIn

Human melanoma cell line, MDA-MB-435 cells (ATCC, Manassas, VA), were cultured in
L-15 medium (Gibco, Grand Island, NY) containing 10% fetal bovine serum (FBS) with 1%
penicillin-streptomycin at 37°C in a humidified 5% CO, atmosphere. MDA-MB-435 cells
were plated 12 h before the start of the experiment in 8-well chamber slides at a density of
5x10°2 cell/cm? overnight. To prepare the probe/PULSin formula, 1 pg of Cy5.5-labeled,
non-quenched C3 (Cy5.5-C3) was dissolved in 100 pL of HEPES (20 mM) then incubated
with different amounts of PULSIn (0, 1, 2 and 4 p.L from a commercially provided stock
solution) for 15 min. After that, L-15 medium without FBS was added to make a final
volume of 1 mL for each mixture. The next day, the cells were washed twice with PBS and
incubated with the above Cy5.5-C3/PULSin mixtures for 3 hr followed by treatment with Z-
fix formalin and DAPI staining at room temperature. The cellular uptake of Cy5.5-C3 was
examined with a confocal microscope configured for Cy5.5 filter.

2.6. Annexin V staining

The annexin V plasmid was kindly provided by Professor S.J. Martin from Trinity College
in Ireland and expressed and purified as reported previously [33]. FITC was further
conjugated to purified annexin V for apoptosis verification. Briefly, MDA-MB-435 cells
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were seeded into 8-wells chamber and subjected to TRAIL treatment (100 ng/mL in L-15
medium without FBS). Next, the cells were incubated with FITC-annexin V (1 pg/mL) in a
binding buffer (10 mM of HEPES-NaOH, 150 mM of NaCl, 5 mM of KCI, 1 mM of MgCl,,
1.8 mM of CaCly, pH 7.4) for 15 min in the dark at room temperature. After removing free
FITC-annexin V by PBS washing, apoptotic cells were recognized by FITC-annexin V and
nucleus was stained by DAPI. The labeled cells were observed under a fluorescence
microscope (1X81, Olympus, Japan).

2.7. Cellular imaging of caspase cascade

For the visualization of caspase-8 and -3 cascade activations, 3x106 MDA-MB-435 cells
were seeded onto 35 mm glass bottom dishes and allowed to grow until 80% confluent.
Cells were washed twice with PBS before the imaging studies. To deliver C8 and C3 into
the cells, 2 g of C8 or C3 were incubated with 8 pL of PULSIn in 200 nL of HEPES (20
mM) for 15 minutes at room temperature. Then, L-15 medium without FBS was added to
make 1 mL solution. The C8/PULSin and C3/PULSin were mixed and the mixture, C8/C3/
PULSIn, was added into MDA-MB-435 cells for 4 hours at 37 °C. Afterwards, cells were
washed by PBS to remove free probe/PULSin complexes. To induce apoptosis, TRAIL (100
ng/mL in L-15 medium without FBS) was added into the dish. After 4 hr of incubation, the
cells were washed carefully by PBS and fixed with Z-fix formalin for 15 min at room
temperature followed by adding mounting medium with DAPI. For the inhibition test,
MDA-MB-435 cells were prepared in a 35-mm dish and treated with C8/C3/PULSIn as
described above. After 4 hr of incubation, the cells were further treated with either 50 uM of
caspase-3 inhibitor (Z-D(OMe)-E(OMe)-V-D(OMe)-FMK) and both caspase-8 (Z-1-
E(OMe)-T-D(OMe)-FMK) and -3 inhibitors before adding 100 ng/mL of TRAIL. The
activation and inhibition of caspase expressions was visualized using confocal microscopy
(FV10i-LI1V, Olympus), in which the emission wavelengths were collected at 520 nm and
692 nm for FPG456 and Cy5.5, respectively. For real-time cellular imaging, cells were
visualized by confocal microscopy once TRAIL (100 ng/mL in L-15 medium without FBS)
was added into the dish to induce apoptosis. Images were collected at 30 min intervals over
4 hr with a cooled charged-coupled device video camera. Cells were imaged through
different filters to acquire differential interference contrast (DIC) images, FPG456 and
Cy5.5 fluorescence images.

2.8. Statistical analysis

Quantitative data were expressed as mean + SD. A Student’s #test was used to test
differences between groups. P values of less than 0.05 were considered statistically
significant.

3. Results and discussion

3.1. Synthesis of caspase-specific fluorogenic probes

The fluorogenic probes targeting caspase-8 and —3, C8 and C3, were synthesized with a
specific core substrate, Ile-Glu-Thr-Asp and Asp-Glu-Val-Asp, respectively. Gly and Ala-
Pro-Lys residues were incorporated into the C-terminal and N-terminal part of each
substrate to allow specific conjugation of a dye/quencher pair, FPG456/BHQ-1 and Cy5.5/
BHQ-3 (Fig. 1B). FPG456 and Cy5.5 were chosen because of no significant spectral overlap
of emission between two dyes and both dyes have been used frequently for cellular imaging
applications. Synthesized C8 and C3 showed purity greater than 95% by RP-HPLC and
mass was confirmed by LC/MS (m/z calculated/found for C8 and C3; 905.31/905.80 [M +
H]?* and 1129.38/1129.05 [M + H]2*, respectively) (Supplementary Data Fig. S1 and S2).
As shown in Fig. 2A, C8 and C3 demonstrated a broad UV-Vis absorption peak over the
400 — 600 and 500 — 700 nm range covering the absorption spectra of FPG456/BHQ-1 and
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Cy5.5/BHQ-3 pair, respectively. The quenching efficiency of the probes was calculated
based on the fluorescence emission produced by the same molar concentration of free dyes
and expressed as the fold reduction from the initial value (Fig. 2B). BHQ-1 and -3
decreased fluorescence emission of FPG456 (Amax Em 522 nm) and Cy5.5 (Amax EmM 695
nm) by 51.3 £ 5.1 and 103.4 + 12.4-fold. When the quenched probes were incubated with 6
nM of caspases-8 and -3 in the reaction buffer for an hour, the fluorescence signals were
significantly recovered and increased signals were imaged by an optical imaging instrument
(Maestro) (Fig. 2B). Different quenching folds between C8 and C3 could be due to several
factors, for example, the quenching efficiency of the quencher against a specific dye, water-
solubility of dye/quencher pair or the physical structure of the fluorogenic substrate in
buffer.

3.2. Enzyme specificities of probes

The caspase selectivity of C8 and C3 was investigated in vitro by incubating probes in the
reaction buffer containing different concentrations of active caspase-8 or —3 with or without
a specific caspase inhibitor. As shown in Fig. 3A and 3B, probes without caspases were in a
strongly quenched state and stable in the reaction buffer. C3 with a Cy5.5/BHQ-3 pair
demonstrated lower background compared to that of C8 with a FPG456/BHQ-1 pair. When
the respective caspases were added, strongly quenched probes were able to produce robust
fluorescence signals against the target caspase. C8 and C3 demonstrated 14.0 + 1.5 and 53.0
+ 2.3-fold enhanced fluorescence emission signals at 522 nm and 695 nm when incubated
with 12 nM of caspase-8 and —3 at 37 °C for 60 min, respectively. In contrast, the
fluorescence activation was fully inhibited when the probes were incubated with caspases
and their inhibitors. All probes demonstrated a linear relationship between the intensity of
fluorescence signals and concentrations of active caspases (r2 > 0.95). However, due to the
subtle differences in quenching properties, background signals and cleavage rates between
C8 and C3, their linear range of an assay was different (for C8 and C3, 1 to 12 nM vs. 0.5 to
6 nM, respectively). Cleavage of caspase substrates is largely dependent on specific activity
of caspases to their substrate and the reaction condition [34]. Commonly used caspase
substrates, including the core sequences adopted in this study, are reasonably specific to
their target caspase, however, the cleavage rates can vary. For example, caspsae-3 is known
to cleave its substrates more rapidly than other caspases. In addition, labeling with dye/
quencher pairs and inserting amino acids can also affect the substrate cleavage because they
can change the overall physicochemical structures of the native substrate. Although C8
showed relatively low fluorescence activation compared to that of C3, both probes provided
enough signal changes that can be visibly differentiated in the cells.

Our proposed formulation aims to simultaneously target multiple caspases, therefore, the
specificity of each probe should be considered along with the different substrate activation
kinetics. Many peptide-based substrates are reported to be specific; however, there are no
perfect substrate for each caspase because many caspase substrate activities overlap. In other
words, caspases are typically specific for their substrate, but its intended substrate can be
cleaved by other caspases at different cleavage rates. For example, caspase-8 has specificity
for substrates containing IETD compared to that of DEVD. The IETD substrate can also be
cleaved by caspase-3 but caspase-3 has higher specificity for DEVD substrates. To
determine if the probes are able to distinguish between different types of caspases, C8 and
C3 were sequentially incubated with caspase-8 and caspase-3 at a 60 min time interval. As
shown in Fig. 3C, both C8 and C3 in the reaction buffer without any caspases were well-
quenched.

When caspase-8 was added after 50 min, the FPG456 signals from C8 gradually increased
up to 11.1 + 0.2-fold over the next 60 min whereas Cy5.5 signals from C3 showed moderate
changes of 3.3 + 0.2-fold. As expected, when caspase-3 was added at 110 min, C3 exhibited
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a16.1 = 0.7-fold increase in Cy5.5 signals at 180 min while C8 demonstrated only a 1.4 +
0.1-fold increase (vs. fluorescence signals at 110 min). The addition of caspases-8 and -3
slightly affected the activation of both probes; however, the relative fluorescence changes
induced by the respective caspases were sufficient to distinguish the specific caspases in the
same buffer. Substrate specific overlap is an intrinsic limitation of reported peptide-based
caspase substrates. Since our platform allows versatile modification of any substrate, the
current core sequences can be further replaced by newly reported, highly specific substrates
to improve its overall efficiency.

3.3 Cellular delivery of probes

To target intracellular caspases, probes should be delivered into the cell first. In the case of
C8 and C3, they are not highly cell-permeable thus cannot be directly used to image
intracellular caspase activities. Instead of chemically modifying our probes to enhance the
cellular internalization, we applied a commercialized transfection agent, PULSIin, which is
expected to enhance cellular delivery of peptides by simple mixing. To optimize the
formulation, the uptake of probes was monitored by using non-quenched C8 (FPG456-C8)
and C3 (Cy5.5-C3), in combination with different concentrations of PULSin in MDA-
MB-435 cells. A non-quenched form of the probe was used in this assay for monitoring
quick cellular uptake of a highly negatively charged peptide analog. The probe concentration
was fixed between 1 - 2 pg/mL according to our optimization process and manufacturer’s
protocol. As shown in Fig. 4, FPG456-C8 and Cy5.5-C3 alone (denoted as 0:1)
demonstrated low cellular uptake. In contrast, when both FPG456-C8 and Cy5.5-C3 were
co-incubated with PULSIn, the peptides were clearly internalized into cells in a PULSin
concentration-dependent manner and the uptake was maximized at the ratio of 4:1 with no
sign of cytotoxicity. This indicates that the current easy-to-use platform can be exploited for
live-cell imaging and quantitative analysis of apoptosis. However, it is to be remembered
that PULSIn is an aqueous formulation of positively charged lipids arranged into cationic
liposomes; thus it works well with negatively charged peptides like C8 and C3 but may not
work efficiently against positively charged peptide analogs based on electrostatic
interactions. To deliver fluorogenic probes with a positive net charge, other transfecting
agents should be considered.

3.4. Real-time visualization of caspase cascade

Finally, we investigated the potential application of C8/C3/PULSin for real-time,
simultaneous imaging of two different caspases in single cells with confocal microscopy.
Apoptosis was induced by treating cells with TRAIL. TRAIL is reported to stimulate
caspase expressions through either the extrinsic or intrinsic pathway depending on the cell
type. In MDA-MB-435 cells, TRAIL is known to activate caspase-8, —9 and -3 [35]. Before
cellular imaging, the expression of caspase-8 and —3 induced by TRAIL was verified by
Western blot assay (Supplementary Data, Fig. S3). TRAIL clearly activated pro-caspase-8 to
form caspase-8 and contributed to the following pro-caspse-3 activation. Apoptosis was also
verified by staining the cells with FITC-labeled annexin V (Supplementary Data, Fig. S4).
TRAIL-treated MDA-MB-435 cells demonstrated positive annexin V staining compared to
cells not treated with TRAIL and with excess amount of free annexin V for blocking test.

To monitor the expression profiles of caspase-8 and -3 in MDA-MB-435 cells, C8/C3/
PULSin-pretreated cells were incubated with different combinations of TRAIL and
caspase-8 and —3 inhibitors. After treatment, the cells were fixed at predetermined time
points and were imaged through three different filters followed by staining the nucleus with
DAPI. As shown in Fig. 5, the cells treated with C8/C3/PULSin alone provided low
background signals. In contrast, when the cells were treated with TRAIL, each probe
exhibited strong florescence signals and enabled clear visualization of apoptotic process

J Control Release. Author manuscript; available in PMC 2013 October 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhu et al.

Page 8

induced by TRAIL. To confirm if recovered fluorescence signals were activated by specific
caspases, the cells were pretreated with caspase-3 inhibitor or both caspase-8 and -3
inhibitors before the TRAIL treatment. When the cells were treated with both TRAIL and
caspase-3 inhibitor, Cy5.5 signal from C3 was significantly reduced whereas FPG456 signal
from C8 was strongly maintained. In addition, both FPG456 and Cy5.5 signals were
diminished when the cells were pretreated with both inhibitors. In accordance with in vitro
results, the fluorescence signals from the probes were significantly lower when the cells
were treated with respective inhibitors, demonstrating that the recovered fluorescence
signals were specifically activated by overexpressed target caspases.

To demonstrate the utility of C8/C3/PULSin for real-time imaging of caspase cascade,
MDA-MB-435 cells were treated with C8/C3/PULSin and TRAIL and continuously
monitored every 30 min for 4 h using live cell imaging confocal microscopy configured for
imaging of FPG456 and Cy5.5. Fig. 6 shows typical serial images. Similar to the fixed cell
samples, the cells treated with C8/C3/PULSin provided low background signals, allowing
real-time imaging of the caspase cascade in single cells. Upon TRAIL treatment, the cells
gradually produced strong fluorescence signals depending on the incubation time. Merged
images indicate the tendency of the activation of initiator caspase-8 to occur early before
leading to the activation of executioner caspase-3. Overall, our results demonstrate that the
simple mixture of fluorogenic probes formulated with transfecting agent can be used for
real-time imaging of multiple caspase expressions at the single cell level.

4. Conclusions

Real-time monitoring of the caspase cascade in living cells will not only help to understand
the complex apoptosis signaling mechanisms but also play a potentially valuable role for
both preclinical and clinical applications, especially in the drug development field such as
identifying and validating novel drug candidates in a high-throughput screening manner. In
this study, we have introduced a simple but versatile formulation that is capable of imaging
multiple caspase activities in living cells. As a proof-of-concept, a series of expression levels
of initiator caspase-8 and effector caspase-3 altered by TRAIL-induced apoptosis was
directly imaged in living cells. Compared to previously reported intracellular enzyme
targeting imaging agents, our system does not need complicated synthetic processes but only
involves a straightforward and reproducible fluorogenic peptide synthesis along with a
simple mixing step with a commercially available transfecting agent. Although only two
caspases were monitored in this study, more complicated multiplexed imaging, targeting
three or more caspases, can be performed by designing a series of different fluorogenic
probes possessing different dyes. Furthermore, this platform can be applied to cell-based
high-throughput screening systems for practical applications. In addition, any intracellular
enzymes in live cells can be targeted and imaged in real-time using this platform by
substituting substrate sequences.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A) Schematic diagram of imaging the caspase cascade. Conventional dark-quenched, cell-

impermeable fluorogenic probes for caspases can be efficiently delivered into the cells

followed by simple incubation with a commercially available transfection agent such as
PULSIn® (Step 1). Once delivered into the cells, highly quenched probes are sequentially
activated by expressed target caspases triggered by different initiator pathways, e.g. TRAIL-
induced caspases activation (Step 2). B) Chemical structures of fluorogenic probes targeting
caspase-8 and caspase-3, C8 and C3, respectively. Each probe consists of a substrate and a
pair of dye/dark quencher with no significant spectral overlap of emission between the two

probes.
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Figure2.

A) Absorbance spectra of each dye, dark quencher and probe, C8 and C3, in PBS buffer. B)
The quenching effect of C8 and C3 on the fluorescence produced by FPG456 (A max ex/em
456/522) and Cy5.5 (Amax ex/em 675/695), respectively expressed as the fold decrease in
emission signals from the initial values. Inset: DIC (left) and fluorescence images of vials
containing C8 (upper) and C3 (lower) without (middle) or with (right) addition of caspase-8
and caspase-3, respectively.
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Figure 3.

A) Fluorescence emission spectra of C8 in the presence of various concentrations of
caspase-8 (in nM, 0 blue, 1.5 black, 3 green, 6 red, 12 yellow) and caspase-8 with inhibitor
(purple). Inset: Caspase-8 standard curve. The excitation was set at 456 nm. B) Fluorescence
emission spectra of C3 in the presence of various concentrations of caspase-3 (in nM, 0 blue,
0.5 black, 1.5 green, 3 red, 6 yellow) and caspase-3 with inhibitor (purple). Inset: Caspase-3
standard curve. The excitation was set at 675 nm. C) The relative increase in fluorescence
emission produced by the mixture of C8/C3 in the presence of caspases-8 and caspase-3,
which were added at different time intervals. The excitation and emission was set at 456/522
nm (green) and 675/695 nm (red) and the respective emissions were recorded continuously
for 180 min. Data represent means of triplicate experiments with standard deviations.
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Figure4.

Fluorescence images of MDA-MB-435 cells incubated with non-quenched FPG456-C8 or
Cy5.5-C3 formulated with various amounts of PULSin (1 £g/100 L of peptides with 0, 1, 2
and 4 pL of PULSIn from a commercially provided stock, denoted as 0:1 to 4:1). Each
formula was incubated with the cells in 1 mL of L-15 medium without FBS for 3 hr at 37
°C. The cellular uptake of FPG456-C8 and Cy5.5-C3 were examined with a fluorescence
microscope configured for FITC and Cy5.5 filters followed by DAPI staining at room
temperature. Blue (DAPI), nucleus; green (FPG456); red (Cy5.5-C3).
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Figurebs.

Multiplexed imaging of the caspase cascade in MDA-MB-435 cells. The cells were
incubated with C8/C3/PULSin for 4 h and treated by different combinations of TRAIL (100
ng/mL) and 50 mM of caspase-3 and/or caspase-8 inhibitors. The cells were imaged using
confocal microscopy followed by DAPI stating. Blue (DAPI), nucleus; green (FPG456),
caspase-8; red (Cy5.5), caspase-3.
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Figure6.

Activities of caspase-8 and caspase-3 in MDA-MB-435 cells serially imaged using C8/C3/
PULSIn. The cells were incubated with C8/C3/PULSin for 4 hr and treated with TRAIL
(100 ng/mL). Images were collected at 30 min intervals over 4 hr. Green (FPG456),
caspase-8; red (Cy5.5), caspase-3.
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