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Fluorescent light-up probe with aggregation-induced
emission characteristics for in vivo imaging of cell
apoptosist

Haibin Shi,+2 Na Zhao,$° Dan Ding,? Jing Liang,? Ben Zhong Tang*"< and Bin Liu*®¢

In this paper, a new live-cell permeable, fluorescent light-up probe comprised of a hydrophilic caspase-
specific Asp-Glu-Val-Asp (DEVD) peptide and a hydrophobic tetraphenylethene pyridinium unit has been
developed for in vivo cell apoptosis imaging and drug screening. The probe shows a specific light-up
response to activated caspase-3/7 with a high signal-to-background ratio. The significant fluorescence
turn-on response of the probe is due to the aggregation of cleaved hydrophobic residues that populate
the radiative decay channels. With good water solubility and biocompatibility, the probe is demonstrated
to be a promising candidate for in vivo real time monitoring of caspase activation and in situ screening of

www.rsc.org/obc apoptosis-inducing drugs.

1 Introduction

Apoptosis, or programmed cell death, is an important and
active regulatory pathway of cell growth and proliferation.'
This process involves several biochemical changes, which
include the translocation of phosphatidylserine (PS) from the
cytoplasmic to the extracellular leaflet of the plasma mem-
brane, chromosomal DNA fragmentation and caspases acti-
vation.> Improper apoptosis can cause cancers, Alzheimer’s
disease, atherosclerosis, myocardial infarction and many other
diseases.> Noninvasive imaging agents that enable direct visu-
alization and monitoring of apoptosis in vivo therefore have
great potential value for the early diagnosis of diseases, evalu-
ation of therapy efficacy, and screening of apoptosis-related
drugs.

One commonly used approach to assess apoptosis in vitro
and in vivo is to target the negatively charged PS with Annexin
V, a protein with high affinity for PS exposed during the late
stages of apoptosis.” However, false positive results are often
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obtained because PS exposure also occurs in other biological
processes like necrosis.’ Assays for more specific key players in
apoptosis such as the caspases have therefore received con-
siderable attention. Caspases are a family of intracellular
cysteine proteases that play critical roles in the initiation and
execution of apoptosis.® Caspase-3, a key mediator of cell
apoptosis, has become an attractive and unambiguous target
for apoptosis imaging in this family. Several approaches to
monitor the progression of apoptosis have been developed
based on functionalization of peptide substrates with latent
fluorophores,” luciferin,® or fluorescent donor-acceptor
pairs.®*° Fluorogenic peptide substrates containing a C-termi-
nally capped coumarin derivative (i.e., 7-amino-4-trifluoro-
methylcoumarin (AFC)) are one of the most widely used
caspase probes for substrate specificity profiling experiments.
However, they often show poor live cell permeability and are
usually used for in vitro assays.” In addition to substrate based
probes, several small molecule probes have also been develo-
ped based on reversible and irreversible inhibitors against
caspase-3."'"® One of the most successful examples is the
radiolabeled y-carboxyglutamic acid analogue ([**F]-ML-10),""
which has currently entered clinical trials. As the small mole-
cule based probes are born with fluorescence or radioactivities,
the excess of unbound probes requires body clearance or mul-
tiple washing steps to minimize the background signal. It is
thus highly desirable to develop simple, non-invasive and
specific light-up probes for real-time apoptosis detection and
evaluation of new apoptosis-related drugs in vivo.

In 2001, we found that some propeller-shaped molecules
are nonfluorescent when molecularly dissolved in solution,
but are induced to emit efficiently by aggregation formation.
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We termed the observed phenomenon aggregation-induced
emission (AIE) and proposed the restriction of the intramole-
cular rotations (RIR) as the main cause of the fluorescence
turn-on.'* Taking advantage of the AIE effect, a variety of AIE
fluorogens have been developed for applications in opto-
electronic devices,'*>** biological sensing’® and imaging.'” Of
particular interest is that the AIE fluorogens have been proved
effective in detecting the activities of enzymes, such as
trypsin,'® acetylcholinesterase (AChE),"® alkaline phospha-
tase®® and caspase-3/7 in solutions.>* Our recent development
of live cell permeable, fluorescent light-up probes based on
the peptide conjugates of tetraphenylethene (TPE) and tetra-
phenylsilole (TPS) has opened new opportunities to image pro-
teins and monitor enzyme activities in living cells.'®*!
However, these probes are limited to in vitro studies due to the
short wavelength emission of both TPE and TPS fluorogens.

In vivo imaging generally requires fluorescent molecules
with large Stokes shifts and long wavelength absorption and
emission to minimize the autofluorescence from biosub-
strates. It remains a challenge to develop long wavelength
emission AIE fluorogens with functional groups for further
bioconjugation to yield water-soluble bioprobes. As traditional
strategies of increasing conjugation length usually yield large
sized fluorogens with poor-water solubility, we propose to
develop small sized AIE fluorogens with charge transfer
characteristics. As a proof-of-concept, we designed and syn-
thesized a novel orange fluorogen, namely, azide-functiona-
lized tetraphenylethene pyridinium (N3;-PyTPE) by the
incorporation of pyridinium units into TPE through vinyl func-
tionality. A new probe targeting caspase-3/7 was further con-
structed via conjugation between a hydrophilic N-terminal
acetyl protected and C-terminal alkyne-functionalized Asp-Glu-
Val-Asp (Ac-DEVD) peptide and the hydrophobic N;-PyTPE
fluorogen. Ac-DEVD-PyTPE is virtually water-soluble and dis-
plays very weak fluorescence in aqueous media due to the con-
sumption of excitation energy by the active intramolecular
rotations of TPE unit. However, intense fluorescence is
observed once the probe is specifically hydrolyzed by active
caspase-3/7 at the C-terminal of Asp (D), due to the poor water-
solubility and aggregation of the hydrophobic PyTPE residues.
Thanks to the orange emission of PyTPE, the Ac-DEVD-PyTPE
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Scheme 1 “Click” synthesis of probe Ac-DEVD-PyTPE.
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probe is not only capable of real-time light-up imaging of the
apoptosis process in vitro and in vivo, but also allows con-
venient apoptosis-related drug screening.

2 Results and discussion

2.1 Synthesis and characterization of the Ac-DEVD-PyTPE
probe

The synthesis of the Ac-DEVD-PyTPE probe is shown in
Scheme S1 in the ESIf and Scheme 1, respectively. The N;-
PyTPE fluorogen was synthesized in a 32% total yield via four
steps. The intermediates were characterized by NMR and
HR-MS (ESI Fig. S1-S8f). The Ac-DEVD-PyTPE probe was syn-
thesized by a copper catalyzed “click” reaction between Nj-
PyTPE and a C-terminal alkyne-functionalized Ac-DEVD
peptide in a DMSO-water mixture with 85% yield after HPLC
purification. The purity and identity of Ac-DEVD-PyTPE were
verified by NMR, analytical HPLC and HR-MS (ESI Fig. S9
and S107).

The N;-PyTPE fluorogen has an absorption maximum at
405 nm and shows very weak orange-red emission at 636 nm
in DMSO (ESI Fig. S11Af). Upon gradual addition of water to
its DMSO solution, the emission intensity further decreases
when the fraction of water (f;,) is less than 80%, due to the
intramolecular charge transfer (ICT) from the electron-donat-
ing TPE unit to the electron-accepting pyridinium unit, which
weakens fluorescence in polar media. At higher f,, the emis-
sion intensity is revitalized and increased with increasing
water content. N3;-PyTPE emits strong orange fluorescence as
nanoaggregates with a quantum yield of 9.9% in a mixture of
DMSO-H,0 (v:v = 1:99) (Fig. 1A and B). The corresponding
excitation spectra are shown in Fig. S11B in the ESI,T which
reveal that the nanoaggregates remain in solution. The aggre-
gate formation was further confirmed by laser light scattering
(LLS) measurements. In the aqueous mixture, N3-PyTPE mole-
cules cluster into aggregates with an effective diameter of
27 + 1 nm (ESI Fig. S11C¥Y). Clearly, N;-PyTPE is AIE-active.

The Ac-DEVD-PyTPE probe shows similar absorption spec-
tral profiles with that of N;-PyTPE in the 350-500 nm range
(Fig. S11AT). Opposite to N;-PyTPE with strong fluorescence in

Ac-DEVD-PYTPE

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 (A) PL spectra of N3-PyTPE in DMSO-water mixtures with different water fractions (f,). (B) Plot of (//lo) values versus the compositions of the aqueous mix-
tures. lp = emission intensity of N3-PyTPE in pure DMSO solution. [N3-PyTPE] = 10 pM; Aex = 405 nm. Inset: photographs of N3-PyTPE in DMSO-water mixtures with f,,
values of 0, 80 and 99% taken under 365 nm UV illumination.

DMSO-H,0 (v/v = 1:99), Ac-DEVD-PyTPE shows very weak 2.2 Invitro caspase assay

fluorescence in the same medium with a quantum yield of

0.2% due to its good water-solubility, which favours intramole- To explore the potential of the probe for caspase activity study,
cular rotations of the TPE unit. The low probe fluorescence is we next performed in vitro enzymatic assays with recombinant
beneficial to light-up sensing and imaging of cell apoptosis caspase-3. As shown in Fig. 2A, strong fluorescence signals are
with minimum background interference. observed when Ac-DEVD-PyTPE is treated with caspase-3 in
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Fig. 2 (A) PL spectra of Ac-DEVD-PYTPE upon treatment with caspase-3 in the presence and absence of inhibitor MPS (10 pM) in PIPES buffer. (B) Plot of / — Io
versus time of Ac-DEVD-PyTPE with and without treatment of caspase-3 from 0 to 60 min. [caspase-3] =5 pg mL~", [Ac-DEVD-PYTPE] = 10 uM. (C) Plot of PL intensity
versus concentrations of Ac-DEVD-PyTPE in PIPES buffer upon treatment with caspase-3. [caspase-3] = 5 ug mL™". (D) Plot of (I — Io)/lo versus different proteins,
where / and Iy are the PL intensities at protein concentrations of 20 and 0 ug mL™", respectively. Aex = 405 NM; Aem = 610 Nm. Inset: photographs taken under
365 nm UV illumination.
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PIPES buffer (50 mM PIPES, 100 mM NaCl, 1 mM ethylenedi-
aminetetraacetic acid, 0.1% w/v 3-[(3-cholamidopropyl)dimethyl-
ammonio|propane-sulfonic, 25% w/v sucrose, pH = 7.2).
Meanwhile, nanoaggregates with an effective diameter of 120 =+
2 nm are formed along with the increase of solution fluo-
rescence (ESI Fig. S12Af). Most of the fluorescence is readily
competed away when the probe is pre-treated with 5-[(S)-(+)-2-
(methoxymethyl)pyrrolidino]sulfonylisatin (MPS), a highly
specific inhibitor of caspase-3, indicating that specific cleavage
of Ac-DEVD from Ac-DEVD-PyTPE is inhibited. This is further
confirmed by LC-MS analysis shown in Scheme S2 and
Fig. S13 in the ESL.{

The enzyme kinetic studies were subsequently performed
by incubating recombinant caspase-3 with Ac-DEVD-PyTPE at
37 °C, and the changes in fluorescence were monitored over
time. As shown in Fig. 2B, there is a significant increase in
fluorescence over background in the presence of caspase-3. In
the absence of caspase-3, nearly no change in fluorescence is
observed, confirming that Ac-DEVD-PyTPE is specifically recog-
nized and cleaved by caspase-3. Additionally, recombinant
caspase-3 (5 pg mL™') was treated with Ac-DEVD-PyTPE at
different concentrations (0-20 pM). A linear fluorescence
increase at 610 nm is observed (Fig. 2C), which suggests that
the Ac-DEVD-PyTPE can be easily quantified based on the PL
intensity changes. A similar trend is also observed when the
enzyme concentration is increased from 0 to 20 ug mL™" at a
fixed probe concentration of 10 uM (ESI Fig. S12BY). This indi-
cates that the solution fluorescence could also be used for
enzyme quantification. In addition, the probe shows good
selectivity to caspase-3/7, which is evidenced by the 43- and
36-fold higher fluorescence changes in (I — I)/I, than the
other six enzymes (cathepsin B, pepsin, trypsin, papain, lyso-
zyme and caspase-1) under the same experimental conditions
(Fig. 2D). As compared to other proteins within the caspase
family, such as caspase-1, the probe is highly selective to
caspase-3/7. The cytotoxicity of Ac-DEVD-PyTPE was then evalu-
ated by the widely used MTT assay. As shown in ESI Fig. S14,T
after incubation of the MCF-7 cells with Ac-DEVD-PyTPE at 5, 10,
and 20 puM for 12, 24 and 48 h, the cell viabilities are close to
100% under the testing conditions, indicative of low cytotoxicity
of the probe.

2.3 Live cell imaging of caspase activation

The good biocompatibility of the probe further allows us to
explore their potential in live-cell imaging of caspase-3 acti-
vation. Confocal microscopy was used to image the normal
and apoptotic MCF-7 cells which were pre-treated with Ac-
DEVD-PyTPE. As shown in Fig. 3 and 4, the probe upon incu-
bation with un-induced cells shows extremely low fluorescence
signals, indicative of low background from the probe itself in
the cellular environment and little or no caspase-3 activity. In
sharp contrast, strong fluorescence signals are observed from
the cells treated by staurosporine (STS), a widely used apopto-
sis inducer (Fig. 3E). In addition, as shown in Fig. 4, the fluo-
rescence from apoptotic cells increases almost linearly with
the increased STS concentrations; and the fluorescence signals
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Fig. 3 Confocal laser scanning microscopy (CLSM) images of live MCF-7 cell
apoptosis. Normal (A, B) and apoptotic MCF-7 cells upon treatment with Ac-
DEVD-PyTPE (5 pM, 1% DMSO) and co-stain with commercial antibody (D, E) or
Annexin V-Alexa Fluor (G, H). STS (3 uM) was used to induce cell apoptosis for
2 h. Red = probe fluorescence (excitation at 405 nm using optical filters with
band passes of 575-635 nm for images); green = fluorescence signal generated
from anti-caspase-3 primary antibody and a FITC labelled secondary antibody or
Annexin V-Alexa Fluor (excitation at 488 nm using optical filters =505 nm for
images). The overlay images for AB, DE, and GH are shown in C, F and |, respect-
ively. All images share the same scale bar of 20 pm.

are greatly reduced when STS-induced cells are pre-treated
with inhibitor MPS, prior to incubation with Ac-DEVD-PyTPE.
The specificity of the probe to cell apoptosis is further verified
upon co-stain with commercial probes. Excellent overlap is
observed between the fluorescence images of the probe and
fluorescence signals generated from anti-caspase-3 primary
antibody and a fluorescein isothiocyanate (FITC)-labeled sec-
ondary antibody (Fig. 3F). Additionally, apoptotic MCF-7 cells
were treated with both Ac-DEVD-PYTPE and commercial
Annexin V-Alexa Fluor. As expected, Annexin V-Alexa Fluor is
localized on the cell surface, but Ac-DEVD-PyTPE shows strong
fluorescence inside the cells (Fig. 3I). As the probe itself does
not fluorescence >505 nm under the same confocal conditions,
these results provide direct evidence for intracellular delivery
and caspase-specific activation of the probe. Undoubtedly, Ac-
DEVD-PyTPE is a suitable probe for detection of caspase-3
activity and apoptosis imaging in live cells.

To explore the capability of the probe for real-time monitor-
ing of cell apoptosis, Ac-DEVD-PyTPE (3 pM) was incubated
with MCF-7 cells at 37 °C for 2 h before STS (3 pM) treatment.
As shown in Fig. 5, with the increased incubation time, the
fluorescence intensity increases gradually with the progress of
cellular apoptosis. These images clearly demonstrate that
Ac-DEVD-PYTPE not only can be used for the detection of

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 CLSM images of MCF-7 live cell treated with different amounts of staurosporine and 3 pM Ac-DEVD-PyTPE as well as fluorescence imaging of apoptotic
MCF-7 cells treated with both Ac-DEVD-PYTPE (3 uM, 1% DMSO) and MPS inhibitor (10 uM). All images were acquired in the same way. In all experiments, the probe
was incubated with cells for 2 h, and STS or inhibitor was incubated with cells for 2 h before cell imaging.

0 min 15 min 30 min
20 ym

Fig. 5 Real-time fluorescence images showing the MCF-7 cell apoptotic process with Ac-DEVD-PYTPE (3 pM) at room temperature. STS (3 pM) was used to induce
cell apoptosis. The images were acquired with CLSM under excitations at 405 nm using optical filters with band passes of 575-635 nm. All images have the same
scale bar of 20 pm.

caspase-3 activity but also allows real-time monitoring of cell
apoptosis.

2.4 Invivo apoptosis imaging and in situ drug screening

To assess the capability of the probe for in situ screening of
compounds that can induce cell apoptosis, three known apop-
tosis inducers, sodium ascorbate (Na Asb), cisplatin (CIS) and
STS were used to treat MCF-7 cells. After the cells were incu-
bated with Ac-DEVD-PyTPE for 2 h, each compound (3 pM in
DMSO) was added into the cells and incubated for an
additional 2 h. The apoptosis-inducing capabilities of these
compounds were evaluated by monitoring the cell fluorescence
change with a confocal microscopy. As shown in Fig. 6,
the strongest fluorescence enhancement is observed for

This journal is © The Royal Society of Chemistry 2013

STS-treated cells, which indicates that STS has a relatively
higher inducing efficacy for apoptosis as compared to those
for the other two.>* This result indicates that the probe can
potentially be used for screening apoptosis-inducing agents in
living cells.

To demonstrate the probe for in vivo imaging of apoptosis,
subcutaneous C6 tumor-bearing mice with and without intra-
venous injection of STS were imaged for 15 min using an IVIS
spectrum imaging system. As shown in Fig. 7A and Fig. S15,T
induction of apoptosis using STS results in gradual fluo-
rescence increase from the tumors. In contrast, the signals
from the normal tissues or tumors without STS treatment are
very weak. This is consistent with the in vitro results shown in
Fig. 3, indicating that Ac-DEVD-PyTPE is suitable for in vivo

Org. Biomol. Chem., 2013, 11, 7289-7296 | 7293
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20 um

Fig. 6 CLSM images of Ac-DEVD-PyTPE pre-incubated MCF-7 cells upon treatment with 3 uM each of DMSO, sodium ascorbate (Na Asb), cisplatin, and stauro-
sporine (STS). [Ac-DEVD-PyTPE] = 3 uM. All images were acquired under the same condition.

Tumor/(+)STS Tumor/(-)STS Normal tissue

1600
mm 1 min
= 12004 mm 5min
2 == 15 min
z
G 800
£
£
& 400

Normal tissue Tumor/(-)STS Tumor/(+)STS

Fig. 7 (A) In vivo fluorescence images of subcutaneous C6 tumor-bearing mice after intratumoral injection of Ac-DEVD-PYTPE with or without pretreatment of
staurosporine (STS) for 12 h before the probe injection using normal mice as control. (B) Quantitative image analysis of the probe-treated tissues at different times.
(C) Fluorescence images of excised tissues with or without apoptosis after Ac-DEVD-PYTPE treatment. (D) Ex vivo screening of apoptosis inducers of STS, CIS and
Na Asb.
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visualization of apoptosis. Fig. 7B shows the fluorescence
changes in tumor and normal tissues as a function of time. A
3-fold fluorescence increase in the apoptotic tumor tissues
relative to normal tissues is observed as early as 5 min after
the injection of Ac-DEVD-PyTPE. The non-apoptotic tumor
tissue shows similar fluorescence with normal tissues. These
results suggest that the probe is able to rapidly respond to cell
apoptosis in vivo.

To further evaluate the fluorescence change in the tumor
region, apoptotic and non-apoptotic tumors were excised
immediately after in vivo imaging and the tissues were ana-
lyzed using an IVIS spectrum imaging system (Fig. 7C). High
fluorescence signal is specifically detected in the tumor/(+)STS
tissues, however, only very weak fluorescence is observed for
tumor/(—)STS tissues, which closely matches the images
obtained in live mice (Fig. 7). Overall, these results demon-
strate that the Ac-DEVD-PYTPE probe can be used for fluo-
rescence light-up imaging of apoptosis in living animals.

To test whether the probe can be used to quantify the
efficacy of apoptosis inducing agents in tumors, STS, CIS and
Na Asb were treated with a C6 tumor-bearing mice overnight,
and the Ac-DEVD-PyTPE was subsequently injected into the
tumor directly. After 15 min of incubation, the tumors and
normal tissues were immediately excised and imaged using an
IVIS spectrum imaging system. As shown in Fig. 7D, STS-
treated tumor shows much stronger fluorescence as compared
to the other two, clearly demonstrating that the probe is also
suitable for the quantitative analysis of apoptosis-related drug
efficacy in animal models.

3 Conclusions

In conclusion, we have developed an Ac-DEVD-conjugated AIE
probe for in vivo apoptosis study and ex-vivo drug screening.
Thanks to its novel AIE nature, the probe has weak fluo-
rescence in aqueous media but becomes highly emissive when
cleaved by caspase-3/7. It enables real-time light-up monitor-
ing of caspase-3/7 activities both in vitro and in vivo. Addition-
ally, our AIE probe strategy provides an efficient platform for
both in vitro and in vivo imaging of apoptosis, which further
allows in situ screening of apoptosis-inducing agents in
tumors. In light of its simplicity, low cost and high efficiency,
the quantitative non-invasive imaging of apoptosis will offer a
significant advancement for rapid and dynamic screening as
well as the validation of experimental therapeutic agents.
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