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Specific Light-Up Bioprobe with Aggregation-Induced Emission and
Activatable Photoactivity for the Targeted and Image-Guided
Photodynamic Ablation of Cancer Cells**

Youyong Yuan, Chong-Jing Zhang, Meng Gao, Ruoyu Zhang, Ben Zhong Tang, and Bin Liu*

Abstract: Activatable photosensitizers (PSs) have been widely
used for the simultaneous fluorescence imaging and photo-
dynamic ablation of cancer cells. However, the ready aggrega-
tion of traditional PSs in aqueous media can lead to
fluorescence quenching as well as reduced phototoxicity even
in the activated form. We have developed a series of PSs that
show aggregation-enhanced emission and phototoxicity and
thus the exact opposite behavior to that of previously reported
PSs. We further developed a dual-targeted enzyme-activatable
bioprobe based on the optimized photosensitizer and describe
simultaneous light-up fluorescence imaging and activated
photodynamic therapy for specific cancer cells. The design of
smart probes should thus open new opportunities for targeted
and image-guided photodynamic therapy.

The combination of diagnostic and therapeutic capabilities
within a single formulation is highly desirable for personal-
ized medicine in the treatment of cancer.!"! Image-guided
therapies have the ability to provide early personalized
diagnosis and subsequent specific therapy to maximize
therapeutic efficiency with reduced side effects. As most
chemotherapeutic drugs are non-emissive, they often need to
be conjugated with fluorescent tags to enable them to be
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traced, which may affect the pathway and distribution of the
original drugs. Furthermore, cell resistance toward conven-
tional chemotherapeutic drugs and the side effects of these
drugs on healthy tissues has stimulated the further develop-
ment of new therapeutic modalities. In this regard, photo-
dynamic therapy (PDT) has emerged as a noninvasive and
reliable cancer-therapy modality with high spatiotemporal
precision.”! For PDT, photosensitizers (PSs) that are able to
generate toxic reactive oxygen species (ROS) to induce cell
death upon irradiation with light play a key role. More
importantly, the inherent fluorescence of PSs offers an
opportunity for image-guided therapy. Recently, activatable
PSs have been developed to further minimize the side effects
of PDT and to increase the signal-to-background ratio for
bioimaging.’! The design is generally based on the concept
that the prequenched fluorescence and inhibited phototox-
icity of the PS could be restored once a specific trigger is able
to separate the quencher or energy acceptor from the vicinity
of the PS.P! However, as most PSs are hydrophobic, they
would naturally aggregate in aqueous media through m—mn
stacking owing to their rigid planar structures. The aggrega-
tion of activated PSs can lead to fluorescence quenching and
reduced phototoxicity and thus affects the quality of imaging
and the effect of PDT." As aggregation is an intrinsic process
for hydrophobic PSs in aqueous media, it is highly desirable to
develop novel PSs that show enhanced fluorescence and
phototoxicity in the aggregate state.

Propeller-shaped fluorogens that show aggregation-
induced emission (AIE), such as tetraphenylethene (TPE)
and silole derivatives, have recently attracted great research
interest in the areas of biosensing, imaging, and therapy.”
These fluorogens are non-emissive in the molecularly dis-
solved state but induced to emit strong fluorescence in the
aggregation state owing to the restriction of intramolecular
rotation (RIR) and prohibition of energy dissipation through
nonradiative channels."! As compared to traditional fluoro-
gens, including PSs, which show a notorious phenomenon
known as aggregation-caused quenching (ACQ) at high
concentrations,” fluorogens with AIE characteristics can
serve as a distinct alternative tool for the design of light-up
probes.’#8 These unique properties inspired us to develop
novel and activatable photosensitizer probes based on an AIE
fluorogens for image-guided photodynamic therapy.

Cathepsin B is a lysosomal protease overexpressed in
many types of tumors.””! It can specifically cleave substrates
with a -Gly-Phe-Leu-Gly- (GFLG) peptide sequence and has
been used for enzyme-responsive drug delivery.'”! On the
other hand, cyclic arginine—glycine—aspartic acid (cRGD),
which can selectively interact with o,f3; integrin overex-
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pressed in cancer cells, has been used for targeted drug
delivery.'!l By incorporating a target ligand and a substrate
that can be cleaved by cathepsin B to give an activatable
probe, it should be possible to achieve highly specific cancer-
cell killing as a result of the dual selection processes.

In this study, we developed a simple but unique bioprobe
based on a newly developed AIE fluorogen that can be
utilized for the target-specific light-up imaging and activat-
able photodynamic ablation of cancer cells (Scheme 1). The
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dicyanovinyl-containing AIE fluorogens (see Scheme S1 and
Figures S1-S10 in the Supporting Information). We found
that a compound with a simple dicyanovinyl group reacted
with biological thiol molecules (see Figure S11) and could
efficiently generate ROS upon irradiation with light (see
Figure S12). The reactivity with biothiols could change the
optical properties of these fluorogens. To reduce the reactivity
of the dicyanovinyl group towards biothiols, we synthesized
three new AIE fluorogens with different substituents at-
tached to the dicyanovinyl
group. We speculated that
the larger size of the sub-
stituent would increase steric
effects to reduce its reactivity
with biothiols. None of the
three compounds showed
detectable reactivity toward
common biothiols at room
temperature (see Figures S13
and S14). An increase in the
size of the substituent was
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Scheme 1. A) Synthetic route to the functionalizable TPE derivative TPECM-2N; and the bioprobe TPECM-
2GFLGD;-cRGD. B) Schematic illustration of probe activation by cathepsin B with fluorescence “turn-on” and
activated photoactivity to generate reactive oxygen species (ROS) upon irradiation with light.

probe is composed of four parts: 1) an orange fluorescent
AIE fluorogen as an imaging reagent and photosensitizer, 2) a
GFLG peptide substrate that is responsive to cathepsin B,
3) a hydrophilic linker with three Asp (D) units to increase
the hydrophilicity of the probe, and 4) a cRGD-targeting
moiety. The probe is almost nonfluorescent with a very low
ROS-generation ability in aqueous media owing to the
consumption of excitonic energy by free intramolecular
motions. After cancer-cellular uptake, cleavage of the
GFLG substrate by cathepsin B will lead to enhanced
fluorescence signal output concomitant with activated photo-
activity for image-guided PDT. Therefore, the probe design
offers a good opportunity to develop activatable PSs without
incorporating any quencher or energy acceptor. Enhanced
fluorescence and phototoxicity is then observed in the
aggregate state upon activation by tumor-related stimuli.
TPE, with an absorption maximum at 310 nm, is the most
commonly used blue-emissive AIE fluorogen. The incorpo-
ration of dicyanovinyl groups into TPE recently yielded
molecules that were reported to show visible absorption with
orange to red emission."” We first synthesized several
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found to lead to a blue shift
in both the absorption and
emission spectra (see Fig-
ure S15). Fluorogen 1 was
selected for the subsequent

cRGD: integrin targeting

study because it shows
orange-red emission in
S aggregates and can be

excited by both 405 and
457 nm lasers.

The synthetic route to
TPECM-2GFLGD;-cRGD
is shown in Scheme 1. The
azide-functionalized =~ TPE
derivative (TPECM-2N,)
was synthesized from AIE
fluorogen 2. Compound 2
was treated first with tribromoborane and then with an
azide-containing linker to give 3. A reaction between 3 and
malononitrile on a SiO, support yielded TPECM-2N;. Sub-
sequent coupling between TPECM-2N; and alkyne-function-
alized GFLGD;-cRGD through a “click” reaction afforded
the probe TPECM-2GFLGD;-cRGD after HPLC purifica-
tion. The probe was characterized thoroughly to confirm its
structure and high purity (see Figures S16 and S17).

It is known that TPE shows typical characteristics of AIE
fluorogens;® that is, it is non-emissive in the molecularly
dissolved state, but emits strongly in the solid state or as an
aggregate in a poor solvent. To test whether the dicyanovinyl-
modified TPE derivative retained the AIE properties, we
studied the fluorescence intensity of TPECM-2Nj in dimethyl
sulfoxide (DMSO)/water mixtures with different water frac-
tions (f,,). TPECM-2N; was found to be almost nonfluores-
cent as a solution in DMSO (f,, = 0; Figure S18). However, as
the f, value increased, the fluorescence intensity increased
steadily. At f,=99%, the fluorescence intensity reached
a maximum and was 105 times higher than that in DMSO. The
increase in fluorescence intensity indicated that TPECM-2N;

<> CcRGD
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tended to aggregate when the f, value increased, thus
resulting in restriction of the intramolecular motion. The
aggregate formation of TPECM-2N; was also confirmed by
laser-light scattering (LLS; ee Figure S19A). These results
indicate that dicyanovinyl-modified TPE retains its AIE
properties. The UV/Vis absorption spectra of TPECM-2N,
and the probe in DMSO/buffer (1:199, v/v) are shown in
Figure S19B of the Supporting Information. The probe shows
a similar absorption profile in the 350-520 nm range to that of
TPECM-2N;. However, their emission spectra are very
different: TPECM-2N; shows intense orange fluorescence,
whereas the probe is almost nonfluorescent in the same
medium owing to its good water solubility (Figure 1 A). The
probe is also stable and remains nearly nonfluorescent in
DMEM medium or in PBS buffer with a high ionic strength
(0-960 mm) and at pH 7.4 to 5.0 (see Figure S20). The probe
maintains an “off” state in complex media, which indicates its
great potential to serve as a specific light-up probe with
minimal background interference.

The response of the probe to cathepsin B was monitored
by reverse-phase HPLC. After activation, the AIE residue
had a longer retention time (see Figure S21), thus indicating
that it was more hydrophobic than the probe itself. The
increased hydrophobicity could lead to an increase in
fluorescence intensity owing to aggregation of the cleaved
residues in aqueous media. The fluorescence change of the
probe incubated with cathepsin B was monitored over time in
DMSO/buffer (1:199, v/v). A quick and steady fluorescence
increase of the probe solution was observed upon the addition
of cathepsin B, and a plateau corresponding 35-fold higher
fluorescence than the intrinsic emission of the probe was
reached after incubation for 60 min (Figure 1B). Subse-
quently, we also incubated the probe at different concen-
trations with cathepsin B for 60 min and studied the corre-
sponding fluorescence intensity. A plot of the PL intensity at
615 nm against the probe concentration gave a linear line
(R*=0.99; see Figure S22), thus suggesting the possibility of
quantifying cathepsin B by monitoring the change in PL
intensity. The enzymatic efficiency (k.,/K\;) was calculated to
be approximately 142m 's™! (see Figure S23), which shows
a reasonable degradation efficiency of the -GFLG- linker by
cathepsin B."® The molecular dissolution of the probe and
the aggregate formation of the cleaved residues were
confirmed by LLS measurements and atomic force micros-
copy (AFM). In the aqueous mixture, no LLS signals could be
detected from the solution of the probe. However, after
treatment with cathepsin B, the hydrophobic AIE residue
tended to cluster into aggregates (see Figure S24), as also
confirmed by AFM. Aggregate formation clearly explains the
probe fluorescence turn-on in the presence of cathepsin B.

Probe-selectivity studies showed that only cathepsin B
could activate the probe, whereas GSH, cysteine, and several
other biomolecules (e.g. 10 mgmL ' BSA) did not cause any
evident fluorescence change (see Figure S25). These results
demonstrate that the probe has the potential to be activated
in cancer cells in the presence of overexpressed cathepsin B.
To test this hypothesis, we obtained the cell lysate of cells with
and without pretreatment with CA-074-Me, a cell-permeable
inhibitor that can suppress the biological activity of cath-
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Figure 1. A) Photoluminescence (PL) spectra of TPECM-2N; and the
probe in DMSO/buffer (1:199, v/v; pH 5.0). Inset: Corresponding
photographs taken under illumination by a UV lamp at 365 nm.

B) Time-dependent fluorescence spectra of the probe (5 pum) in the
presence of cathepsin B (1 uygmL™") in DMSO/buffer (1:199, v/v).

C) Plots of the relative absorbance change of DPBF at 418 nm versus
irradiation time in the presence of compound 1 in water, THF, or
DMSO. D) Plots of the relative absorbance change versus irradiation
time of the probe (5 um) alone, with cathepsin B (1 pgmL™', 60 min)
in the absence and presence of vitamin C (VC), and with the same
amount of deactivated cathepsin B. The data shown are mean values
+ standard deviation, n=3.
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epsin B. The cell lysates of cancer cells MDA-MB-231 and
MCF-7 as well as normal 293T cells with low expression of
cathepsin B["¥ were obtained and directly incubated with the
probe. Only cancer cells showed a significant fluorescence
increase; normal cells and cancer cells pretreated with CA-
074-Me showed only a limited increase in fluorescence (see
Figure S26).

The generation of ROS upon the irradiation of a photo-
sensitizer with light is the key step for photodynamic therapy.
We first studied the ROS generation of the AIE fluorogen
1 upon irradiation with light by using 1,3-diphenylisobenzo-
furan (DPBF) and 2',7'-dichlorodihydrofluorescein diacetate
(DCFDA) as the ROS indicators. DPBF can readily undergo
1,4-cycloaddition reactions with ROS, which results in
decreased absorbance at 418 nm, whereas DCFDA is non-
fluorescent but can be rapidly oxidized by ROS to the
fluorescent molecule dichlorofluorescein (DCF). Compound
1 can generate ROS efficiently in water upon irradiation with
light (Figure 1C). However, its ROS-generation capability is
much weaker in DMSO or THF under the same conditions, in
accordance with its fluorescence properties. The ROS-gen-
eration ability of the probe with or without cathepsin B
pretreatment was also studied. In the presence of the probe
alone, the absorbance of DPBF at 418 nm decreased slightly
by less than 10% during irradiation with light for 160 s
(Figure 1 D). However, when the probe was pretreated with
cathepsin B, the DPBF absorbance decreased by more than
85 % under identical conditions. Furthermore, the absorbance
of DPBF showed only a minimal decrease when the ROS
scavenger vitamin C was added or when deactivated cath-
epsin B was used. The absorbance of the probe at 418 nm does
not contribute to the measured absorbance change owing to
its very low concentration (see Figure S27). These ROS-
generation differences were also confirmed by using DCFDA
as the indicator. It was found that ROS generation was not
susceptible to subtle alterations in the pH value (see Fig-
ure S28 A,B). However, the generation of ROS was depen-
dent on the power of the laser, which offers the potential to
control therapy by irradiation with an external light (see
Figure S28C). These results confirm that the probe itself
shows low ROS generation, but that the phototoxicity can be
significantly enhanced by cleavage of the probe by cath-
epsin B.

To demonstrate cell-specific light-up imaging, we incu-
bated the probe with MDA-MB-231 cells overexpressing o.,[3;
integrin and used MCF-7 and 293T cells as negative
controls."! Upon incubation with the probe, the red fluores-
cence in MDA-MB-231 cells intensified gradually as the
incubation time increased, and reached a maximum after
incubation for 4 h (see Figure S29). The signal in MDA-MB-
231 cells was much stronger than those in MCF-7 and 293T
cells after the same period of time (Figure 2). However, when
MDA-MB-231 cells were pretreated with free cRGD and/or
CA-074-Me prior to probe incubation, the fluorescence
intensity decreased dramatically, probably as a result of
inefficient cellular uptake and/or poor probe activation. The
specific fluorescence light-up of the probe in cells was also
confirmed by flow cytometry analysis (see Figure S30), which
revealed receptor-mediated probe uptake by MDA-MB-231
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Figure 2. Confocal images of A) MDA-MB-231 cells, B) MCF-7 cells,

C) 293T cells, D) MDA-MB-231 cells pretreated with free cRGD,

E) MDA-MB-231 cells pretreated with CA-074-Me, and F) MDA-MB-231
cells pretreated with both cRGD and CA-074-Me after incubation with
the probe (5 um) for 4 h. The blue fluorescence is from the cell nuclei
dyed with 4',6-diamidino-2-phenylindole (DAPI; E,=405 nm; E,,=430-
470 nm), the red fluorescence is from the probe (E,=405 nm;
E.,>560 nm). All images share the same scale bar (20 pm).

cells. Furthermore, the fluorescence intensity in the cells
intensified when the probe was incubated at a higher
concentration, thus indicating the potential for semiquantifi-
cation of the activated AIE probe inside cells (see Fig-
ure S31).

It has been reported that cathepsin B is a lysosomal
protease.' To identify the activation location of the probe
after cellular uptake, colocalization experiments were per-
formed with the commercially available fluorescent lyso-
some-selective marker Lysotracker Green DND-26. The red
fluorescence colocalized well with the green fluorescence
from Lysotracker Green in MDA-MB-231 cells (Figure 3 A—
D). Therefore, we can conclude that the probe activation
largely occurs in the lysosome to yield the fluorescence “turn-
on”. It has been reported that PSs localized in the lysosome
could damage the lysosome and induce cell apoptosis upon
irradiation with light.'”! To verify the damage by ROS upon
irradiation with light, we used acridine orange as the cell-
permeable indicator to study the integrity of the acidic
organelles. Acridine orange emits red fluorescence in acidic
organelles, such as lysosomes, and displays green fluorescence
in the cytoplasm and nucleus. When there was no evident
ROS generation, the MDA-MB-231 cells displayed both red
and green fluorescence (Figure 3 E,F), thus indicating that the
lysosomes were not damaged. However, when the cells were
incubated with the probe and irradiated with white light for
1 min (0.25Wcm™?), the red fluorescence from acridine
orange was remarkably reduced (Figure 3 G), thus indicating
that the lysosomes were destroyed. Accordingly, a longer
irradiation time led to a clearer decrease in red fluorescence
(Figure 3H). These results demonstrate that the probe could
be activated in the lysosome and damage the lysosome
membranes upon irradiation with light.

Annexin V tagged with fluorescein isothiocyanate (FITC)
is one of the most commonly used fluorescent probes to
distinguish viable cells from apoptotic cells because Annex-
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Figure 3. A-D) Subcellular localization of the probe in MDA-MB-231 cells. A) Fluorescence image of

cells treated with Lysotracker Green DND-26 (E,: 488 nm; E,,: 505-525 nm).
E,=405 nm; E,,>560 nm). C) Overlay of images (A) and (B).

D) Correlation of the probe and DND-26 intensities (green: Lysotracker Green, red: probe). E-

H) Observation of lysosomal disruption of MDA-MB-231 cells as induced by the probe upon
irradiation with light in the presence of acridine orange (5 um) as the indicator. The cells were treated
with E) light only, F) the probe without irradiation, G) the probe with light irradiation for 1 min, H) the
probe with light irradiation for 2 min. E,=488 nm; E,,=505-525 (green) or 610-640 nm (red).

cells treated with the probe (

Images (A-C) and (E-H) all share the same scale bar (20 um).

in V can selectively bind to the membrane of apoptotic cells,
which express phosphatidylserine. After the incubation of
MDA-MB-231 cells with the probe for 4 h, followed by
irradiation with light, green fluorescence was clearly observed
from the cell membrane (Figure 4), thus indicating that the
cells underwent apoptosis. No significant FITC signal was
detectable in MCF-7 cells, 293T cells, or MDA-MB-231 cells
pretreated with cRGD or CA-074-Me or vitamin C, thus
revealing little or no apoptosis. These results agree well with
the ROS-generation studies with DCFDA as the indicator
(see Figure S32).

A practical system for phototherapy should exhibit low
cytotoxicity before light irradiation and is able to induce
a high percentage of cell death upon exposure to light. We
first evaluated the cytotoxicity of the probe to MDA-MB-231,
MCF-7, and 293T cells upon incubation in the dark by
a standard MTT assay. After incubation for 24 h, no signifi-
cant cytotoxicity was observed for any of the tested cells, even
when the probe concentration reached 50 um (Figure 5A).
However, upon irradiation with light, a dose-dependent
cytotoxicity was observed in MDA-MB-231 cells (Figure 5B).
In parallel experiments with MCF-7 and 293T cells under
identical conditions, only minimal toxicity was observed. The
half-maximal inhibitory concentration (ICs,) of the probe for
MDA-MB-231 cells was 3.05 um under the experimental
conditions. However, when MDA-MB-231 cells were pre-
treated with cRGD, CA-074-Me, or vitamin C, decreased cell
death was observed (Figure 5C), in agreement with the
apoptosis studies. Furthermore, to validate the proposed
time-controlled PDT, the probe-stained MDA-MB-231 cells
were exposed to irradiation with light for different durations.
With a longer laser irradiation time, stronger inhibition of cell
viability was observed (Figure 5D). These results indicate
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D Crpad that the phototherapy can also be
100] regulated by the probe concentra-
I tion as well as the laser irradiation
] | time.

ARiA (L ) In summary, we have reported
[ 1)) LR the synthesis and biological evalu-
ation of a bioprobe based on a new
AIE fluorogen for the targeted
light-up imaging and photody-
namic ablation of cancer cells. The
specific probe activation enables
real-time and light-up cancer-cell
imaging with a high signal-to-noise
ratio. The dual-targeted design
strategy also led to the highly
selective ablation of cancer cells.
As compared to existing activata-
ble PSs, our probe design is simple
but effective. It does not involve
any quencher or energy acceptor,
yet it shows a high signal-to-noise
ratio. Furthermore, in contrast to
traditional PSs, which show aggre-
gation-caused  quenching, our
probe shows unique aggregation-
induced emission and ROS gener-
ation upon enzyme activation. However, although the devel-
oped bioprobe functioned well in in vitro studies, it has the
limitation of short-wavelength excitation, which precludes
practical applications at the moment. On the basis of the
proof-of-concept bioprobe design, further molecular develop-
ment to endow the AIE fluorogens with long absorption
wavelengths or large two-photon-absorption cross-sections is
likely to yield a new generation of probes with activatable

Figure 4. Imaging of cell apoptosis with FITC-tagged Annexin V in

A, D, E,F) MDA-MB-231 cells, B) MCF-7 cells, and C) 293T cells after
incubation of the cells with the probe (5 um) for 4 h, followed by
irradiation with white light (0.25 Wcm™). For (D), (E), and (F), the
MDA-MB-231 cells were pretreated with cRGD (D), CA-074-Me (E), or
vitamin C (F). The nuclei of the living cells were stained with DRAQ5
(E,=633 nm; E,,> 650 nm), the green fluorescence is from FITC
(E,=488 nm; E,,=505-525 nm). All images share the same scale bar
(20 pm).
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Figure 5. A) Cell viability of MDA-MB-231, MCF-7, and 293T cells upon treatment with the probe at different
concentrations in the dark for 24 h. B) Inhibition of the growth of MDA-MB-231, MCF-7, and 293T cells in the
presence of the probe at different concentrations upon light irradiation (0.25 Wem™2, 2 min) followed by
further incubation of the cells for 24 h. C) Viability of MDA-MB-231 cells incubated with the probe after
pretreatment with free cRGD, CA-074-Me, or VC, followed by irradiation with light (0.25 Wcm™, 2 min) and
further incubation for 24 h. Cells incubated with the probe were used as a control. D) Inhibition of MDA-MB-
231 cell growth upon incubation of the cells with the probe (5 um) and irradiation with light (0.25 Wcm™) for
different periods of time, followed by further incubation for 24 h. The data shown are mean values + standard

deviation, n=3.
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fluorescence and photoactivity for image-guided PDT in vivo;

such studies are being actively pursued in our laboratory.
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