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AlEgen-based theranostic system: targeted imaging
of cancer cells and adjuvant amplification of
antitumor efficacy of paclitaxelt

Chao Chen,}? Zhegang Song,1° Xiaoyan Zheng,® Zikai He,® Bin Liu,*® Xuhui Huang,®
Deling Kong,® Dan Ding*® and Ben Zhong Tang*®

Photosensitizers are generally treated as key components for photodynamic therapy. In contrast, we herein
report an aggregation-induced emission luminogen (AlEgen)-based photosensitizer (TPE-Py-FFGYSA) that
can serve as a hon-toxic adjuvant to amplify the antitumor efficacy of paclitaxel, a well-known anticancer
drug, with a synergistic effect of "0 + 1 > 1". Besides the adjuvant function, TPE-Py-FFGYSA can selectively
light up EphA2 protein clusters overexpressed in cancer cells in a fluorescence turn-on mode, by taking
advantage of the specific YSA peptide (YSAYPDSVPMMS)-EphA2 protein interaction. The simple
incorporation of FFG as a self-assembly-aided unit between AlEgen (TPE-Py) and YSA significantly
enhances the fluorescent signal output of TPE-Py when imaging EphA2 clusters in live cancer cells.

Cytotoxicity and western blot studies reveal that the reactive oxygen species (ROS) generated by TPE-
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Accepted 1st December 2016 Py-FFGYSA upon exposure to light do not kill cancer cells, but instead provide an intracellular oxidative

environment to help paclitaxel have much better efficacy. This study thus not only extends the

DOI: 10.1039/c65c03859] application scope of photosensitizers, but also offers a unique theranostic system with the combination
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Introduction

Theranostic systems that can realize diagnostic imaging and
therapeutic intervention at the same time within spatial coloc-
alization are attracting increasing research and clinical
interest." Prior to treatment of many severe diseases (e.g:,
cancer), it is necessary to conduct diagnostic imaging to visu-
alize the focus location.” Among diverse imaging techniques,
fluorescence imaging is an excellent alternative due to the
advantages of superb sensitivity, manoeuvrable instruments,
low cost and reliable safety.®* Furthermore, a considerable
number of fluorescence imaging agents are perfectly suitable
for theranostic application, as they can undergo photophysical
and photochemical processes under light irradiation to
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of diagnostic imaging and adjuvant antitumor therapy.

generate toxic reactive oxygen species (ROS) in situ.* However,
traditional fluorescent materials often suffer from numerous
disadvantages that greatly limit their practical application in
theranostics.> Taking organic luminophores as an example,
their working concentrations are usually in the nanomolar
range to avoid aggregation-caused quenching (ACQ) effect,®
which leads to low photobleaching resistance and finite ROS
production. This means that new luminophores are needed to
overcome these limitations.

In sharp contrast to conventional luminophores, aggrega-
tion-induced emission luminogens (AIEgens) show opposite
characteristics to ACQ. This endows AIEgens with the intrinsic
capacity to work perfectly at high concentrations or in the
aggregate state with bright fluorescence and a high photo-
bleaching threshold.” Furthermore, some AIEgen-based probes
also exhibit other merits including (1) effective ROS generation
in the aggregate state;® (2) unique restriction of intramolecular
rotation (RIR) mechanism that facilitates preparation of specific
fluorescence turn-on probes;” and (3) low cytotoxicity and in vivo
toxicity allowing for safe biological applications.” These unique
advantages provide us with a huge amount of creative latitude
to build versatile AIEgen-based theranostic systems, which will
open up a new avenue for personalized treatment.

An adjuvant refers to a pharmacological or immunological
agent, which functions to modify the efficacy of other agents.*
As adjuvants are aimed at assisting drugs or vaccines to perform
better and more efficiently, they often cause negligible damage
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to normal tissues."* Compared with the approval of a new drug
that requires a time-consuming process, there may be a feasible
short-cut to develop a biocompatible adjuvant that can amplify
the treatment effect of FDA-approved drugs. More importantly,
the development of an adjuvant provides new and greater
choices for tailoring personalized treatment to individual
patients.”” So far, reported photosensitizer-based theranostic
systems (including AlEgen-based ones) have largely been
designed for photodynamic therapy with the purpose of
inducing the death of cancer cells, bacteria, etc. upon light
irradiation.®»'* However, nearly no effort has been dedicated to
study whether photosensitizers can be utilized as a non-toxic
adjuvant to synergistically amplify the therapeutic effect of
other chemo-drugs. Therefore, considering the unique advan-
tages of AlEgens, we are motivated to explore a unique thera-
nostic system based on AIEgens with the combination of
diagnostic imaging and adjuvant function (AIE adjuvant),
which may offer new materials and insights for the develop-
ment of personalized treatment.

Herein, we report for the first time an AIE adjuvant (TPE-Py-
FFGYSA) that can not only specifically target and turn on its
fluorescence toward EphA2 proteins, but also greatly amplify
the antitumor efficacy of paclitaxel (Ptx) by acting as an adju-
vant. EphA2 is a transmembrane receptor tyrosine kinase that is
overexpressed in many types of cancer.* In recent years, EphA2
has been accepted as one of the most attractive targets for the
design of antitumor drugs." TPE-Py-FFGYSA (Scheme 14) is
composed of three parts: (1) TPE-Py as an AlEgen; (2) tripeptide
FFG as a self-assembly-aided unit to promote the fluorescence
output of TPE-Py via achieving more effective RIR, as it has been
established that FF (F: phenylalanine) with an aromatic capping
group usually favors supramolecular self-assembly;® and (3)
peptide sequence YSAYPDSVPMMS (YSA) as the targeting
moiety, since YSA has been reported to selectively target
EphA2."*"7 1t is demonstrated that TPE-Py-FFGYSA is weakly
emissive in aqueous solution, but shows excellent performance
in visualizing EphA2 in prostate PC-3 cancer cells in a targeted
and high-contrast manner. On the other hand, Ptx is well-
known as one of the most widely used antitumor drugs.
However, one of the hindrances of Ptx in clinical use is that
several cancer cells are insensitive to Ptx."* How to significantly
amplify the antitumor efficacy of Ptx remains a key challenge. In
this study, it is found that by optimizing the experimental
conditions, EphA2-localized TPE-Py-FFGYSA can provide an
intracellular oxidative environment through the light controlled
generation of ROS without killing the cancer cells, which
dramatically enhances the cytotoxicity of Ptx against PC-3
cancer cells, achieving the synergistic effect of “0 + 1 >1". To the
best of our knowledge, this study represents the first example of
a photosensitizer as a biocompatible adjuvant to amplify the
antitumor efficacy of a chemo-drug with the effect of “0+1 > 1.

Results and discussion

An isothiocyanate-functionalized AIEgen, namely TPE-Py-NCS
(Scheme 1A), was synthesized and characterized with standard
spectroscopic techniques. The synthetic route toward TPE-Py-
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Scheme 1 (A) Synthetic route to TPE-Py-FFGYSA and TPE-Py-YSA. (B)
Schematic illustration of TPE-Py-FFGYSA and TPE-Py-YSA in imaging
the EphA2 cluster.

FFGYSA is shown in Scheme 1A. The peptide of NH,-FFGYSA
was synthesized through a standard solid-phase peptide
synthesis, and was then characterized using LC, '"H NMR, and
HRMS (Fig. S1-S31). The reaction between the isothiocyanate
group on TPE-Py-NCS and the amine group of NH,-FFGYSA
yielded TPE-Py-FFGYSA in 70% yield. The purity and chemical
structure of the final product were also confirmed using LC, 'H
NMR, and HRMS (Fig. S4-S6t). As a control, TPE-Py-YSA
(Scheme 1A) without the FFG sequence was synthesized and
characterized as well following the same procedures as that for
TPE-Py-FFGYSA (Fig. S7-S127).

We first demonstrated the AIE characteristic of TPE-Py-NCS
by measuring its photoluminescence (PL) spectra in tetrahy-
drofuran (THF)/hexane solvent mixtures. As shown in Fig. 1A,
TPE-Py-NCS shows relatively weak emission peaking at ~626
nm in pure THF solution. On increasing the hexane content in
the THF/hexane mixture from 0 to 70%, the PL intensity is
slightly enhanced with an evident blue-shift of the emission
wavelength. This phenomenon should be ascribed to the typical
twisted intramolecular charge transfer (TICT) effect with
decreased polarity of the solvent mixture when the hexane
fraction is elevated. Further increasing the hexane fraction in

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (A) PL spectra of TPE-Py-NCS (10 uM) in THF/hexane mixtures

with different hexane fractions (fy). (B) PL spectra of TPE-Py-FFGYSA (1
puM) and TPE-Py-YSA (1 uM) in PBS buffer with and without the addition
of PC-3 cell lysate. Excitation at 405 nm for (A and B). (C) The curves
from DLS to determine CMC values of TPE-Py-FFGYSA and TPE-Py-
YSA. (D) Plot of (I — Ig)/l versus concentration of recombinant human
EphA2 protein in PBS solution. / and /g are the PL intensities of TPE-Py-
FFGYSA (1 uM) or TPE-Py-YSA (1 uM) in the presence and absence of
the protein, respectively. The data were expressed as mean + standard
deviation based on 3 measurements.

the mixture leads to a dramatic PL enhancement with
a constant peak at ~595 nm, which illustrates the AIE effect of
TPE-Py-NCS. The absorption and emission spectra of TPE-Py-
FFGYSA and TPE-Py-YSA in phosphate buffered saline (PBS)
buffer are depicted in Fig. S131 and 1B, respectively. Both TPE-
Py-FFGYSA and TPE-Py-YSA are weakly fluorescent in PBS
buffer, although the emission of TPE-Py-FFGYSA is ~2.2-fold
higher than that of TPE-Py-YSA. It is noted that the PL spectra of
TPE-Py-FFGYSA and TPE-Py-YSA are nearly unchanged when
they are incubated in pure water, PBS buffer, cell culture
medium with and without fetal bovine serum, respectively
(Fig. S1471). This suggests that TPE-Py-FFGYSA and TPE-Py-YSA
are capable of serving as fluorescence turn-on probes applicable
for complex biological environments.

It has been reported that EphA2 proteins are highly overex-
pressed in human prostate PC-3 cancer cells,” which was also
confirmed by the staining experiment of PC-3 cells with
commercial monoclonal anti-EphA2 antibody and subsequent
fluorescent secondary antibody (Fig. S15t). Therefore, we used PC-
3 cell lysates to treat with TPE-Py-FFGYSA and TPE-Py-YSA,
respectively, and this was followed by PL measurements. As
depicted in Fig. 1B, upon addition of PC-3 cell lysates, the emis-
sions of both TPE-Py-FFGYSA and TPE-Py-YSA peaking at ~575
nm are greatly enhanced. It is worth noting that, after treatment
with PC-3 cell lysates, the fluorescence intensity of TPE-Py-FFGYSA
is ~3.7 times higher than that of TPE-Py-YSA, indicating the larger
fluorescent signal throughput of TPE-Py-FFGYSA.

This journal is © The Royal Society of Chemistry 2017
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The critical micelle concentration (CMC) values of TPE-Py-
FFGYSA and TPE-Py-YSA were studied using dynamic light
scattering (DLS). As displayed in Fig. 1C, TPE-Py-FFGYSA has
a CMC value of 24.2 pM, which implies that TPE-Py-FFGYSA
molecules hardly form micelles at concentrations <24.2 pM in
PBS solution. Moreover, the CMC value of TPE-Py-YSA is
determined to be 53.4 pM, which is much higher than that of
TPE-Py-FFGYSA. This result suggests that FFG is known as
a self-assembly-aiding unit and can significantly reduce the
CMC.

Titration experiments were then carried out by adding
various amounts of commercial recombinant human EphA2
protein into an aqueous solution of TPE-Py-FFGYSA (1 uM) or
TPE-Py-YSA (1 uM). As shown in Fig. 1D, recombinant human
EphA2 results in very small changes in (I — Iy)/I, (~1.3 and ~0.5
for TPE-Py-FFGYSA and TPE-Py-YSA, respectively) even at the
highest added concentration of protein (100 pg mL ™).
According to the product specification, recombinant human
EphA2 protein is highly hydrophilic, which is quite different
from the endogenous ones in cancer cells that tend to form
dimers and clusters.” As one probe binds with one recombi-
nant human EphA2, significant assemblies/aggregates of the
probes would not form due to the good hydrophilicity of the
proteins. This result also reveals that individual recombinant
human EphA2 could affect the intramolecular rotations of the
phenyl rings of TPE-Py to some extent, leading to slight fluo-
rescence turn-on.

We next investigated whether the probe can specifically
image EphA2 proteins that are overexpressed in cancer cells. In
these experiments, PC-3 cancer cells and human smooth
muscle cells were utilized as EphA2-positive and negative cells,
respectively. Through antibody staining experiments, it is veri-
fied that smooth muscle cells express very few EphA2 proteins
(Fig. S151), revealing that this normal cell line can act as a good
EphA2-negative control. It is important to note that most EphA2
receptors exist as dimers on the cancer cell membrane; never-
theless, after interaction with the specific ligands (e.g., anti-
EphA2 antibody or YSA peptide), the ligand-bound EphA2
dimers are prone to assemble into larger clusters on the
membrane, followed by internalization into the cytoplasm.™

TPE-Py-FFGYSA (1 uM) was then used to incubate with PC-3
cancer cells. Upon incubation at 37 °C for 90 min, PC-3 cancer
cells were imaged using confocal laser scanning microscopy
(CLSM). As shown in Fig. 2A, distinct dots with bright yellow
fluorescence are explicitly observed around the nucleus of PC-3
cells, indicating that the TPE-Py-FFGYSA fluorescence can be
significantly switched on in the cancer cells. To validate that
what TPE-Py-FFGYSA lit up were indeed EphA2 clusters, the PC-
3 cells were also co-stained with monoclonal anti-EphA2 anti-
body and fluorescent secondary antibody. It was found that the
yellow fluorescence from TPE-Py-FFGYSA (Fig. 2A) and the red
fluorescence from the antibodies (Fig. 2B) were colocalized very
well in the cell (Fig. 2C). As anti-EphA2 antibody is known to
specifically bind to EphA2,” the aforementioned result
reasonably verifies that TPE-Py-FFGYSA is able to target and
light up EphA2 clusters in PC-3 cancer cells. Additionally, the
PC-3 cells were pretreated with free YSA peptides and
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Fig. 2 CLSM images of (A) TPE-Py-FFGYSA and (B) anti-EphA2 anti-
body/Alexa Fluor 633-conjugated secondary antibody co-stained PC-
3 cancer cell. (C) is the overlay image of (A) and (B). CLSM images of
PC-3 cells after incubation with TPE-Py-FFGYSA (D) at O °C for 1 h,
followed by further incubation of the cells at 37 °C for (E) another 10
and (F) 60 min, respectively. CLSM images of (G) smooth muscle cells
and (H) PC-3 cancer cells after incubation with TPE-Py-FFGYSA at 37
°C for 90 min. CLSM image of (I) PC-3 cancer cells after incubation
with TPE-Py-YSA at 37 °C for 90 min. (D1-11) are the corresponding
fluorescence/transmission overlay images of (D-I), respectively.
[TPE-Py-FFGYSA] = [TPE-Py-YSA] = 1 uM.

subsequently incubated with TPE-Py-FFGYSA at 37 °C for 90
min. The CLSM image, displayed in Fig. S167, reveals that the
fluorescent signal in the PC-3 cells is significantly reduced upon
blocking of EphA2 receptors. This result demonstrates that the
fluorescence turn-on of TPE-Py-FFGYSA stems from its specific
binding with EphA2 receptors.

To test the feasibility of TPE-Py-FFGYSA in tracking the
intracellular movement of EphA2, we firstly incubated the PC-3
cancer cells with TPE-Py-FFGYSA at 0 °C, as the protein inter-
nalization is energy-dependent.” After incubation at 0 °C for 1 h,
intense fluorescent signals from TPE-Py-FFGYSA are observed on
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the membranes of PC-3 cancer cells (Fig. 2D), indicating that the
EphA2 receptors are originally distributed on the cell membrane.
Alternatively, after treatment with TPE-Py-FFGYSA at 0 °C for 1 h,
the PC-3 cells were washed and incubated in culture medium for
another 10 and 60 min, respectively, followed by imaging of the
live cells with CLSM. Upon further incubation of the cells at 37 °C
for 10 min, it is obvious that the yellow fluorescent signals are
located in both the cell membrane and cytoplasm (Fig. 2E),
suggesting that the internalization of EphA2 receptors occurs
when the cells are rejuvenated at 37 °C. Dramatically, a vast
majority of the fluorescent patches are observed in the cytoplasm
post further cell incubation at 37 °C for 60 min (Fig. 2F and S177),
indicating the nearly complete internalization of the EphA2
clusters into the PC-3 cancer cells. This result reveals that TPE-Py-
FFGYSA can monitor the intracellular movement of EphA2 in live
PC-3 cancer cells.

Furthermore, the targeting capability and specific fluores-
cence turn-on signature of TPE-Py-FFGYSA toward EphA2 were
estimated using EphA2-negative smooth muscle cells as the
control. As shown in Fig. 2G, there are very few fluorescent
signals detected in the smooth muscle cells upon incubation
with TPE-Py-FFGYSA (1 uM) at 37 °C for 90 min, indicating that
TPE-Py-FFGYSA is highly specific for lighting up EphA2 that is
overexpressed in cancer cells. Moreover, TPE-Py-YSA without
the FFG sequence was also utilized as a control. Fig. 2H and I
show the CLSM images of PC-3 cancer cells after incubation
with TPE-Py-FFGYSA (1 uM) and TPE-Py-YSA (1 uM), respec-
tively, at 37 °C for 90 min. Compared with TPE-Py-FFGYSA-
treated cells, fewer staining areas with weaker fluorescence are
observed for TPE-Py-YSA-treated cells. Quantitative analysis
with Image Pro Plus software suggests that the average fluo-
rescence intensity from TPE-Py-FFGYSA-treated cells is ~4.0-
fold higher than that from TPE-Py-YSA-treated PC-3 cells, which
agrees well with the cell lysate titration data (Fig. 1B). This
comparative experiment shows that, compared to TPE-Py-YSA,
TPE-Py-FFGYSA is capable of visualizing EphA2 proteins in
cancer cells in a more sensitive and higher-contrast manner.

Recently, great research interest has focused on the “surface-
induced self-assembly” strategy, which demonstrates that
amphiphilic small molecules can in situ self-assemble into
nanostructures on biosurfaces or biointerfaces even if the
concentration is far lower than their CMC in bulk solutions.**
This phenomenon occurs because of the significant enrichment
of small molecules on the biosurfaces or biointerfaces attrib-
uted to their specific interactions. Similarly, in our case, TPE-Py-
FFGYSA at 1 pM cannot form assemblies/aggregates in solution,
since the concentration is much lower than its CMC. However,
as EphA2 receptors form clusters in cancer cells," a consider-
able number of TPE-Py-FFGYSA will be enriched in EphA2
clusters due to the specific binding of the protein and YSA. As
a result, the significantly elevated concentration of TPE-Py-
FFGYSA molecules would facilitate the formation of assemblies/
aggregates of their hydrophobic moieties intra- and inter-EphA2
clusters (Scheme 1B), which vitally block the intramolecular
rotations of AIEgens and open the radiative pathway, leading to
great fluorescence turn-on.

This journal is © The Royal Society of Chemistry 2017
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The larger fluorescent signal throughput of TPE-Py-FFGYSA
than TPE-Py-YSA for EphA2 imaging in PC-3 cancer cells should
be attributed to the FFG sequence between the AIEgen and YSA.
As illustrated in Scheme 1B, at the surface of EphA2 clusters in
cancer cells, it is reasonable to envision that, compared to
TPE-Py-YSA, more and tighter TPE-Py-containing assemblies/
aggregates will form for TPE-Py-FFGYSA under the action of FF
by virtue of its excellent self-assembly properties when capped
with an aromatic group,'® which will thus restrict the intra-
molecular rotations of the phenyl rings of TPE-Py more effec-
tively, leading to a higher fluorescent signal output. As
a consequence, TPE-Py-FFGYSA can image EphA2 clusters in
cancer cells in a more sensitive and higher-contrast manner, by
the simple incorporation of three amino acids FFG.

Next, we studied the ability of TPE-Py-FFGYSA to generate
ROS under light irradiation, which is a prerequisite to be an AIE
adjuvant. Principle density functional theory (DFT) and time-
dependent density functional theory (TD-DFT) investigations on
a single TPE-Py molecule in both the singlet and triplet excited
states were first performed. As shown in Fig. 3A, the calculated
energy gap between the lowest singlet (Es; = 1.428 eV) and
involved triplet (Er; = 1.365 eV, Er, = 1.424 eV) excited states
are considerably small (<0.1 eV), which results from a very small
overlap between the highest occupied and lowest unoccupied
molecular orbitals, HOMO and LUMO, respectively (Fig. 3B).
The efficient single-triplet intersystem crossing (ISC) process is
then facilitated. The obtained triplet excited states of TPE-Py are
long-lived and reactive. They can undergo electron transfer to
oxygen (type I) or/and energy transfer to a ground state triplet
oxygen (type II) to produce ROS.* In addition, 2/,7'-dichlor-
odihydrofluorescein diacetate (DCF-DA) was used as a ROS
indicator, which is non-emissive but can change to fluorescent
dichlorofluorescein (DCF) through a rapid oxidation reaction in
the presence of ROS.* As shown in Fig. 4A, upon continuous
exposure of the aqueous solution of TPE-Py-FFGYSA to white
light irradiation, efficient ROS production is found, as evi-
denced by the significant increase in the fluorescence intensity
of DCF peaking at 530 nm. Such a fluorescence enhancement of
the indicator could be effectively suppressed when vitamin C
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Fig. 3 (A) Energy diagrams of TPE-Py-Me as calculated using TD-DFT

and the proposed pathway of ROS generation. The energy level of
ground state was set to zero. (B) Electron density distribution of the
HOMO and LUMO of TPE-Py-Me based on the geometry of the
excited state calculated using the B3LYP/6-31G* basis set. TPE-Py-Me
is adopted as a representative of TPE-Py in the calculation model for
simplicity.
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Fig. 4 (A) Fluorescence intensity (Fl) of DCF at 530 nm as a function of
light irradiation time of TPE-Py-FFGYSA (1 uM) in aqueous solution
with and without addition of vitamin C (VC). (B) Cell viabilities of PC-3
cancer cells and smooth muscle cells receiving different treatments of
TPE-Py-FFGYSA (1 uM)/light irradiation for 48 h. (C) Cell viabilities of
TPE-Py-FFGYSA (1 uM)-incubated PC-3 cancer cells after addition of
32 nM of Ptx for 24 h. Single light irradiation (0.1 W cm™2, 2 min) was
performed at 0, 3, 6, 9, or 12 h post Ptx addition. (D) Cell viabilities of
PC-3 cells after addition of various concentrations of Ptx for 48 h. PC-
3 cells received different treatments of TPE-Py-FFGYSA (1 uM)/light
irradiation. For (B) and (D), light irradiations (0.1 W cm™2, 2 min) were
performed three times at 12, 24, and 36 h post addition of Ptx (Ptx is
0 nM for (B)). ** in (C) and (D) represents P < 0.01 versus the Ptx alone
group (adjuvant —; light —).

was added to scavenge the generated ROS. The capacity of TPE-
Py-FFGYSA in ROS generation was further confirmed using
another ROS indicator, 1,3-diphenylisobenzofuran (DPBF), via
monitoring the decrease in DPBF absorbance at 418 nm
(Fig. S187).® Furthermore, the ROS production of TPE-Py-
FFGYSA in PC-3 cancer cells was also confirmed using DCF-DA
as the indicator (Fig. S197).

The application of TPE-Py-FFGYSA as an AIE adjuvant to
enhance the cytotoxicity of Ptx was studied with MTT assay. This
is done by controlling the exogenous ROS generated by TPE-Py-
FFGYSA to ensure that it will not kill cancer cells, but just
provides an intracellular oxidative environment to amplify the
antitumor efficacy of Ptx. It is demonstrated that the 48 h
viabilities of PC-3 cancer cells and smooth muscle cells after
treatments with TPE-Py-FFGYSA (1 uM) without light irradia-
tion, “TPE-Py-FFGYSA (1 uM) + light irradiation (three times at
12, 24, and 36 h; 0.1 W cm ™2, 2 min for each irradiation)”, or
pure light irradiation (three times at 12, 24, and 36 h; 0.1 W
cm 2, 2 min for each irradiation) are all above 95% (Fig. 4B),
indicating that under such experimental conditions, TPE-Py-
FFGYSA is non-toxic to both cancer and normal cells even upon
exposure to light. We next conducted experiments to
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understand when to perform the light irradiation in order to
realize the synergistic antitumor effect of TPE-Py-FFGYSA and
Ptx. After incubation with TPE-Py-FFGYSA at 37 °C for 90 min,
PC-3 cancer cells were washed and exposed to 32 nM of Ptx.
Subsequently, single irradiation with white light (0.1 W em ™2,
2 min) was carried out at 0, 3, 6, 9, or 12 h post addition of Ptx,
which was followed by MTT assays at 24 h. As shown in Fig. 4C,
upon light irradiation at 0, 3, or 6 h post Ptx addition, the PC-3
cell viabilities show no obvious difference to that without light
irradiation (adjuvant +; light —). Encouragingly, when light
irradiation is performed at 12 h post addition of Ptx, signifi-
cantly enhanced cytotoxicity of Ptx is found. This result implies
that after interaction of PC-3 cells with Ptx for 12 h, an intra-
molecular oxidation environment is important for the drug to
give better efficacy. The possible mechanism underlying this
phenomenon may be related to the cell cycle arrest of Ptx.
Around 10-12 hours are needed for Ptx to arrest cells in the G2/
M phase, which is the most chemosensitized phase in the cell
cycle.”

Furthermore, after TPE-Py-FFGYSA-treated PC-3 cells were
incubated with a series of doses of Ptx, light irradiation (0.1 W
cm™ %) was performed three times at 12, 24, and 36 h post Ptx
addition, respectively. Each irradiation lasted for 2 min. The
MTT assays at 48 h as depicted in Fig. 4D reveal that the treat-
ments of TPE-Py-FFGYSA without light irradiation (adjuvant +;
light —) and pure light irradiation without adding TPE-Py-
FFGYSA (adjuvant —; light +) have negligible interference on the
cytotoxicity of Ptx. It is worth noting that the antitumor efficacy
of Ptx is dramatically amplified by the treatment of “TPE-Py-
FFGYSA + light irradiation” (adjuvant +; light +). As calculated
from the cytotoxicity curves in Fig. 4D, the ICs, value of Ptx
alone (adjuvant —; light —) is 75.9 nM; when Ptx is combined
with “TPE-Py-FFGYSA + light irradiation”, the ICs, value
decreases to a significantly lower value of 7.8 nM, which is only
10.3% of the original ICs, value. A previous study has shown
that amifostine as a chemosensitizer could lower the IC5, value
to ~14% of the value of Ptx alone, which has been well accepted
as a superb performance in enhancing the antitumor efficacy of
Ptx.>* It is also important to emphasize that “TPE-Py-FFGYSA +
light irradiation” does not lead to cell death under the condi-
tions used for the above studies (Fig. 4B). Hence, it is reasonable
to conclude that with the help of light irradiation, TPE-Py-
FFGYSA can serve as an effective adjuvant for synergistic anti-
tumor therapy with Ptx to yield the effect of “0 + 1 > 1”.

We then examined the expression of related proteins using
western blot to study the possible mechanism of such a syner-
gistic antitumor effect between Ptx and “TPE-Py-FFGYSA + light
irradiation”. As shown in Fig. 54, in the absence of Ptx, “TPE-Py-
FFGYSA + light irradiation” (Ptx —; adjuvant +; light +) has
nearly no impact on the expression of proteins in PC-3 cancer
cells compared with the untreated cells (Ptx —; adjuvant —; light
—). This result verifies that “TPE-Py-FFGYSA + light irradiation”
does indeed not lead to the death of PC-3 cells. Moreover, there
is also no significant difference between the protein expression
of PC-3 cells treated with Ptx alone (Ptx +; adjuvant —; light —)
and “Ptx + TPE-Py-FFGYSA without light irradiation” (Ptx +;
adjuvant +; light —), which further confirms that exposure to
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the absence and presence of NAC. (C) Schematic illustration of the
proposed synergistic mechanism.

light is the key factor to initiate the synergistic effect. In
particular, the expression of phosphylated Akt (p-Akt) is
inhibited more substantially by the combination of Ptx and
“TPE-Py-FFGYSA + light irradiation” (Ptx +; adjuvant +; light +),
when compared with Ptx alone (Fig. 5A). Since p-Akt is a very
important survival signal in cancer cells, earlier studies have
demonstrated that constitutive expression of p-Akt undermines
the sensitivity of cancer cells toward Ptx.”® It is thus proved in
the present study that inhibition of the phosphorylation of Akt
proteins plays a pivotal role in the sensitization effect of “TPE-
Py-FFGYSA + light irradiation” on Ptx.

Furthermore, the down-stream apoptotic pathway was also
evaluated using western blot. It is obvious that the combination
of Ptx and “TPE-Py-FFGYSA + light irradiation” is much more
effective in inducing mitochondria-originated apoptosis by
increasing the cytoplasm expression of cytochrome-c (Cyt. c),*
compared with the other four control treatments. Moreover, the
expression of one of the most important apoptotic markers, pro-
caspase-3, undergoes the most attenuated signal under
combinational treatment (Fig. 5A). What's more, the presence
of N-acetylcysteine (NAC) as an antioxidant is able to signifi-
cantly abolish the synergistic antitumor efficacy (Fig. 5B).
Therefore, these results together elucidate the underlying
synergistic mechanism, that is, the elevated intracellular ROS
level resulting from “TPE-Py-FFGYSA + light irradiation”

This journal is © The Royal Society of Chemistry 2017
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amplifies the action of Ptx by enhancing the inhibition of p-Akt,
thus inducing mitochondria-originated apoptosis more effi-
ciently (Fig. 5C).

Conclusions

In summary, we have reported the synthesis and feasibility of
TPE-Py-FFGYSA as an AIE adjuvant that has the combined
capabilities of targeted imaging of EphA2 overexpressed in
cancer cells and adjuvant amplification of antitumor efficacy of
Ptx. TPE-Py-FFGYSA is weakly fluorescent in aqueous solution,
and can selectively target EphA2 in PC-3 cancer cells along with
its fluorescence turn on. By virtue of the simple incorporation of
FFG as a self-assembly-aided unit, TPE-Py-FFGYSA can image
EphA2 clusters in PC-3 cancer cells with a high contrast. Addi-
tionally, benefiting from the intracellular oxidative environment
provided by TPE-Py-FFGYSA upon exposure to light, the anti-
tumor activity of Ptx is significantly amplified with a synergistic
effect of “0 + 1 >1”. The combination treatment of Ptx with “TPE-
Py-FFGYSA + light irradiation” gives an ICs, value as low as 7.8
nM, which is only 10.3% of that of Ptx alone. Western blot studies
further reveal that such synergistic antitumor efficacy is rooted in
the enhanced inhibition of p-Akt, which leads to a more effective
inducement of mitochondria-originated apoptosis. This work
thus extends the application scope of photosensitizers.

Acknowledgements

This work was supported by the National Basic Research Program
of China (2015CB856503), the NSFC (31571011, 81301311,
51622305 and 81220108015), the PCSIRT (IRT13023), the Science
& Technology Project of Tianjin of China (No. 15JCYBJC29800),
the University Grants Committee of Hong Kong (AoE/P-03/08),
the Research Grants Council of Hong Kong (16301614, 16305015,
N_HKUST604/14), the Innovation and Technology Commission
(ITC-CNERC14SC01 and RE:ITCPD/17-9), the Singapore National
Research Foundation (R-279-000-444-281), and National Univer-
sity of Singapore (R279-000-482-133). B. Z. T. is grateful for the
support from the Guangdong Innovative Research Team Program
of China (201101C0105067115).

Notes and references

1 X. Wu, M. Yu, B. Lin, H. Xing, J. Han and S. Han, Chem. Sci.,
2015, 6, 798; H. Shi, M. Niu, L. Tan, T. Liu, H. Shao, C. Fu,
X. Ren, T. Ma, J. Ren, L. Li, H. Liu, K. Xu, J. Wang, F. Tang
and X. Meng, Chem. Sci., 2015, 6, 5016; H. Koo, M. S. Huh,
I. C. Sun, S. H. Yuk, K. Choi, K. Kim and I. C. Kwon, Acc.
Chem. Res., 2011, 44, 1018; M. W. Ambrogio, C. R. Thomas,
Y. L. Zhao, J. I. Zink and ]. F. Stoddartt, Acc. Chem. Res.,
2011, 44, 903; S. S. Kelkar and T. M. Reineke, Bioconjugate
Chem., 2011, 22, 1879; J. Xie, S. Lee and X. Chen, Adv. Drug
Delivery Rev., 2010, 62, 1064.

2 A. L. Antaris, H. Chen, K. Cheng, Y. Sun, G. Hong, C. Qu,
S. Diao, Z. Deng, X. Hu, B. Zhang, X. Zhang, O. K. Yaghi,
Z. R. Alamparambil, X. Hong, Z. Cheng and H. Dai, Nat.
Mater., 2015, 15, 235.

This journal is © The Royal Society of Chemistry 2017

View Article Online

Chemical Science

3 H. Wang, J. Liu, A. Han, N. Xiao, Z. Xue, G. Wang, J. Long,
D. Kong, B. Liu, Z. Yang and D. Ding, ACS Nano, 2014, 8,
1475; M. F. Kircher, S. S. Gambhir and ]J. Grimm, Nat.
Rev. Clin. Oncol, 2011, 8, 677; X. Gao, Y. Cui,
R. M. Levenson, L. W. K. Chung and S. Nie, Nat.
Biotechnol., 2004, 22, 969.

4 S. S. Lucky, K. C. Soo and Y. Zhang, Chem. Rev., 2015, 115,
1990; P. Huang, J. Lin, X. Wang, Z. Wang, C. Zhang, M. He,
K. Wang, F. Chen, Z. Li, G. Shen, D. Cui and X. Chen, Adv.
Mater., 2012, 24, 5104; J. F. Lovell, T. W. B. Liu, J. Chen
and G. Zheng, Chem. Rev., 2010, 110, 2839.

5 U. Resch-Genger, M. Grabolle, S. Cavaliere-Jaricot,
R. Nitschke and T. Nann, Nat. Methods, 2008, 5, 763;
A. M. Derfus, W. C. W. Chan and S. N. Bhatia, Nano Lett.,
2004, 4, 11.

6 ]J. B. Birks, Photophysics of Aromatic Molecules, Wiley, London,
1970.

7 J. Mei, N. L. C. Leung, R. T. K. Kwok, J. W. Y. Lam and
B. Z. Tang, Chem. Rev., 2015, 115, 11718; D. Ding, K. Li,
B. Liu and B. Z. Tang, Acc. Chem. Res., 2013, 46, 2441.

8 Y. Yuan, C. J. Zhang, M. Gao, R. Zhang, B. Z. Tang and B. Liu,
Angew. Chem., Int. Ed., 2015, 54, 1780.

9 D. Ding, D. Mao, K. Li, X. Wang, W. Qin, R. Liu, D. S. Chiam,
N. Tomczak, Z. Yang, B. Z. Tang, D. Kong and B. Liu, ACS
Nano, 2014, 8, 12620.

10 S. G. Reed, M. T. Orr and C. B. Fox, Nat. Med., 2013, 19, 1597;
C. Alvarez-Breckenridge, B. Kaur and E. A. Chiocca, Chem.
Rev., 2009, 109, 3125.

11 H. Wang, Z. Luo, Y. Wang, T. He, C. Yang, C. Ren, L. Ma,
C. Gong, X. Li and Z. Yang, Adv. Funct. Mater., 2016, 26,
1822; T. Wang and N. Wang, Curr. Pharm. Des., 2015, 21,
5245; C. R. Alving, J. N. Verma, M. Rao, U. Krzych,
S. Amselem, S. M. Green and N. M. Wassef, Res. Immunol.,
1992, 143, 197.

12 E. Terreno, F. Uggeri and S. Aime, J. Controlled Release, 2012,
161, 328.

13 1. S. Turan, D. Yildiz, A. Turksoy, G. Gunaydin and
E. U. Akkaya, Angew. Chem., Int. Ed., 2016, 55, 2875;
A. M. Durantini, L. E. Greene, R. Lincoln, S. R. Martinez
and G. Cosa, J. Am. Chem. Soc., 2016, 138, 1215;
M. Mitsunaga, M. Ogawa, N. Kosaka, L. T. Rosenblum,
P. L. Choyke and H. Kobayashi, Nat. Med., 2011, 17, 1685.

14 N. Koshikawa, D. Hoshino, H. Taniquchi, T. Mineqishi,
T. Tomari, S. O. Nam, M. Aoki, T. Sueta, T. Nakaqawa,
S. Miyamoto, K. Nabeshima, A. M. Weaver and M. Seiki,
Cancer Res., 2015, 75, 3327; E. B. Pasquale, Nat. Rev.
Cancer, 2010, 10, 165; H. Miao, B. R. Wei, D. M. Peehl,
Q. Li, T. Alexandrou, J. R. Schelling, J. S. Rhim, J. R. Sedor,
E. Burnett and B. Wang, Nat. Cell Biol., 2001, 3, 527.

15 S. Wang, R. Noberini, J. L. Stebbins, S. Das, Z. Zhang, B. Wu,
S. Billet, S. Mitra, A. Fernandez, N. A. Bhowmick, S. Kitada,
E. B. Pasquale, P. B. Fisher and M. Pellecchia, Clin. Cancer
Res., 2013, 19, 128.

16 J. Zhou, X. Du and B. Xu, Angew. Chem., Int. Ed., 2016, 55,
5770; Y. Gao, J. Shi, D. Yuan and B. Xu, Nat. Commun.,
2012, 3, 1033; A. M. Smith, R. J. Williams, C. Tang,
P. Coppo, R. F. Collins, M. L. Turner, A. Saiani and

Chem. Sci,, 2017, 8, 2191-2198 | 2197


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sc03859j

Open Access Article. Published on 02 December 2016. Downloaded on 12/4/2025 9:47:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

R. V. Ulijn, Adv. Mater., 2008, 20, 37; M. Reches and E. Gazit,
Science, 2003, 300, 625.

17 M. Koolpe, M. Dail and E. B. Pasquale, J. Biol. Chem., 2002,
277, 46974.

18 X. Li, X. Lu, H. Xu, Z. Zhu, H. Yin, X. Qian, R. Li, X. Jiang and
B. Liu, Mol Pharmaceutics, 2012, 9, 222; J. Alexandre,
F. Batteux, C. Nicco, C. Chéreau, A. Laurent, L. Guillevin,
B. Weill and F. Goldwasser, Int. J. Cancer, 2006, 119, 41;
C. Iancu, S. J. Mistry, S. Arkin and G. F. Atweh, Cancer Res.,
2000, 60, 3537.

19 D. R. Singh, F. Ahmed, C. King, N. Gupta, M. Salotto,
E. B. Pasquale and K. Hristova, J. Biol. Chem., 2015, 290,
27271; M. Tandon, S. V. Vemula and S. K. Mittal, Expert
Opin. Ther. Targets, 2011, 15, 31; ]J. Walker-Daniels,
D. J. Riese II and M. S. Kinch, Mol. Cancer Res., 2002, 1, 79.

20 F. Huy, Y. Huang, G. Zhang, R. Zhao, H. Yang and D. Zhang,
Anal. Chem., 2014, 86, 7987.

2198 | Chem. Sci., 2017, 8, 2191-2198

View Article Online

Edge Article

21 A. M. Bieser and J. C. Tiller, Supramol. Chem., 2007, 20, 363;
C. Ren, H. Wang, X. Zhang, D. Ding, L. Wang and Z. Yang,
Chem. Commun., 2014, 50, 3473.

22 C. A. Robertson, D. H. Evans and H. Abrahamse, J.
Photochem. Photobiol., B, 2009, 96, 1.

23 A. Cividalli, G. Arcangeli, G. Cruciani, E. Livdi, E. Cordelli
and D. T. Danesi, Int. J. Radiat. Oncol., Biol., Phys., 1998,
40, 1163.

24 D. Dai, A. M. Holmes, T. Nguyen, S. Davies, D. P. Theele,
C. Verschraegen and K. K. Leslie, Cancer Res., 2005, 65, 9517.

25 A. Szanto, Z. Bognar, A. Szigeti, A. Szabo, L. Farkas and
F. Gallyas, Anticancer Res., 2015, 29, 159; X. Ling,
R. J. Bernacki, M. G. Brattain and F. Li, J. Biol. Chem.,
2004, 279, 15196.

26 L. Liu, Z. Zhang and D. Xing, Free Radical Biol. Med., 2011,
51, 53.

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sc03859j

	AIEgen-based theranostic system: targeted imaging of cancer cells and adjuvant amplification of antitumor efficacy of paclitaxelElectronic...
	AIEgen-based theranostic system: targeted imaging of cancer cells and adjuvant amplification of antitumor efficacy of paclitaxelElectronic...
	AIEgen-based theranostic system: targeted imaging of cancer cells and adjuvant amplification of antitumor efficacy of paclitaxelElectronic...
	AIEgen-based theranostic system: targeted imaging of cancer cells and adjuvant amplification of antitumor efficacy of paclitaxelElectronic...
	AIEgen-based theranostic system: targeted imaging of cancer cells and adjuvant amplification of antitumor efficacy of paclitaxelElectronic...


