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Emissive nanoparticles from pyridinium-
substituted tetraphenylethylene salts: imaging and
selective cytotoxicity towards cancer cells in vitro
and in vivo by varying counter anionst

Yanyan Huang,?® Guanxin Zhang,**® Fang Hu,?® Yulong Jin,?° Rui Zhao*@®
and Deging Zhang*®®

Chemotherapeutics specifically targeting cancer cells without damaging healthy cells is the long-awaited
goal of cancer treatment. In this paper, a series of nanoparticles (NanoTPES 1-4) assembled from
pyridinium-substituted tetraphenylethylene salts were synthesized and investigated both in vitro and in
vivo for this purpose. By changing the counter anions, NanoTPES 1-4 exhibit tunable emission colors,
sizes and surface charges. NanoTPES 2 and 3 with tetraphenyl borate and tetra(4-chlorophenyl) borate
as the respective anions selectively imaged and targeted mitochondria in cancer cells. Accordingly, these
two nanoparticles specifically kill cancer cells with minimal effect on normal cells. Such selective
cytotoxicity was attributed to the change of membrane potential and inhibition of ATP synthesis in the

mitochondria of cancer cells. Furthermore, both NanoTPES 2 and 3 exhibited efficient tumor
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Introduction

Killing cancer cells without damaging healthy cells has become
a long-awaited objective of cancer treatment." To this end,
theranostic agents capable of passively or actively targeting
physiological or molecular signatures of cancer cells are highly
desirable.” Rapid developments in nanoscience and nanotech-
nology do create new approaches to tackle this challenging
issue. In fact, nanoscale targeting materials show attractive
advantages in delivering imaging and therapeutic agents to the
cancer sites by using the enhanced permeability and retention
(EPR) effect in tumor vasculature.® As the most successful
example, liposome-based therapeutic nanocarriers have already
been approved for clinical use.* Inorganic nanomaterials such
as gold nanoparticles, silica particles and quantum dots are
extensively investigated for their potential for in vivo cancer
therapy.” In order to endow the nanoparticles with targeting
abilities and thus avoid possible non-specific uptake, drug
resistance and uncontrollable drug effectiveness, the surface
features of nanoparticles need to be precisely controlled.>*® In
this respect, organic nanoparticles capable of providing a wide
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accumulation and tumor growth inhibition in vivo, with negligible systemic toxicity.

range of surface chemistries, and thus tuning the surface
properties, become ideal candidates to realize targeting,
imaging and therapeutic functions simultaneously.”

Tetraphenylethylene (TPE) is known as one of the aggrega-
tion-induced emission (AIE) fluorogens.® By manipulating the
aggregation and deaggregation of TPE molecules, chemo-/
biosensors have been successfully constructed.” TPE molecules
with targeting groups have also been utilized for cell and
organelle bioimaging and phototherapy.’ Moreover, TPE
molecules in poor solvents can assemble into nanoparticles,
and the emissive dots formed in the presence of amphiphiles
have been employed for bioimaging.'**'* However, selective
cytotoxicity of TPE molecules towards cancer cells has never
been reported.

In this work, we report nanoparticles self-assembled from
pyridinium-substituted tetraphenylethylene with different
counter anions (NanoTPES 1-4, Scheme 1). The sizes and
surface zeta-potentials of NanoTPES 1-4 can be tuned by
varying the counter ions. Interestingly, it was discovered that
these nanoparticles interact with normal and cancer cells
differently. The cytotoxicity of the nanoparticles can be tuned by
the respective counter anions. The in vivo anti-cancer activity of
NanoTPES was also examined with tumor-bearing mice. The
targeting of NanoTPES 2 and 3 (with tetraphenyl borate and
tetra(4-chlorophenyl) borate as the respective anions) to the
tumor site facilitated the selective accumulation, efficacious
tumor inhibition and minimal systemic cytotoxicity.
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Scheme 1 The chemical structures of compounds 1-6 and the synthetic approach.
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Fig. 1 Fluorescence and aggregation behavior. (a) Size and distribu-
tion of NanoTPES derived from DLS data; (b) SEM image of NanoTPES
2, the scale bar was 500 nm; (c) photographs of four compounds in
different solvents under UV light (365 nm) irradiation.

Table 1 Sizes and zeta potentials of NanoTPES

Average size Zeta potential

NanoTPES (nm) (mv)
1 108 0.7
2 219 30.4
3 255 36.2
4 609 -9.9
a) NanoTPES HepG2 cells HEK293 cells

Fig. 2
HepG2 cells after stained with NanoTPES 2 (left) and NanoTPES 3 (right)

Results and discussion

Molecular design, preparation and characterization of the
nanoparticles

The wunusually hyperpolarized mitochondrial membrane
potential is emerging as a bioelectric sign of cancer cells.”
Owing to the vital roles of mitochondria in programmed cell
death and power supply of cells,” targeting agents capable of
destroying mitochondria are effective in killing cancer cells.*
Herein, based on the fact that cationic compounds have the
tendency to accumulate in mitochondria,” pyridinium was
linked to TPE to introduce delocalized positive charge. The
derivatization of the pyridinium group is also intended to shift
the blue emission of TPE to the long wavelength region, which
is appealing for bioimaging. Counter anions with different
hydrophobicities were chosen, including toluenesulfonate, tet-
raphenyl borate, tetra(4-chlorophenyl) borate and tetra(3,5-
bis(trifluoromethyl)phenyl) borate (Scheme 1). Compounds 1-4
were prepared using ion-exchange procedures starting from the
corresponding salt with iodide. Their chemical structures were
characterized with NMR and FT-IR. The purities were confirmed
by elemental analysis (Fig. S1-S4, ESIT).
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(a) CLSM images of HepG2 cells and HEK293 cells after treatment with NanoTPES 1-4; scale bar: 20 um; (b) flow cytometric analysis of

of different concentrations; (c and d) co-staining of NanoTPES 2 (c) and

NanoTPES 3 (d) with mitochondrial tracker Green in HepG2 cells; scale bar: 20 pm. NanoTPES concentration: 20 uM.
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Scheme 2 |llustration of possible pathway of NanoTPES 2 and 3 for
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Fig. 3 (a) Cytotoxicity of NanoTPES 1-4 (10 uM each) towards HepG2

cells and HEK293 cells after 48 h treatment; (b) microscopic obser-
vation of HepG2 cells without and with the treatment of NanoTPES 2
and 3.

The nanoparticles were prepared by adding 10 pL of DMSO
solutions of compounds 1-4 separately to 990 puL of phos-
phate buffer saline (PBS), and the resulting nanoparticles
were referred to as NanoTPES 1, NanoTPES 2, NanoTPES 3
and NanoTPES 4, respectively. On the basis of DLS (dynamic
light scattering) data (Fig. 1a), the average sizes of NanoTPES
1-4 were estimated to be 108 nm, 219 nm, 255 nm and 609
nm, respectively (Table 1). The resulting nanoparticles were
also characterized with scanning electron microscopy (SEM)
(Fig. 1b and S67). The size difference of these nanoparticles is
expected to arise from the different hydrophobic properties of
the counter anions, which lead to different self-assembled
structures. Apart from sizes, the surface charges reflected by
zeta-potentials of these nanoparticles can also be tuned by
varying the counter anions. As listed in Table 1, the surfaces
of NanoTPES 2 and 3 are significantly positively charged,
whereas the surface of NanoTPES 4 becomes negatively
charged. The zeta-potential of NanoTPES 1 is just slightly
positive.

Compounds 1-4 were weakly emissive in good solvents
such as DMSO and acetonitrile, but became strongly fluo-
rescent in phosphate buffer (Fig. 1c). The fluorescence
quantum yields of NanoTPES 1-4 (20 pM) in PBS containing
1% DMSO were measured to be 24.1%, 16.5%, 26% and
25.1%, respectively. Interestingly, the emission colors were

This journal is © The Royal Society of Chemistry 2016
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found to be dependent on the counter anions as shown in
Fig. 1c; the emission maximum was shifted from 560 nm for
NanoTPES 1, to 605 nm, 620 nm and 640 nm for NanoTPES 2,
3 and 4, respectively (Fig. S7 and S8, ESIT). Thus, NanoTPES 2,
3 and 4 became orange-red or red-emissive when the counter
anions were replaced by tetraphenyl borate, tetra(4-chlor-
ophenyl) borate and tetra(3,5-bis(trifluoromethyl)phenyl)
borate. The different emission colors of these nanoparticles
may be attributed to their different self-assembled structures,
within which the cation-anion interactions are different
owing to the different electronic structures and sizes of the
counter anions. In addition, it is expected that the bulky
anions in NanoTPES 2, 3 and 4 may allow the tetraphenyl-
ethylene frameworks to possess more planar conformations,
which can lead to the red-shifts of the emission according to
our previous report.*®

Cell imaging

The bright fluorescence of NanoTPES 1-4 enables the moni-
toring of their interactions with different cells. These nano-
particles were allowed to interact with cancer cells including
HepG2 (hepatoblastoma cell line), HeLa (cervical cancer cell
line) and A549 (human lung adenocarcinoma epithelial cells),
and normal cells including HEK293 (from normal human
kidney), Chang liver and L02 (human hepatic cell lines). From
CLSM (confocal laser scanning microscopy) images, both
cancer (HepG2, HeLa and A549) and normal (HEK293, Chang
liver and L02) cells were fluorescent after incubation with
NanoTPES 1 (Fig. 2a and S97), indicating the non-selective
uptake of NanoTPES 1 by cancer and normal cells. In compar-
ison, bright red fluorescence was only detected for HepG2, HeLa
and A549 cells after incubation with NanoTPES 2 and 3 (Fig. 2a
and S9t), whereas no fluorescence was observed for HEK293,
Chang liver and L02 cells with the same treatment. The selective
imaging suggests the good permeability of NanoTPES 2 and 3
into cancer cells, and their disability to penetrate normal cells.
Interestingly, no fluorescence was detected for both cancer and
normal cells after incubation with NanoTPES 4 (Fig. 2a and
S91), revealing that the cellular uptake of NanoTPES 4 had not
taken place for either cancer or normal cells.

The intracellular delivery of nanoparticles is usually via an
endocytosis/phagocytosis pathway in which interactions with
the cell membrane may be involved."” Compared with those
of normal cells, membranes of cancer cells possess signifi-
cantly negative charges due to the presence of more anionic
biomolecules.'® Thus, the selectivity of NanoTPES 2 and 3 may
be related to the sizes and surface charges of these nano-
particles. As listed in Table 1, the surfaces of NanoTPES 2 and
3 are more positively charged; accordingly, they can interact
with cancer cells more strongly. In addition, the hydrophobic
TPE fragment in NanoTPES 2 and 3 can facilitate the uptake
and interaction with lipid bilayers of cancer cells, which
resulted in their efficient internalization into cancer cells.
With regards to normal cells, the absence of the essential
electrostatic interaction dramatically weakens the interaction
and uptake of NanoTPES 2 and 3 into cells. The significant
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Fig. 4 Potent antitumor activity of NanoTPES via intratumor injection
in a tumor xenograft mouse model: (a) variation of the tumor volumes
up to day 20 after treatment with NanoTPES 2 and 3 (mean +s.d., n =
5) (***P < 0.001; **P < 0.01; Student's t-test); (b) variation of the body
weight of mice up to day 20 after treatment with NanoTPES 2 and 3.

differences in size and surface charge of NanoTPES 1 and 4, in
comparison with NanoTPES 2 and 3, can explain the obser-
vation that they cannot specifically target cancer cells (see page
s18 in ESIf).

On the basis that NanoTPES 2 and 3 can selectively target
cancer cells, flow cytometry, a powerful tool for quantitation,
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was also used to analyze stained cells. As depicted in Fig. 2b,
gradual fluorescence enhancement was observed from HepG2
cells as the concentrations of NanoTPES 2 and 3 increased,
indicating the continuous uptake of these two nanoparticles.
The saturation uptake behaviors of NanoTPES 2 and 3 by HepG2
cells confirm their high affinity and specificity toward cancer
cells (Fig. S10, ESIf). In addition, a time-course assay clearly
demonstrated the intracellular trafficking of the nanoparticles
from cell membrane into cytoplasm (see page s19 in ESIT). After
incubation for 60 min, a very clear target-to-background image
was acquired (Fig. S117), indicating the completion of subcel-
lular localization. As examined by fluorescence colocalization
assay, NanoTPES 2 and 3 gave high coefficient values of 0.94 and
0.91 with a commercial mitochondrial tracker (MitoTracker
Green) (Fig. 2c and d), demonstrating their good localization to
mitochondria. No overlapping was detected with fluorescent
trackers for other organelles (such as lysosomes and endo-
somes) and the cell nucleus (Fig. S12 and S13, ESIt). Based on
the fact that cancer cells usually contain more mitochondria
and their mitochondrial membrane is unusually negatively
charged,''” the possible pathway for NanoTPES 2 and 3 to
selectively target mitochondria in cancer cells is illustrated in
Scheme 2.

Cytotoxicity tuned by counter anions

The cytotoxicity of NanoTPES 1-4 towards both cancer cells
and normal cells was assayed with the standard MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
method. As shown in Fig. 3a, the viability of HepG2 cells was
measured to be only 13% and 29% respectively, after treatment
with NanoTPES 2 and 3 for 48 h. Accordingly, HepGz2 cells also
showed typical morphology of dead cells, being shrunken,
rounded up and detached after incubation with either
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In vivo tumor imaging and antitumor study via intravenous injection of NanoTPES: (a and b) body imaging and tissue imaging of the

distribution of NanoTPES after intravenous injection. Black circles indicate tumor sites; (c) tumor volume up to day 20 after treatment with
NanoTPES 2 and 3 (mean + s.d., n = 5) (¥**P < 0.01; Student's t-test); (d) variation of the body weight of mice up to day 20 after treatment; (e) HGE
analysis of tumor tissues from mice treated with PBS (1% DMSO), NanoTPES 2 and 3 for 20 days, respectively.
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NanoTPES 2 or 3 (Fig. 3b). NanoTPES 2 and 3 also displayed
high cytotoxicity toward cancerous HeLa and A549 cells. The
cell viabilities were only 23% and 8% for HeLa cells, and 23%
and 31% for A549 cells after the respective treatments with
NanoTPES 2 and 3 (Fig. S141). In comparison, normal human
cells including HEK293, Chang liver and L02 cells were healthy
and almost unaffected after the same treatments (Fig. 3a and
S14%), and in each case the cell viability was greater than 90%.
Clearly, NanoTPES 2 and 3 exhibit high cytotoxicity towards
cancer cells with almost no cytotoxicty towards normal cells.
The IC5, values of NanoTPES 2 and 3 towards HepG2 cells were
estimated to be 2.2 uM and 3.8 uM, respectively (Fig. S15%). In
contrast, NanoTPES 1 is cytotoxic towards both cancer and
normal cells. Cell viabilities were found to be below 50% for
both cancer (HepG2, HeLa and A549) and normal (HEK293,
Chang liver and L02) cells (Fig. 3a and S14f). NanoTPES 4,
however, shows no cytotoxicity towards both cancer and
normal cells.

Mechanism for the tunable cytotoxicity

Such tunable cytotoxicity of NanoTPES with different counter
anions is in good agreement with the above confocal imaging
results. To further investigate the roles of cations and anions for
cytotoxic effects, two control salts 5 and 6 (Scheme 1), which
contain tetraphenyl borate as the anion and Na* and 1-methyl-4-
phenylpyridinium as the respective cations, were prepared. The
results reveal that both 5 and 6 show negligible cellular uptake
and no cytotoxicity to HepG2 cells based on the MTT assay
(Fig. S16t1). Therefore, it can be inferred that the cation, pyr-
idinium-substituted tetraphenylethylene, and the respective
anions within NanoTPES 2 and 3 work cooperatively to achieve
targeted imaging and selective cytotoxicity. Pyridinium-
substituted tetraphenylethylene plays a central role in their
cytotoxicities, while different anions tune the cytotoxicities to be
selective.

Further studies indicate that the accumulation of NanoTPES
2 and 3 in mitochondria of cancer cells can induce a change of
membrane potential (A¥ ), which is an indicator of the health
status of mitochondria and is closely related with early cell
apoptosis. A¥,,, was measured with a commercial JC-10 dye.
From both CLSM observation and microplate quantitation
assay, a critical drop in A¥,, of HepG2 after treatment with
NanoTPES 2 and 3 was detected (Fig. S17, ESIT). These results
hint that the selective cytotoxicity of NanoTPES 2 and 3 towards
HepG2 cells may operate via the mitochondria damage-medi-
ated cell apoptosis pathway as illustrated in Scheme 2. Addi-
tionally, NanoTPES 2 and 3 were also found to affect the
generation of adenosine triphosphate (ATP) in HepG2 cells as
indicated by an ATP bioluminescent assay kit. The amounts of
ATP generated in HepGz2 cells after incubation with NanoTPES 2
and 3 decreased by 67% and 57% of that before the treatments
based on the relative emission intensities (Fig. S177). These
results suggest that NanoTPES 2 and 3 can inhibit the oxidative
phosphorylation process in mitochondria. The reduced ATP
supply in the mitochondria of HepGz2 cells finally leads to cell
death.

This journal is © The Royal Society of Chemistry 2016
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In vivo xenografted tumor therapy

Benefiting from their cancer cell-specific internalization and
mitochondria-damaging ability, NanoTPES 2 and NanoTPES 3
were applied for in vivo antitumor therapy. To this end, a tumor-
bearing mouse model was established by xenografting HepG2
cells into BALB/c nude mice subcutaneously. After tumor initi-
ation, PBS containing 1% DMSO (v/v), NanoTPES 2 and Nano-
TPES 3 were administrated separately by either intratumor or
intravenous injection every other day.

After intratumor injection of NanoTPES 2 and 3, the mice
showed significantly lower tumor growth rates than control
ones administrated with PBS (1% DMSO) (Fig. 4a). With 20 day
treatment, the average tumor volumes were 217 mm® and
310 mm®, respectively, being much smaller than that of the
control group (587 mm?®). Clearly, the rate of tumor growth is
slowed significantly after the respective treatments with Nano-
TPES 2 and 3. This agrees well with the actual photos of tumors
after 20 day treatments (see Fig. S18t). The body weight of mice
is used to evaluate the side effects. Compared with control mice,
their weights remained almost unchanged (Fig. 4b), suggesting
that NanoTPES 2 and 3 possess minimal systemic cytotoxicity.
To further evaluate the therapeutic efficacy, hematoxylin and
eosin (H&E) histopathological analysis was employed. Distinct
cell death was observed in the tumor tissues treated by Nano-
TPES 2 and 3, while tumor cells in the control group retained
vigorous and cancerous features (Fig. S18%).

The targetable antitumor efficacy was further examined by
intravenous injection of NanoTPES 2 and 3 to tumor-bearing
mice. Body imaging was carried out by monitoring the respec-
tive red emissions. As shown in Fig. 5a, significant fluorescence
was detected in the tumors after intravenous injections of
NanoTPES 2 and 3 separately, indicating the specific delivery of
these nanoparticles to the tumor sites. After sacrifice, bright red
emission was clearly observed in tumor tissues (Fig. 5b), while
other organs including the heart, liver, spleen, lung and kidney
showed negligible emissions. Such in vivo tumor-targeting and
accumulation abilities of NanoTPES 2 and 3 are appealing for
their antitumor performance.

The in vivo therapeutic outcomes after intravenous injection
of NanoTPES 2 and 3 are shown in Fig. 5c-e. In comparison with
those of the control group, the tumor volumes were obviously
reduced after injections of these two nanoparticles. The average
volumes of the tumors after intravenous injections of Nano-
TPES 2 and 3 for 20 days were 383 mm?® and 401 mm?, respec-
tively, which were reduced by 54% and 52%, respectively, in
comparison with that (834 mm?®) of the control group. More-
over, the NanoTPES-treated mice did not show significant loss
in body weight (Fig. 5d), suggesting intravenous injections of
NanoTPES 2 and 3 have almost no obvious side toxicity. H&E
histopathological analysis indicates that tumor cell death was
only observed for mice treated with NanoTPES 2 and 3 (Fig. 5e).
This further verifies their selective toxicity to cancer cells. No
obvious physiological morphology changes were found in the
heart, liver, spleen, lung and kidney (Fig. S19t), demonstrating
the negligible side effect of NanoTPES 2 and 3 during blood
circulation. The tumor targeting effect and cancer cell-specific
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damage capability provides NanoTPES 2 and 3 with superior
therapeutic outcome and minimal systemic toxicity. Notably,
such antitumor function has never been reported for AIE
luminogens before.

Conclusions

In summary, we report the nanoparticles NanoTPES 1-4,
derived from pyridinium-substituted tetraphenylethylene with
different counter anions, for bioimaging and selective cytotox-
icity towards cancer cells. The results reveal that the emissions,
sizes and surface charges of these nanoparticles can be tuned by
varying the counter anions. The suitable sizes and positively
charged surfaces enable NanoTPES 2 and 3 to selectively image
and target mitochondria in cancer cells rather than normal
cells. Furthermore, the targeting of mitochondria in cancerous
HepG2 cells by either NanoTPES 2 or 3 induces the decrease of
mitochondrial transmembrane potential and affects ATP
generation, thus resulting in mitochondrial damage (Scheme
2). In this manner, both NanoTPES 2 and 3 show selective
cytotoxicity towards cancer cells, whilst they are almost non-
toxic to normal cells. Inspired by this discovery, both NanoTPES
2 and 3 were applied for in vivo xenografted tumor therapy. To
our delight, they specifically accumulate in tumor sites and
exhibit efficient tumor suppression during in vivo therapy,
whereas their systemic toxicity is negligible. These interesting
results clearly demonstrate that the combination of pyridinium-
substituted tetraphenylethylene and appropriate anions can
lead to new multifunctional nanomaterials which can be used
simultaneously for bioimaging and as antitumor agents.
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