#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Cancer cell discrimination and dynamic viability
monitoring through wash-free bioimaging using
AlEgensT

Ruoyao Zhang,®® Guangle Niu, ©2°° Qing Lu,¢ Xiaolin Huang, ©2° Joe H. C. Chau,?

Ryan T. K. Kwok,® Xiaogiang Yu, © < Min-Hui Li, ©*9 Jacky W. Y. Lam*?°
and Ben Zhong Tang & *2°e

i ") Check for updates ‘

Cite this: Chem. Sci., 2020, 11, 7676

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Cancer cell discrimination and cellular viability monitoring are closely related to human health. A universal
and convenient fluorescence system with a dual function of wide-spectrum cancer cell discrimination and
dynamic cellular viability monitoring is desperately needed, and is still extremely challenging. Herein we
present a series of aggregation-induced emission luminogens (AlEgens) (denoted as IVP) which can
allow accurate discrimination between cancer and normal cells and dynamic monitoring of cellular
viability through mitochondria—nucleolus migration. By regulating the lengths and positions of alkyl
chains in IVP molecules, we systematically studied the discrimination behavior of these AlEgens between

cancer cells and normal cells and further investigated how they can migrate between the mitochondria
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a model molecule, wash-free bioimaging, excellent two-photon properties, and low cytotoxicity were
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Introduction

Cancer is one of the greatest enemies of humanity. Early
detection of cancer before its metastasis is very important to
increase the survival rate of patients.! Different from normal
cells, cancer cells overexpress some receptors, which usually
serve as targets for identifying cancer cells.> Currently, immu-
nofluorescence and aptamer-based fluorescence systems are
common tools for cancer detection.**° In cancer detection with

“Department of Chemistry, Hong Kong Branch of Chinese National Engineering
Research Center for Tissue Restoration and Reconstruction, Institute for Advanced
Study, Department of Chemical and Biological Engineering, The Hong Kong
University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong
999077, China. E-mail: chjacky@ust.hk; tangbenz@ust.hk

*HKUST-Shenzhen Research Institute, No. 9 Yuexing 1st RD, South Area, Hi-tech Park,
Nanshan, Shenzhen 518057, China

“Center of Bio and Micro/Nano Functional Materials, State Key Laboratory of Crystal
Materials, Shandong University, Jinan 250100, China

“Chimie ParisTech, PSL University Paris, CNRS, Institut de Recherche de Chimie Paris,
75005 Paris, France. E-mail: min-hui.li@chimieparistech.psl.eu

Center for Aggregation-Induced Emission, SCUT-HKUST Joint Research Institute, State
Key Laboratory of Luminescent Materials and Devices, South China University of
Technology, Guangzhou 510640, China

T Electronic supplementary information (ESI) available: Materials and methods;
crystallographic data; photophysical data; bioimaging; RNA titration and
calculations; synthetic details, NMR spectra and HRMS spectra. CCDC 1986367.
For ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/d0sc01213k

7676 | Chem. Sci, 2020, 1, 7676-7684

identification and metastasis monitoring, as well as activity evaluation and screening of drugs.

immunofluorescence, antibodies conjugated with fluorescent
dyes are highly specific to the overexpressed receptors,
achieving high specificity to cancer cells.>®* However, in the
early stages of cancer, the receptors are less expressed, which
increases the difficulty of early cancer detection. Moreover, the
preparation of specific recognition elements against cancer cell
receptors is complex and costly, and the conjugation of fluo-
rescent dyes to antibodies sometimes affects antibody activity.
In cancer detection with aptamer-based fluorescence systems,
screening the aptamers specific to cancer cells and conjugation
of fluorescent dyes to aptamers are also complicated
processes.”™ Although these specific ligands can efficiently
identify cancer cell types, they are limited by the available
tumour cell species, especially from unknown cancers, which
makes it hard to achieve wide-spectrum cancer screening.
Therefore, there is still much room for improvement of cancer
detection. A universal and convenient method is strongly
needed for wide-spectrum cancer cell detection.

The viability of autologous cells is closely related to human
health. Monitoring cell viability is important for human health,
sub-health, and disease detection. In particular, in terms of
drug screening including drug development and efficacy eval-
uation, cell viability monitoring also plays an important role."*
The standard method commonly used for detecting cell viability
is the MTT assay.'” Due to reduction by mitochondrial reduc-
tase, MTT with yellow color will turn into formazan with deep
purple color. Then by measuring the absorbance of formazan at
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570 nm, the cell viability can be obtained. However, MTT assay
needs a long testing time, and detailed information such as the
cell morphology cannot be visualized. Fluorescence microscopy
is a powerful tool for in situ real-time detection and monitoring
of biosamples in vivo."*** Researchers developed some fluores-
cent probes for cell viability detection.>~*® For example, calcein
AM is nonfluorescent in dead cells but exhibits strong fluores-
cence in live cells.** Fluorescein labelled annexin V is used for
the detection of phosphatidylserine expression in early
apoptotic cells.”® Propidium iodide (PI) can only stain late
apoptotic and dead cells, but cannot enter live cells.>* However,
it is hard for these probes to monitor cell viability in real time.
New systems for fast and in situ real-time monitoring of cell
viability are highly desirable but are still extremely challenging.

In response to these challenges, a variety of organic fluo-
rophores have been developed for biosample imaging.*~**
Traditional aromatic and planar fluorophores have poor solu-
bility under aqueous conditions due to the inherent hydro-
phobicity. Increasing the amount would lead to aggregation-
caused quenching (ACQ),* while in very dilute solutions, the
fluorescence is too weak to be detected and easy to bleach by
irradiation. Generally, a physical effect is often positively related
to the amount of the added substance. As the membrane
permeability and mitochondrial membrane potential (A¥ ;) of
cancer cells is higher than those of normal cells,**** theoreti-
cally more fluorescent molecules would enter cancer cells than
normal cells, providing an opportunity for cancer cell discrim-
ination. For traditional fluorophores with the ACQ effect, fewer
molecules entering normal cells lead to relatively weak fluo-
rescence signals. However, more molecules entering cancer
cells in turn lead to fluorescence decrease resulting from ACQ,
thus attenuating the fluorescence signal difference between
cancer and normal cells. Therefore, it is actually difficult to
distinguish cancer cells from normal cells using traditional
fluorophores due to the low contrast between them.

In this work, we designed and synthesized a battery of
unique aggregation-induced emission luminogens (AIEgens,
denoted as IVP) for cancer cell discrimination and cellular
viability monitoring. Different from the fluorophores with the
ACQ effect, AIEgens are highly emissive at high concentration.*
As cancer cells possess higher membrane permeability and
AY,, than normal cells, more AIEgens would enter cancer cells
while fewer AIEgens enter normal cells. With higher concen-
tration in cancer cells, AIEgens would emit obviously stronger
fluorescence than in normal cells with fewer AlEgens. Thus, the
concentration effect would amplify the fluorescence difference
between cancer and normal cells, achieving cancer cell
discrimination. As is known, some important positions or
molecules are negatively charged inside a cell, such as mito-
chondria and nucleic acid in the nucleus.***” Lipophilic cations
are inclined to target these negatively charged positions or
molecules through electrostatic interaction.*® Optimizing the
charge and lipophilicity of AIEgens would realize the change of
dyeing position, according to variation of the cell viability. Here
we designed and synthesized a series of AlEgens which could
selectively stain cancer cells as well as monitor cell viability
through mitochondria-nucleolus migration. Simultaneously,
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the relevant mechanism is carefully studied by changing the
chemical structures of AIEgens.

Results and discussion
Design and synthesis

In our previous work shown in Fig. 1A, we found that IVPI-2
could stain mitochondria in live cancer cells. When AY .,
decreased, it would migrate into the nucleolus.** Since IVPI-2 is
target-changeable according to the change of mitochondrial
physiology, we tried to modify IVPI-2 carefully. The iodide ion is
a well-known effective fluorescence quencher due to its heavy-
atom effect.* Consequently, the iodide ion was replaced by
hexafluorophosphate and IVP-02 was obtained as shown in
Fig. 1B. The quantum yield of IVP-02 in the solid state is 4.3%,
which is about 3 times that of IVPI-2 (1.3%). The synthetic
routes to IVP-02 are depicted in Scheme S1.f The chemical
structure of IVP-02 was fully characterized by '"H NMR, °C
NMR, *°F NMR and HRMS as shown in the ESLt In addition, the
structure of IVP-02 was further confirmed by single-crystal X-ray
diffraction analysis (CCDC 1986367,} Fig. 1B). The details of the
experimental conditions, unit cell data and refinement data are
summarized in Table S1.}

Photophysical properties

The absorption and one-photon excited fluorescence (FL) spectra
of IVP-02 in different solvents are shown in Fig. 2A. IVP-02 showed
strong absorbance from 400 to 450 nm and intense emission
from 500 to 550 nm. IVP-02 possesses a distinct donor-m-
acceptor structure. It showed a bathochromic shift in the FL
spectra with the increase of solvent polarity, due to intra-
molecular charge transfer effect. Addition of THF and EtOH to the
solution of IVP-02 in water failed to make the dye molecules
aggregate probably due to their amphiphilic nature. Similar
results were reported by others.*** Then the emission of IVP-02
in the increasingly viscous environment and in the solid state was
carefully measured to study whether IVP-02 possessed AIE
activity. In Fig. 2B and C, IVP-02 shows weak emission in pure
water solution. With the increase of the glycerol volume content
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Fig. 1 (A) Chemical structure of IVPI-2 and the CLSM images of live
Hela cells with normal A%, and decreased A¥ , stained with IVPI-2.
(B) Chemical structure of IVP-02 and its single-molecule configuration
in single crystal cells with atoms labelled in color. C, gray; H, white; N,
blue; P, purple; F, green.
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Fig. 2 (A) Normalized UV (dashed line) and FL (solid line) spectra of
IVP-02 in different solvents. (B) FL spectra of IVP-02 in H,O and H,O/
glycerol mixtures with different glycerol fractions (fg). (C) Changes in
the FL peak intensities (/) of the solutions of IVP-02 with the glycerol
content in the H,O/glycerol mixtures. /g is the intensity in pure H,O.
(D) FL spectra of IVP-02 in the H,O/glycerol mixture with 90% glycerol
at 25 and —20 °C. (E) FL spectrum of IVP-02 in the solid state. Aex =
440 nm. Inset: fluorescence photo of IVP-02 solid obtained under
365 nm UV irradiation using a handheld UV lamp. (F) TPEF spectra of
IVP-02in DMSO excited by 780, 800, 820, 840, 860, 880, and 900 nm,
respectively. Concentration: 10 uM. The top view (G) and side view (H)
of the crystal structure of IVP-02.

accompanied by the increasing viscosity, the FL intensity
increased gradually. In addition to a water/glycerol system,
similar experiments were carried out in the MeOH/glycerol
system in Fig. S1A and B.} The results also showed that IVP-02
was highly emissive in a high viscosity environment. Moreover,
when the solution temperature decreased from 25 °C to —20 °C,
the FL intensity also increased obviously as shown in Fig. 2D and
S1C.T These phenomena occur because high viscosity and low
temperature could hamper intramolecular motion, leading to the
closure of the nonradiative decay channel and thus enhanced FL
emission.*® Furthermore, we added some RNA in a PBS solution
of IVP-02. IVP-02 showed weak emission in PBS solution, but with
the increase of RNA concentration, the FL intensity increased
obviously as shown in Fig. S1D.1 Based on the calculation results
in Fig. 9, IVP-02 located in the minor grooves of RNA, where the
intramolecular motion of IVP-02 was also hampered. These
results indicated that the restriction of intramolecular motion
(RIM) is the main reason that makes the dye highly emissive,
which is also the luminescence mechanism of AlEgens. IVP-02
also exhibited strong fluorescence around 575 nm in the solid
state and its powder emitted bright yellow light (Fig. 2E). There-
fore, based on the above results, IVP-02 possesses AIE activity.
IVP-02 shows weak emission in aqueous solution, but
emits strong fluorescence under high-viscosity conditions;
thus it is greatly favourable for wash-free bioimaging. In
addition, IVP-02 emits redder fluorescence in the solid state
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than in solution. To confirm the mechanism of the red shift in
the solid state of IVP-02, its crystal is analyzed as shown in
Fig. 2G and H. The molecules of IVP-02 are anti-parallelly
stacked and form multimers in the crystalline state. The
short intermolecular stacking distances of the multimers are
3.636 A, 3.455 A, 3.394 A, 3.375 A, 3.466 A, and 3.465 A,
indicating strong intermolecular interactions inside the
multimers. So the red-shift emission in the solid state should
be attributed to the intermolecular -7 interactions induced
by the short contact between the molecules. Generally,
organic dyes with a donor-acceptor structure exhibit good
two-photon absorption (TPA) and two-photon excited fluo-
rescence (TPEF).* The TPEF spectra of IVP-02 excited at
different pulse wavelengths (780-900 nm) in DMSO are shown
in Fig. 2F. Using fluorescein as the standard, the two-photon
absorption cross section (6) of IVP-02 was calculated and is
shown in Table S2.f The highest 6 was 287 GM excited at
800 nm. Such a high ¢ value is beneficial for two-photon
imaging in live cells and deep tissues.

Cancer cell discrimination

The bioimaging properties of IVP-02 in live cells were investi-
gated by confocal laser scanning microscopy (CLSM). Cancer

IVP-02 DIC Merged

Hela + COS7 A549 + HLF  A549 + COS7 >

A549 + HLF WP Hela + HLF

Fig. 3 CLSM images of live cancer cells (A549 and Hela) co-cultured
with normal cells (COS7 and HLF) (A) and the images of A549 and HLF
cells seeded on different cover glasses (B) stained with 2 uM IVP-02 for
30 min, respectively. Aex = 488 NM, Aeyy = 500-650 nm. Scale bar = 20
um (A); scale bar = 50 um (B).

This journal is © The Royal Society of Chemistry 2020
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cells (A549 and HeLa) and normal cells (COS7 and HLF) were
stained with IVP-02. In Fig. S2,1 the fluorescence intensity in
normal cells was much weaker than that in cancer cells under the
same staining and imaging conditions. So IVP-02 has a high
potential to differentiate cancer and normal cells. To verify this
speculation, cancer and normal cells were co-cultured and
stained with IVP-02. In Fig. 34, it could be seen that only cancer
cells (A549 and HeLa) were highly illuminated, while normal cells
(COS7 and HLF) showed almost no fluorescence. To precisely
confirm the selectivity of IVP-02 to cancer cells, cancer cells A549
and HeLa and normal cells COS7 and HLF were seeded on
different cover glasses, respectively. Then two cover glasses with
cancer and normal cells, respectively, were placed in the same
dish and stained with IVP-02 at the same time. In Fig. 3B and S3,
only cancer cells (A549 and HeLa) on the upper glass are illu-
minated, while normal cells (COS7 and HLF) on the lower glass
are not illuminated. These results indicated that IVP-02 could
selectively differentiate cancer cells from normal cells.

In the above pictures, filamentous structures in the cyto-
plasm of cancer cells were observed, which are the typical
morphology of mitochondria. Then co-staining experiments
with the commercial mitochondrial probe MitoTracker Deep
Red FM (MTDR) were carried out (Fig. S4t). The co-localization
coefficient of IVP-02 and MTDR was around 0.9, demonstrating
the localization of IVP-02 in mitochondria in cancer cells.

View Article Online
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Mechanism study

Then we carefully studied why IVP-02 could selectively stain
cancer cells over normal cells. Some previous work indicated
the possible reason that the AY¥',, of cancer cells is much higher
than that of normal cells.** However, it is a fact that some
commercial mitochondrial probes and reported ones, also
sensitive to A%, can stain both cancer and normal cells.*® So
AY ., is not the only reason that enables dyes to distinguish
cancer and normal cells. The chemical structure of the dye itself
also plays an important role.

We speculated that the membrane permeability of the probe
was a key factor in its selectivity to cancer cells, since the plasma
membrane of cancer cells was reported to be more permeable
than that of normal cells. Then we tried to modify IVP-02 by
lengthening the alkyl chain on the pyridine salt side and indole
side, respectively, to tune the membrane permeability.”” Five
new molecules IVP-04, IVP-06, IVP-22, IVP-42, and IVP-62 were
obtained as shown in Fig. 4A. The synthetic routes to these new
IVP molecules are depicted in Scheme S1.f Their chemical
structures were fully characterized by "H NMR, *C NMR, and
'9F NMR as shown in the ESL.} The FL spectra of IVP-04, IVP-06,
IVP-22, IVP-42, and IVP-62 in water and glycerol are shown in
Fig. S5.1 It could be seen that all of the five IVP molecules
showed weak emission in aqueous solution, but exhibited
strong fluorescence in glycerol with high viscosity. Thus they

IVP-06
| \ﬁ/\_ SN | SINEN
N ~ PFg N ~ PFg N PFe
N N N :
IVP-22 IVP-42 IVP-62

1VP-42 IVP-62

Fig. 4

O

Probes

MTDR

(A) Chemical structures of IVP-02, 04, 06, 22, 42, and 62. (B) CLSM images of live A549 cells stained with 2 uM IVP-04, 06, 22, 42, and 62

for 30 min, respectively. Aex = 488 NM, Ay = 500-650 nm. (C) CLSM images of A549 cells stained with 2 uM IVP-04, 06, 22, 42, and 62 and 0.2
uM MTDR, respectively. IVP-04, 06, 22, 42, and 62: Ay = 488 nm, A, = 500-650 nm; MTDR: Ay = 640 nm, A¢y = 650-700 nm. Scale bar = 20

um.
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could be used in wash-free bioimaging. Then cancer cells A549
were stained with the five new molecules separately. In Fig. 4B,
the fluorescence pattern showed that all these molecules
stained mitochondria. The co-staining experiments with MTDR
also confirmed their location in mitochondria in A549 cells in
Fig. 4C. In addition to A549 cells, the same experiments were
also carried out in HeLa cells (Fig. S6 and S77). The results were
similar to those in A549 cells. So IVP-04, 06, 22, 42, and 62 can
selectively stain mitochondria in cancer cells.

Cancer cells A549 co-cultured with normal cells COS7 were
stained with these molecules separately. As shown in Fig. 5A,
IVP-02, 22, 42, and 62 can only stain A549 cells, indicating that
they can distinctly differentiate cancer and normal cells.
Intriguingly, IVP-04 and 06 can stain both A549 and COS7 cells,
which means that they cannot distinguish cancer and normal
cells. Then HeLa cells co-cultured with COS7 cells (Fig. S81) and
A549 cells co-cultured with HLF cells (Fig. S9t1) were also stained
with these molecules; the results were similar to those in A549
cells co-cultured with COS7 cells. In addition to co-culturing,
A549 cells and HLF cells were also seeded on different cover
glasses and stained with these molecules. The imaging results
(Fig. 5B) were also similar to the co-culturing results in which
IVP-04 and IVP-06 could stain both A549 and HLF cells, while
the other four molecules only stain A549 cells. Based on the
imaging results above, preliminary conclusions could be drawn
that the selectivity of these IVP molecules to cancer cells is also
based on the length of the alkyl chain on the pyridinium salt
side. Lengthening the alkyl chain on the pyridinium salt side
will eliminate the selectivity to cancer cells.

1IVP-02 1VP-04

IVP-06

\VP-22 IVP-42 IVP-62

Probes >

DIC
A549 + COS7

Probes & Merged

DIC
A549 + HLF

Merged

Fig. 5 CLSM images of live cancer cells (A549) co-cultured with
normal cells (COS7) (A) and the images of A549 and HLF cells seeded
on different cover glasses (B) stained with 2 uM IVP-02, 04, 06, 22, 42,
and 62 for 30 min, respectively (the first column in (B) is the same as
Fig. 3B). Aex =488 nm, Aepy = 500-650 nm. Scale bar = 20 um (A); scale
bar = 50 um (B).
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Fig. 6 (A) Equation of Born energy. (B) Schematic diagram of a lipo-
philic cation passing through the membrane.

We further investigated the role of the alkyl chain on the
pyridinium salt side. The way in which these IVP molecules enter
the cells was first investigated. Cancer cells A549 were incubated
with the IVP molecules at 4 °C for 20 min. In Fig. S10,T at low
temperature, obvious fluorescence signals inside the cells could
still be observed. This result indicated that these IVP molecules
entered the cell by diffusion. In some reported studies,
researchers found that lipophilic cations cross membranes very
well.***® The activation energy for moving a lipophilic cation from
the aqueous medium to the hydrophobic core of a membrane is
mainly from electrostatic interactions. The main electrostatic
energy component, Born energy (Wg, Fig. 6A), is due to the
enthalpy input required to remove water molecules from the
cation upon transfer from the aqueous environment to the lipid
core of the membrane.*® With lower Wy, the lipophilic cation can
pass through the membrane more easily. The Born energy is
given by the equation in Fig. 64, in which Z is the cation charge
and r is the ionic radius. From the equation, Wy is inversely
proportional to the ionic radius. For these IVP molecules, the
ionic radius is the average distance from the molecule charge to
the water molecules around. Fig. 6B shows a schematic diagram
of a lipophilic cation passing through the membrane. Removing
water molecules around the lipophilic cation is the first step. For
the lipophilic cation, the larger the ionic radius, the weaker the
interaction between the cation and water molecule and the lower
the Wpg; as a result, the molecule passes more easily through the
membrane.

Regarding the chemical structures of these IVP molecules,
the pyridinium side of all these molecules is positively charged.
This side is more hydrophilic, meaning that more water mole-
cules are enriched on this side, so this side determines the ionic
radius. Moreover, the similarity of IVP-02, 22, 42, and 62 on the
pyridinium side is the 2-carbon alkyl chain. The difference
between IVP-02, 22, 42, and 62 and IVP-04 and 06 on the pyr-
idinium side is the length of the alkyl chain. IVP-04 and 06 have
longer alkyl chains on the pyridinium side, so that their ionic
radius is larger than that of IVP-02, 22, 42, and 62, implying that
the interaction between the IVP-04 and 06 and water molecules
is weaker. So the Born energy values of IVP-04 and 06 are lower
than those of IVP-02, 22, 42, and 62. As such, they pass through

This journal is © The Royal Society of Chemistry 2020
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the membrane more easily. When staining normal cells, IVP-04
and 06 more easily penetrate cytomembrane than IVP-02, 22, 42,
and 62.

Cellular viability monitoring

Monitoring cell viability is a highly valuable task for funda-
mental research in biology, pathology, and medicine."* We
investigated whether IVP-02 could monitor cell viability. A¥ , is
a very important indicator to characterize cell viability.**-** With
the loss of cell viability, A¥,,, would decrease, while with the
recovery of cell viability, A¥,, would also recover to the normal
level. Hence visualizing the change of A¥, is an effective way to
monitor cell viability. Carbonyl cyanide m-chlorophenyl hydra-
zone (CCCP) is a type of protonophore and can cause rapid
acidification of mitochondria by decreasing A% ,,.>> Cancer cells
A549 were pre-stained with IVP-02 for 30 min. In Fig. 7A, in the
beginning, IVP-02 stained mitochondria clearly. With the
addition of CCCP, the fluorescence intensity in mitochondria
decreased, while that in the nucleolus increased, meaning that
IVP-02 was released from mitochondria and migrated to the
nucleolus. Then after removal of CCCP with the recovery of
AW, the fluorescence in the nucleolus disappeared, while the
fluorescence in mitochondria recovered gradually, indicating
that IVP-02 migrated back to the mitochondria. In addition to
A549 cells, similar results were also observed in HeLa cells as
shown in Fig. S11.1 Hydrogen peroxide (H,0,) can inhibit the
oxidative respiratory chain which would cause the loss of cell
viability.>® Then live A549 and HeLa cells were pre-stained with
IVP-02 and treated with 10 mM H,0,. In Fig. S12,7 it can be seen
that after adding H,O, with the cell viability decreasing, strong
fluorescence was observed in the nucleolus. These results

:
|
i ™1 min 2 min 3 min

Vs,

;

+CCCP >

- CCCP

+CCCP®

A549 & COS7

- CCCP

+ CCCP
HelLa & COS7

- CCCP

1 min 2 min 3 min

Fig. 7 Live A549 cells (A
live Hela co-cultured Wlth COS7 cells (B) were pre-stained with 2 uM
IVP-02 for 30 min and treated with 20 uM CCCP for 5 min. Then CCCP
was removed and fresh culture medium was added for another 5 min.
Aex = 488 nm, e = 500-650 nm. Scale bar = 20 pm.

), live A549 co-cultured with COS 7 cells, and
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indicated that IVP-02 could monitor cancer cell viability
through mitochondria-nucleolus migration.

To test whether IVP-02 could selectively stain cancer cells
and monitor their viability, cancer cells and normal cells were
co-cultured and stained with IVP-02. As we predicted, only the
mitochondrial morphology in A549 cells is clearly shown in
Fig. 7B. After CCCP was added, IVP-02 was released from
mitochondria and migrated to the nucleolus. After CCCP was
removed, the fluorescence in the nucleolus disappeared, while
the fluorescence in mitochondria recovered gradually. In the
whole process, little fluorescence was observed in normal cells
COS7. The same experiments were also carried out in HeLa cells
co-cultured with COS7 cells as shown in Fig. 7B and similar
phenomena were observed. These results demonstrated that
IVP-02 could selectively stain cancer cells and monitor their
viability through mitochondria-nucleolus migration in coex-
isting cancer cells and normal cells.

In addition to IVP-02, we further investigated whether the
other IVP molecules could monitor the viability of cancer cells
through mitochondria-nucleolus migration. A549 cells were
pre-stained with IVP-04, 22, 42, 06, and 62 separately, and then
CCCP was added. In Fig. 8 and S13-S17,7 after addition of
CCCP with the A¥,, decreasing, only IVP-04, 22, and 42 could
enter the nucleus and stain the nucleolus, while IVP-06 and 62
could not. After removal of CCCP with the recovery of AY¥,,
IVP-04, 22, and 42 could migrate back to the mitochondria. To
eliminate cell interference, the same experiments were per-
formed in HeLa cells as shown in Fig. S18-S23.7 Consistent
with that in A549 cells, IVP-02, 04, 22, and 42 could stain the
nucleolus while IVP-06 and 62 could not. This means IVP-02,
04, 22, and 42 can monitor the viability of cancer cells through
mitochondria-nucleolus migration, while IVP-06 and 62
cannot.

IVP-06 IVP-42 IVP-22 IVP-04

IVP-62

Fig. 8 Live A549 cells were pre-stained with 2 uM IVP-04, 22, 42, 06,
and 62 for 30 min and treated with 20 uM CCCP for 5 min. Then CCCP
was removed and fresh culture medium was added for another 5 min.
Aex = 488 NmM, Aem = 500-650 nm. Scale bar = 20 um.
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We further studied the reason that IVP-06 and 62 cannot
stain the nucleolus in cancer cells. On one hand, when IVP
molecules are located in the mitochondria, in addition to the
electrostatic interaction between the cation and negatively
charged inner membrane of mitochondria, hydrophobic inter-
action between the alkyl chain and phospholipids also existed.
When AV, decreased, although the electrostatic interaction
weakened, the hydrophobic interaction still remained. IVP-06
and 62 have longer alkyl chains than the other four IVP mole-
cules, so the hydrophobic interaction between IVP-06 and 62
and phospholipids is stronger than that of the other four IVP
molecules. Therefore, IVP-06 and 62 are more inclined to stay in
the mitochondria, while IVP-02, 04, 22, and 42 more easily
escape from the mitochondria. On the other hand, the affinity
of IVP molecules to RNA should also be considered as the
nucleolus is rich in RNA. Thus RNA titration experiments were
first performed. In Fig. 9A and S24,} with the increase of RNA
concentration, the fluorescence intensity of all the molecules
increases. Based on the Scatchard equation,® the binding
constant (k) of these molecules to RNA was calculated and is
summarized in Fig. 9C. It could be seen that the binding
constant of IVP-06 and 62 is lower than that of IVP-02, 04, 22,
and 42. Moreover, molecular docking calculations based on the
structure of IVP molecules and RNA have also been performed.
As shown in Fig. 9B and S24,1 IVP molecules were bound to the
minor grooves of RNA, and the binding energy (E) was calcu-
lated and is summarized in Fig. 9C. The calculated binding
energy of IVP-02, 04, 22, and 42 is also higher than that of IVP-06
and 62, indicating that IVP-02, 04, 22, and 42 have stronger
affinity to RNA than IVP-06, 62.

Two-photon imaging and cytotoxicity

Given the high two-photon absorption cross sectional values of
IVP-02 excited by 800 nm, we performed in vitro two-photon
imaging of IVP-02 in live HeLa cells. As displayed in Fig. 10A,
bright two-photon fluorescence with high fidelity from fila-
mentous structures of mitochondria in the cytoplasm could be
clearly collected, demonstrating that IVP-02 has great potential
in two-photon imaging.

A o0

25x10°

(RNAJ{IVP-02] 1600
—0

2,0x10° 1200

1.5x10°]

FL Intensity / au
ric,

1.0x10°" 800

5.0x10"

B 210" 12010° 136107 130107 14x10° N
C Wavelength / nm r
Dyes IVP-02  IVP-04 IVP-22 IVP-42 IVP-06 IVP-62
k 6.17x10°  249x10°  3.57x10°  442x10°  7.70x10°  9.78x10°
E (kcal/mol)  -5.43 -4.84 -5.66 -4.90 -4.32 437
Fig. 9 (A) Fluorescence titration (left) of IVP-02 with RNA and the

fitted curve (right) according to the Scatchard equation. (B) The
binding mode of IVP-02 to RNA. (C) Binding constant (k) and binding
energy (E) of IVP molecules to RNA.
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Fig. 10 (A) Two-photon microscopy images of live Hela cells stained

with 2 uM IVP-02 for 30 min. Aex = 800 NnM, Aemy = 495-540 nm. Scale
bar =20 um. (B) Viability of A549 cells after incubation with IVP-02, 04,
06, 22, 42, and 62 at different concentrations for 24 h.

The potential long-term cytotoxicity of bioprobes should be
carefully considered for imaging in live cells. Thus we studied
the cytotoxicity of these IVP molecules in live A549 cells by the
standard MTT assay. In Fig. 10B, it's clearly seen that the
viability of A549 cells was higher than 80% after incubation with
IVP molecules at a concentration less than 5 uM for 24 h,
exhibiting very low cytotoxicity. When the incubation concen-
tration was 10 puM, the cell viability was between 60% and 80%,
showing certain cytotoxicity. Therefore, all cell imaging experi-
ments in this work were conducted at a low concentration of 2
uM, which is reasonable and acceptable.

Conclusions

To summarize, we have successfully synthesized a series of IVP
molecules bearing different length alkyl chains. We mainly
focus on two aspects. One is cancer cell discrimination. IVP-02,
22, 42, and 62 can distinguish cancer cells from normal cells
because the membrane permeability and mitochondrial
membrane potential of cancer cells is higher than those of
normal cells. Compared with IVP-02, 22, 42, and 62, more IVP-
04 and 06 molecules enter normal cells. The obvious difference
between IVP-02, 22, 42, and 62, and IVP-04 and 06 is the length
of the alkyl chain on the pyridinium salt side. The length of the
alkyl chain on the pyridinium salt side determines the ionic
radius. The longer the alkyl chain, the larger the ionic radius
and the more easily it passes into the cell. IVP-04 and 06 can
stain cancer and normal cells simultaneously. The brightness in
cancer cells is higher than that in normal cells because the

This journal is © The Royal Society of Chemistry 2020
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mitochondrial membrane potential of cancer cells is higher
than that of normal cells. The other aspect is cellular viability
monitoring. IVP-02, 04, 22, and 42 can monitor the viability of
cancer cells through mitochondria-nucleolus migration, while
IVP-06 and 62 cannot due to the stronger hydrophobic inter-
action between IVP-06 and 62 and phospholipids and lower
affinity to RNA. Finally, IVP-02 has good two-photon properties
and low cytotoxicity. These IVP molecules show excellent
performance in cancer cell detection and cancer cell metastasis
monitoring, and they show great potential in evaluating the
activity and efficacy of drugs for cancer therapy. This work
provides a theoretical and experimental basis for the design of
other fluorescent probes to realize cancer cell discrimination
and dynamic viability monitoring.
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