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products for mitochondria-imaging with
aggregation-induced emission enhancement and
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In this paper, two natural products: chelerythrine (Che) and sanguinarine (San) were systematically explored
for aggregation-induced emission enhancement (AIEE) characteristics by a series of spectroscopic and
theoretical experiments. After adding increasing amounts of H,O into CHsOH solutions of San and Che,
typical AIEE behaviors could be observed; then, the enhanced fluorescence lifetime and nanoparticles
were also monitored. Moreover, owing to the presence of two kinds of molecular conformations, the
pH-sensitive behaviors of San and Che were displayed in CH3sOH/H,O mixtures. Density functional
theory indicated that J-aggregation was responsible for the AIEE behaviors of San and Che. Taking
advantage of the unique AIEE characteristics, excellent cellular permeability and mitochondria-targeting
ability of Che were displayed as a lipophilic cation. In addition, based on the remarkable anti-cancer
activity in vitro, depolarization of the mitochondrial membrane potential and the morphological
collapses of mitochondria caused by Che were observed, confirming that the aggregation of Che in
mitochondria could result in mitochondrial dysfunction. Herein, San and Che are proposed to be AIEE
dyes for promising mitochondria-imaging which enabled us to observe their anti-cancer effects directly.
In conclusion, these natural products provided an innovative strategy for potential image-guided therapy
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Introduction

As the principal energy-producing organelles in eukaryotic cells,
mitochondria are vital sub-cellular compartments where
cellular respiration takes place.* By a series of electron-transport
systems in the oxidative phosphorylation pathway,> mitochon-
dria can regulate enormous metabolic functions, such as
producing most of the cellular ATP, regulating the cellular redox
state, generating most of the cellular reactive oxygen species
(ROS), and initiating cellular apoptosis.* Therefore,
mitochondria-targeting molecules have attracted a lot of
research interests for manipulating mitochondrial functions,*
which associate with many human diseases including cancer,
cardiopathy, Alzheimer's disease, and diabetes.> Studies have
shown that mitochondria can keep a constant membrane
potential of about —180 mV across lipid bilayers by ion chan-
nels.’®* This remarkably negative potential can distinguish
mitochondria from other intracellular counterparts and
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facilitate lipophilic cations diffusing into mitochondria selec-
tively by an electrostatic driving force. Nowadays, numerous
lipophilic cations have been successfully explored for mito-
chondrial targeting; for instance, triphenylphosphonium (TPP),
pyridine group, quinoline moiety, and peptides with arginine.™
In particular, TPP is a typical mitochondria-targeting group
which has been conjugated with many fluorogens and drugs,
enabling delivery of various molecules into mitochondria.'®
However, such modifications have risks of altering the pathway
of reagents and even changing their properties, so it's still
highly desirable to explore new reagents which possess
mitochondria-targeting characteristics.

Optical dyes, especially fluorescent dyes, have been powerful
tools for mitochondria-imaging.** Conventional mitochondrial
fluorescent dyes, such as rhodamine, lanthanide complexes,
boron-dipyrromethene, and mitotracker dyes, have been
successfully developed to label mitochondria selectively. They
display high specificity, high spatial resolution, and excellent
sensitivity to mitochondria. Unfortunately, due to the notorious
aggregation-caused quenching (ACQ) effect, these dyes are only
used in low concentrations and thus can be easily photo-
bleached in a mitochondrial imaging process. To solve this
problem, a series of fluorogens undergoing aggregation-
induced emission enhancement (AIEE) characteristics have
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been explored since the AIE(E) phenomenon was first re-
ported by Tang in 2001."* Contrary to traditional ACQ, AIE(E)-
active dyes are weakly emissive in a dilute solution, but can
emit intense emissions in the aggregated state.'®'” Because
of their satisfactory anti-photobleaching abilities and excel-
lent labelling properties, various AIE(E)-active dyes have been
developed for bioanalysis and bioimaging applications." In
particular, Tang's group reported the first AIE-active probe
for mitochondrial imaging and tracking by embedding the
TPP group into the tetraphenylethene (TPE) fluorophore.*®
Furthermore, they also reported several AIE-active mito-
chondria probes and targeting drug delivery systems.>*">*
Recently, AIE(E)-active reagents for simultaneous targeting,
imaging, and treatment have grown dramatically because of
their multifunctional properties.>* They can not only produce
a fluorescence signal in some specific organelles, but also
improve therapeutic efficiency. Liu's group reported the first
AlE-active reagent (AIE-mito-TPP) for mitochondrial target-
ing, imaging, and treatment in cancer therapy.>® This multi-
functional reagent provides an innovative strategy for
potential image-guided therapy of tumor cells. Inspired by
that finding, several AIE(E)-active reagents containing
a mitochondria-targeting group and an anti-cancer agent
have been successfully fabricated.***®* However, despite the
fact that several similar reagents have been reported, studies
on exploring new AIE(E)-active fluorogens for mitochondria-
targeting therapy of tumor cells are still limited. Therefore,
the development of AIE(E)-active reagents with
mitochondria-targeting ability and anti-cancer effect is
highly desirable to track them and visualize their therapeutic
effects directly.

As two well characterized benzophenanthridine alkaloids,
chelerythrine (Che) and sanguinarine (San) display a broad
spectrum of pharmacological activities, including anti-
inflammatory, anti-bacterial, and anti-cancer activities.”®
Numerous pharmacological reports have described their
inhibitory effects on mitochondrial energy coupling as acti-
vators of reactive oxygen species (ROS), demonstrating they
are effective inducers of apoptosis in a variety of cancer cell
lines.**** However, though the actions of Che and San on
tumor cells, as well as their underlying mechanisms, have
been explored widely, the mitochondrial changes during the
process are still confusing. Based on their proven anti-cancer
properties and our previous research,**-** the AIEE properties
and pH-sensitive behaviors of Che and San were discovered in
this study. With the advantage of a unique fluorescence
characteristic, Che is reported to light up the mitochondrial
region specifically for the first time. More importantly, in
combination with its remarkable anti-cancer effect, Che was
applied successfully to induce mitochondrial dysfunction in
a short period of time, including depolarization of the mito-
chondrial membrane potential and the morphological
collapses of mitochondria. In this paper, the AIEE-based
organic small molecules provide novel insights into their
anti-cancer effects in virtue of mitochondria-targeting
imaging and make it possible to develop new image-guided
therapeutic reagents.
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Results and discussion
Aggregation-induced emission enhancement properties

San and Che are soluble in pure CH;OH solution, while insol-
uble in H,O. With regard to AIEE properties, absorption and
emission spectra of San and Che in CH;0H/H,O mixed solvents
were studied. As we can see in Fig. 1a, San is well dispersed in
pure CH;OH solvent with a structured absorption spectrum.
However, when the ratio of water increases, the absorption
curve of San in the poorer solvents is narrowed at 330 nm and
an acromion appears at 349 nm. Moreover, a level-off tail can be
seen in the visible region with the increasing water ratio
(commonly found in nanoparticle suspensions), indicative of
the formation of aggregates of San due to the Mie effect.’>®
Furthermore, an intense fluorescence enhancement can be
observed at 582 nm with the increasing water fraction until
reaching its maximum value at 80%. This trend is commonly
observed in AIEE-active dyes, confirming the unique AIEE
behavior of San. Meanwhile, the emission spectra exhibit a large
red shift from 465 nm to 582 nm and the fluorescence color in
solution changes from dark blue to yellow under a UV lamp (365
nm). The color change is visible, which also provides evidence
for the AIEE property of San. However, when the percentage of
water fraction further reaches 90%, the fluorescence emission
at 582 nm decreases due to the formation of greater particles
which can reduce the effective concentrations of light-emitting
nanoparticles. In summary, as displayed in Fig. 1, the AIEE
phenomenon of San occurs at 582 nm when the percentage of
water fraction is less than 80%. Interestingly, a similar AIEE
behavior of Che in CH;0OH/H,O mixed solvents is also observed
in Fig. 2. When the percentage of the poor solvent increases
from 0 to 90 vol%, the absorption curve of Che is narrowed at
320 nm and an acromion appears at 338 nm. At the same time,
a level-off tail in the visible region can be seen. These facts give
us a hint that light-emitting nanoparticles have been formed in
the poorer solvent. Importantly, the fluorescence emission
intensity of Che at 570 nm increases drastically and reaches its
maximum value at 90% with the percentage of water fractions
changing from 30 to 90 vol%. Besides, as illustrated in Fig. 2b,
the fluorescence color in solution changes from dark blue to
yellow under a UV lamp at 365 nm. All the above results suggest
Che also exhibits an excellent AIEE property (Scheme 1).

0.754(@) Wan(! l'l:;.(ﬂnn Water fraction
(vol

—10%
—20%
—30%
—d0%
—50%
—60%
—T0%

0.00

300 350 400 45 00 s50
‘Waveength(nm)

400 500 600 T00
Wavelength (nm)

Fig. 1 Absorption and emission spectra of San in CHzOH/H,O
mixtures with different water fractions (0-90 vol%). (a) Absorption
spectra of San (c = 2.07 x 107> M) in CHsOH/H,O mixtures. (b)
Fluorescence emission spectra of San (A¢x, = 385 nm) in CHzOH/H,O
mixtures. Inset: photographs of San (20 uM) with 0 vol% and 80 vol%
water fractions under a UV lamp (365 nm).
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Fig. 2 Absorption and emission spectra of Che in CH3zOH/H,O
mixtures with different water fractions (0—90 vol%). (a) Absorption
spectra of Che (c = 2.07 x 107> M) in CHsOH/H,O mixtures with
different water fractions (0-90 vol%). (b) Fluorescence emission
spectra of Che (dex = 380 nm) in CH3zOH/H,O mixtures with different
water fractions (0-90 vol%). Inset: photographs of Che (20 uM) with
0 vol% and 90 vol% water fractions under a UV lamp (365 nm).

Studies have shown that San and Che undergo an equilibrium
involving two kinds of molecular conformations in solution:
a non-ionic form and a quaternary ammonium salt form as
shown in Scheme 2, which are in accordance with the two peaks
in the spectra. Specifically, the emission maximum at about
450 nm corresponds to the non-ionic form which displays blue
fluorescence emission, while the emission peak at about 580 nm
corresponds to the quaternary ammonium salt form which emits
yellow-green fluorescence.”” In the emission spectra of San and
Che, the fluorescence intensity at 580 nm increases drastically
with an increase in water fractions, while the fluorescence
intensity at about 450 nm shows negligible changes with the
increasing water ratio. The spectra indicate that the AIEE
phenomena of San and Che occur at 580 nm which corresponds
to the quaternary ammonium salt form. Based on the presence of
two kinds of molecular conformations in solution, the spectra
indicate that the quaternary ammonium salt forms of San and
Che are responsible for AIEE behaviors at 580 nm.

Another superior feature of AIEE-active molecules is an
enhancement of fluorescence lifetime in the aggregated state.
As displayed in Table 1, the fluorescence lifetime data of San in
the CH30H, CH30H/H,O (5 : 5 v/v) mixture and CH;OH/H,0
(2 : 8 v/v) mixture are 2.76 ns, 3.05 ns, and 3.40 ns, respectively.
The fluorescence lifetime of San increases gradually with an
increase in water fractions, which is consistent with the fluo-
rescence emission spectra of San. Che displays a similar
phenomenon compared with San; the fluorescence lifetime
data in the CH3;OH, CH3;OH/H,O (5:5 v/v) mixture, and
CH;0H/H,0 (1:9 v/v) are 2.95 ns, 3.17 ns, and 3.27 ns,
respectively. The increasing trend is also in accordance with the

Che

San

Scheme 1 The structures of sanguinarine and chelerythrine.
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Scheme 2 The equilibrium of the non-ionic form and the quaternary
ammonium salt form of San and Che in solution.

fluorescence emission spectra of Che as mentioned above.
Moreover, the TEM images confirm the formation of nano-
particles of San and Che with different water ratios.

As we can see in Fig. 3, many cubic nanoparticles with
diameters of 200-400 nm can be clearly visualized. Further-
more, with water fractions increasing, the sizes of these nano-
particles gradually become bigger. These facts give us a direct
visualization of the formation of nanoparticles during the
process. Moreover, in virtue of the remarkable AIEE properties
of San and Che, photostability is measured during 1 h. Fig. S17
shows the time courses of fluorescence intensity of San (20 pM)
in a CH3;0H/H,O (2:8 v/v) mixture and Che (20 pM) in
a CH3O0H/H,O0 (1 : 9 v/v) mixture. The fluorescence intensity was
measured at Aeyern = 385/582 nm of San and Aeyern = 380/
570 nm of Che. As shown in Fig. S1,f the results indicate that
San and Che possess good photostability.

PH-sensitive behaviors

As shown in Scheme 2, most of San and Che exist in quaternary
ammonium salt forms in acidic solution and non-ionic forms in
alkaline solution by keeping a tautomerism equilibrium. Based
on the presence of two kinds of molecular conformations in
solution, the pH-sensitive phenomena of San and Che were
explored. As depicted in Fig. 4, the fluorescence emission peaks
at 582 nm and 570 nm decrease drastically until quenching with
an increase of pH values, while the fluorescence emission peaks
at 428 nm and 477 nm appear and increase gradually. The pH-
dependent fluorescence emission behaviors indicate that the
quaternary ammonium forms of San and Che have changed
into non-ionic forms during the process. The experiment shows
that San and Che display pH-sensitive behaviors in CH;OH/H,O
(v/v) mixtures which can be achieved by adjusting pH values.
Meanwhile, in view of the pH-dependent emission spectra,
the pK, values of San and Che were calculated from the

Table 1 Photophysical data of San and Che in different CHz;OH/H,O
(v/v) mixtures (20 uM)* at 25 °C

Compound Solvents Aabs/NM  Aep/nm - AA/nm  Time/ns

San CH;O0H 323 465 142 2.76
CH30H/H,0 (5:5) 321 578 257 3.05
CH;O0OH/H,0 (2:8) 325 582 257 3.40

Che CH;OH 320 461 141 2.95
CH3;0H/H,0 (5:5) 313 565 252 3.17
CH30H/H,0 (1:9) 312 570 258 3.27

“ Stoke's shift calculated by A2 = Aem — Aabsy Aem: Maximum emission
wavelength at 25 °C, A,ps: maximum absorption wavelength at 25 °C.

RSC Adv., 2018, 8, 3919-3927 | 3921
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Fig. 3 TEM images of San and Che in CHsOH/H,O (v/v) mixtures. (a)
TEM image of San in CHzOH/H,O (5 : 5) mixture. (b) TEM image of San
in CHsOH/H,O (3 : 7) mixture. (c) TEM image of San in CHsOH/H,O
(2 : 8) mixture. (d) TEM image of Che in CH3sOH/H,O (5 : 5) mixture. (e)
TEM image of Che in CHzOH/H,0 (2 : 8) mixture. (f) TEM image of Che
in CHsOH/H,0 (1 : 9) mixture.

sigmoidal fitting of the ratiometric emission. As shown in Fig. 4,
the sigmoidal fitting yields a pK, value of 7.12 for San and 7.54 for
Che. The pK, values are close to the intracellular pH values, which
indicate that San and Che can be pH sensors for quantitative
determination of intracellular pH. Moreover, the selectivity of San
and Che to H" was examined to determine whether other cations
are potential interferents. As shown in Fig. 5, it is noteworthy that
San and Che show high selectivity toward H" over other cations.
Besides, reversibility is another parameter to assess the perfor-
mance of pH sensors. To examine whether the pH-dependent
fluorescence emission behaviors of San and Che are reversible,
pH values of solutions were adjusted back and forth between an
acid environment and alkaline environment by using concen-
trated sodium hydroxide solution and hydrochloric acid, and the
emission ratios of San and Che were recorded. As shown in Fig. 6,
the results indicate that these processes are reversible and the
response time is within seconds.

Electronic distributions

The AIE(E) mechanism is explained by restricting nonradiative
intramolecular rotation decay of excited molecules in the
aggregation state. To understand the relationships between the
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Fig. 4 Fluorescence emission spectra of San and Che at different pH
values. (a) Change of fluorescence emission spectra of San (c = 2.07 x
1075 M) with increasing pH from 2.31 to 11.14 in CHzOH/H,O (2 : 8 v/v)
mixture (Aex = 385 nm). Inset: sigmoidal fitting of the pH-dependent
emission (Fsgz nm/Fazs nm). (b) Change of fluorescence emission
spectra of Che (c = 2.07 x 107> M) with increasing pH from 2.33 to
11.78 in CHzOH/H,0 (1 : 9 v/v) mixture (Aex = 380 nm). Inset: sigmoidal
fitting of the pH-dependent emission (Fs70 nm/Fa77 nm)-
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Fig. 5 The fluorescence intensity of San and Che (20 uM) in CHzOH/
H,O mixtures with diverse metal ions (200 pM), respectively. (a) The
fluorescence intensity of San in CH3zOH/H,O (2 : 8 v/v) mixture at pH
6.3 with diverse metal ions. (b) The fluorescence intensity of Che in
CH3OH/H,O (1: 9 v/v) mixture at pH 6.7 with diverse metal ions. (1)
Blank; (2) K*; (3) Na™; (4) Ag*; (5) Ca®*; (6) Mg®*; (7) Ba®"; (8) Fe®*; (9)
Cu?*; (10) Zn?*; (12) Mn?*; (12) Ni®*; (13) Co?*; (14) Pb2*; (15) Cd**; (16)
Hg?*: (17) Fe3*; (18) ALY (19) Cr®*: (20) Li*. The fluorescence intensity
is measured at Aey/em = 385/582 nm of San and Aey/em = 380/570 nm
of Che.

AIEE behaviors and the electronic distributions of San and Che,
the lowest unoccupied molecular orbital (LUMO) and the
highest occupied molecular orbital (HOMO) of San and Che
were calculated by density functional theory using Gaussian 09
program. As shown in Fig. 7, all optimized skeletons show
conjugate plane structures. The HOMO energy level of San is
calculated as —8.61 eV and the LUMO energy level is calculated
as —5.79 eV; the energy gap is calculated to be 2.82 eV. Mean-
while, the HOMO energy level of Che is calculated as —9.08 eV
and the LUMO energy level is calculated as —6.03 eV; the energy
gap is calculated to be 3.05 eV. The energy gaps between the
HOMO and LUMO of San and Che are in good agreement with
the fluorescence emission wavelengths as shown in Fig. 1 and 2.
Besides, the HOMO of San and Che are equably localized on
entire molecular skeletons, while the LUMO are mainly local-
ized on the isoquinoline part, which can facilitate adjacent
molecules stacking in a “head to tail” pattern. The specific
stacking mode is in accordance with the J-aggregation mecha-
nism. Meanwhile, taking TEM images into consideration, the
formation of J-aggregation is supposed to be responsible for the
AIEE behaviors of San and Che.

Application for mitochondrial imaging

Besides the remarkable AIEE nature of Che, cellular uptake
behavior is also an important parameter for cell imaging. After
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Fig. 6 Change in fluorescence intensity of San and Che between an
acid environment and alkaline environment. (a) Change in fluores-
cence intensity of San between pH 6.3 and 8.3 (Ae, = 385 nm). (b)
Change in fluorescence intensity of Che between pH 6.7 and 8.6 (Aex =
380 hm).
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Fig. 7 Electronic distributions of San and Che. (a) HOMO distributions
of San. (b) LUMO distributions of San. (c) HOMO distributions of Che.
(d) LUMO distributions of Che.

incubation with Che (50 uM in serum free medium) for 30
minutes, strong blue and green fluorescence emission can be
visualized in the cytoplasm region as illustrated in Fig. 8. It is
established that when excited at 380 nm, Che displays two
emission peaks which are located at 477 nm and 570 nm. The
images coincide well with the fluorescence emission spectra of
Che. Furthermore, strong fluorescence signals are exhibited
after incubation for only 30 minutes. The fast cellular uptake
indicates that Che can go through the cytomembrane and
accumulate in some specific sub-cellular regions in a short
time. To further ascertain the intracellular localization of Che,
co-localization experiments with Mito Tracker Deep Red were
performed by employing three different cell lines. As displayed
in Fig. 9, green fluorescence signals from Che are overlapped
well with red fluorescence signals from Mito Tracker by co-
localization analysis, suggesting that Che is specifically
located in the mitochondria of living cells. The Pearson corre-
lation coefficient, indicative of the distribution correlation of
two dyes (R,: from —1 to 1), was introduced to quantify the
staining region overlap between Che and Mito Tracker.*® The
coefficients are calculated as 0.95, 0.89, and 0.91, respectively,
demonstrating the excellent mitochondrial targeting ability of
Che.

PH-sensitive cell imaging

Aswe can see in Fig. 4, the PL spectra of San and Che exhibit pH-
sensitive behaviors. Because of the existence of both the non-
ionic form and quaternary ammonium salt form in the

Fig. 8 CLSM images of Ug; cells incubated with 50 uM Che for 30
minutes. (a) Confocal image in green channel (Aex = 405 NM, Aem =
500-560 nm). (b) Confocal image in blue channel (Aex = 405 M, Aem
= 435-480 nm). (c) Bright-field image. (d) Merged image of (a)-(c).
Scale bar = 20 pm.
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Fig.9 Co-localized images of living cells stained with Che (50 uM) for
30 minutes and Mito Tracker Red (200 nM) for 15 minutes. (a) Co-
localized images of RKO cells. (b) Co-localized images of HepG; cells.
(c) Co-localized images of Ug; cells.

solution, a pH-sensitive cell imaging was performed to explore
the effective form of Che for mitochondrial targeting. As illus-
trated in Fig. 10, the fluorescence emission intensity of Che in
Uy, cells is in a pH-dependent manner. At pH = 6.0, strong
green fluorescence is emitted. However, when pH values
increase, the fluorescence emission intensity decreases gradu-
ally. This pH-dependent manner coincides well with the spectra
as shown above and implies that an acidic environment favors
cell imaging of Che. It has been established that both San and
Che exist in two forms: a non-ionic form at high pH and
a quaternary ammonium salt form at low pH. At pH = 6.0, most

Fig. 10 CLSM images of Ug; cells incubated with Che (50 uM) for 30
minutes at different pH values. (a) pH = 6.0; (b) pH =7.0; (c) pH = 8.0.
Scale bar = 20 pm.
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of Che exists in quaternary ammonium salt form. The quater-
nary ammonium salt form possesses a positive charge and can
accumulate in mitochondria by an electrostatic driving force.
However, at pH = 8.0, most of Che exist in the non-ionic form.
The non-ionic form can't accumulate in mitochondria and so
the fluorescence emission intensity decreases drastically. These
results suggest the quaternary ammonium salt form is respon-
sible for mitochondrial targeting and imaging. Studies have
shown the extracellular microenvironment of tumor cells is
weakly acidic and the mitochondrial membrane potential of
tumor cells is more negative than normal cells,* which can
facilitate Che diffusing into mitochondria as the quaternary
ammonium salt form. Taking all these results into consider-
ation, we can conclude the acidic extracellular microenviron-
ment in tumor cells favors mitochondria-imaging of Che.

Anti-cancer activities

It has been reported that San and Che can induce cell apoptosis
in different cell lines, thus a cell viability assay was carried out.
After incubation for 24 hours, the remarkable anti-cancer
activities of San and Che are displayed. As is presented in
Table 2, the growth of tumor cells is inhibited by San and Che
with ICs, values from 2 to 6 uM. The result confirms the anti-
cancer activities of San and Che in vitro. Moreover, based on
the superior mitochondria-targeting ability, the remarkable
anti-cancer activities reported here imply San and Che-
mediated cell death are related to mitochondrial dysfunction.

Mitochondrial membrane potential changes and
morphological changes

Studies have shown early mitochondria-mediated apoptosis
mainly includes two aspects: depolarizing mitochondrial
membrane potential and destroying morphologies of mito-
chondria, which are regarded as irreversible processes.*® After
confirming the unique AIEE property, high mitochondria-
targeting performance and the remarkable anti-cancer activity
of Che, we were interested in exploring its effect on mitochon-
drial membrane potential and morphology. As illustrated in
Fig. 11a, 98.4% PBS-treated Ug, cells emit red fluorescence (FL2)
compared with the negative control, indicating a higher mito-
chondrial membrane potential (MMP). However, in Che-treated
Ugy cells, the green fluorescence emission (FL1) increases fol-
lowed by a decrease of the red fluorescence emission (FL2),
which suggests a decrease in mitochondrial membrane poten-
tial caused by Che. In conclusion, the flow cytometric analyses
demonstrate that the aggregation of Che in mitochondria can

Table 2 [Csq values of tumor cells treatment with San and Che for 24
hours®

Cell type San (uM) Che (uM)
Ugy 2.4 3.3
HepG, 3.8 4.7

RKO 4.5 5.6

¢ Data are shown as the mean values of three independent experiments.
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Fig. 11 Representative dot plots showing the fluorescence response
for MMP and CLSM images of Ugy cells. (a) The dot plots of unstained
Ugy cells, PBS-treated Ug; cells and Che-treated Ug; cells, respectively.
(b) CLSM images of Ugy cells treated with Che (50 uM) with increasing
scanning time.

depolarize mitochondrial membrane potential. To further
explore morphological changes of mitochondria during the
process, the AIEE nature of Che was employed to observe the
dynamic changes. As shown in Fig. 11b, the reticulum-like and
tubular-like mitochondria are transformed to dispersed small
fragments with increasing scan time, indicative of collapses of
mitochondrial structures.

What's more, the AIEE performance of Che disappears after
60 minutes. These results indicate that the aggregation of Che
in mitochondria is destroyed by the decreasing MMP and the
broken structures of mitochondria in U, cells. Taking together,
Che can not only light up mitochondria but also induce mito-
chondrial dysfunction. In summary, as a unique AIEE molecule
for mitochondrial imaging and targeting, Che was successfully
explored for its anti-cancer activity through fluorescence
imaging and is proposed to be a potential candidate of image-
guided agents for anti-cancer studies.

Experimental section
Materials and apparatus

Sanguinarine chloride hydrate (>98% purity), chelerythrine
chloride (>98% purity) were purchased from Sigma-Aldrich (St.
Louis, MO, USA) and used as received. All other chemicals were
analytical grade and used without further purification. The
human glioma cell line Uy, colon cancer cell line RKO, and
hepatocellular carcinoma cell line HepG, were purchased from
laboratory animal center of Sun Yat-sen University. Dulbecco's
modified Eagle's medium (DMEM), Roswell Park Memorial
Institute 1640 medium (RPMI-1640), fetal bovine serum (FBS),
phosphate buffered saline (PBS), 0.25% trypsin solution,
penicillin-streptomycin solution, Mitotracker Red assay kit
(MT), and 5,5',6,6"-tetrachloro-1,1,3,3'-tetraethyl-
imidacarbocyanine iodide (JC-1) assay kit were purchased
from Thermo-Fisher Biochemical Products (Beijing, China) Co.,
Ltd. Nigericin was purchased from Invitrogen (Carlsbad, CA).
Ultrapure water was obtained from a Milli-Q Plus System

This journal is © The Royal Society of Chemistry 2018
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(Millipore Corporation, USA). All pH were measured using
a PHS-3C pH meter. Photoluminescence (PL) spectra were
recorded on a FLS 920 spectrophotometer (Edinburgh Instru-
ments, England). Fluorescence lifetime was collected on a FLS
980 spectrometer (Edinburgh Instruments, England). Ultravi-
olet absorption spectra were tested on a Shimadzu UV-2600
spectrometer (Shimadzu, Japan). Transmission electron
microscope (TEM) images were collected on a Zeiss Merlin
transmission electron microscope (Zeiss, Germany). Flow cyto-
metric analyses were conducted by a Cell Lab Quanta SC-MPL
flow cytometer (Beckman Coulter, USA). Fluorescent images
were taken on a LSM 710 laser scanning confocal microscope
(Zeiss, Germany) and analyzed by ZEN 2009 software.

Preparations for UV-vis spectra, PL spectra and TEM
measurements

1.53 mg San and 1.59 mg Che were separately dissolved in
methanol to make stock solutions at a concentration of 2.07 x
10~* M; then, aliquot stock solutions of San and Che were
mixed with appropriate amounts of methanol and water. A
series of solutions at a concentration of 2.07 x 10~> M were
finally prepared with water fractions increasing from 0 to
90 vol%. UV-vis absorption spectra and PL spectra of San and
Che were measured at room temperature. Excitation and
emission bandwidths were both set at 3 nm; the excitation
wavelength was 385 nm for San and 380 nm for Che. The PL
spectra at different pH values were also tested by adjusting pH
values from 1 to 11 in CH;0H/H,O (2 : 8, v/v) mixture of San and
CH;0H/H,0 (1 : 9, v/v) mixture of Che. The fluorescence life-
time of San in CH;0H, CH;OH/H,0 (5 : 5, v/v) mixture, CH;OH/
H,O0 (2 : 8, v/v) mixture, and Che in CH3;0H, CH;0H/H,0 (5 : 5,
v/v) mixture, CH30H/H,O (1 : 9, v/v) mixture were measured by
a FLS 980 spectrometer. As far as the morphologies of the
aggregation were concerned, drops of CH;0H/H,0 (5:5, 3 : 7,
and 2 : 8 v/v) solutions of San and CH;OH/H,O (5: 5, 2 : 8, and
1 : 9v/v) solutions of Che were put on a silicon wafer over 12 h at
room temperature for slow evaporation, then metal spraying
was performed for TEM imaging after completely drying.

Theoretical calculations

To better understand the relationships between the optical
properties and electronic structures of San and Che, the natural
bond orbital charge distributions of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) were calculated by density functional
theory (DFT) using Gaussian 09 program at B3LYP/6-31G* level.

Cellular uptake and co-localization experiments

Uy, cells, HepG, cells, and RKO cells were cultured in DMEM
culture medium or RPMI-1640 culture medium containing 10%
heat-inactivated fetal bovine serum, 100 units mL ™" penicillin,
and 100 ug mL ™" streptomycin in an incubator with 5% CO, at
37 °C. Cells were used at 80% confluence before experiments.
To evaluate cell membrane permeability, Che was chosen to
explore the cellular uptake behavior because of its better AIEE
performance. In brief, 1 x 10° Ug, cells were incubated with Che

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

(50 pM in serum-free medium) for 30 minutes. After rinsing
with fresh PBS (pH = 7.4) three times, the fluorescence was
examined with a confocal laser scanning microscope using
a 100 oil-immersion objective lens and the results were imaged
using various combinations of excitation wavelength and
emission wavelengths. Compared with the commonly reported
mitochondria-targeting groups, such as triphenylphospho-
nium, pyridine, and quinoline, Che was supposed to accumu-
late in mitochondria as a lipophilic cation. Therefore, co-
localization experiments were performed to assess its capa-
bility for mitochondria-targeting. First, cells were treated with
50 uM Che for 30 minutes and co-stained with 200 nM Mito
Tracker Deep Red (a commercially available mitochondrial dye)
for 15 minutes, then excess dyes were rinsed away by PBS
solution for 2-3 times. Finally, the fluorescence was detected by
a confocal laser scanning microscope and results were imaged
using various combinations of excitation wavelengths and
emission wavelengths. All procedures were performed away
from light.

The effect of pH on cell imaging and cell viability assay

Based on the fact that both San and Che undergo pH-sensitive
properties in CH;OH/H,O mixtures, the effect of different pH
values on cell imaging was explored in this study. Uy, cells were
first incubated with 50 uM Che in DMEM culture medium for 30
minutes. After removing the staining solutions, different PBS
buffers (pH = 6.0, 7.0, and 8.0) were added into three dishes,
respectively. Then nigericin solutions were added and cells were
incubated for 15 minutes to equilibrate intracellular and
extracellular pH values. Three different pH gradients (pH = 6.0,
7.0, and 8.0) were established to mimic cellular pH conditions
and images were acquired on a confocal fluorescence micro-
scope. The excitation wavelength was 405 nm and the emission
wavelength was 500-560 nm. We were interested to evaluate the
anti-cancer activities of San and Che; thus, a CCK-8 cell viability
assay was performed. Tumor cells were seeded in 96-well plates
at a density of 5 x 10° cells per well and 24 hours later, Che and
San at concentrations of 1, 2, 4, 8, and 16 uM were added to the
wells. After 24 hours, each well was treated with 10 uL of
prepared CCK-8 solution and the cells were incubated for an
additional 2 hours at 37 °C. The absorbance value of each well
was recorded on a PerkinElmer Victor plate reader at 450 nm
and the following equation was employed to calculate the cell
viability: percentage of viable cells: (%) = (mean absorbance
value of the treatment group/mean absorbance value of the
negative control group) X 100%. Cells incubated with the
culture medium instead of Che and San solutions were defined
as the negative control group. The experiment was tested at
least three times.

Mitochondrial membrane potential changes and
morphological changes

To evaluate whether the aggregation of Che in mitochondria
was involved in mitochondrial dysfunction, mitochondrial
membrane potential (MMP) was detected by 5,5,6,6'-tetra-
chloro-1,1’,3,3'-tetraethyl-imidacarbocyanine iodide (JC-1). JC-1
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is a specific mitochondrial dye with green-red fluorescence.
When mitochondrial membrane potential is at a high level, JC-1
can accumulate in a mitochondrial matrix and emit red fluo-
rescence. However, when the integrity of a mitochondrial
membrane is damaged, then JC-1 can't accumulate in a mito-
chondrial matrix and emit green fluorescence at that moment.
Therefore, color conversion between green and red can be an
indicator of the mitochondrial membrane potential change. To
assess the effect of Che on MMP, living Ug, cells were incubated
with 50 uM Che for 30 minutes followed by the reaction with 200
uL of JC-1 solutions (10 ug mL~") for another 15 minutes, then
excess JC-1 solutions were rinsed away by PBS solutions for 2-3
times and the MMP of Ug, cells was assessed by flow cytometry.
During each flow cytometric analysis, 1 x 10* Ug, cells were
analyzed at the slowest flow rate. Data were displayed as two-
dimensional dot plots and the background particles were
excluded by the use of gates and thresholds. In particular, living
Ug- cells treated with PBS solutions instead of Che were set to
negative controls. After investigating the MMP change caused
by Che, morphological changes of mitochondria were also
monitored by utilizing the AIEE characteristic of Che. As
mentioned above, living Uy, cells were stained with 50 uM Che
for 30 minutes to realize cellular uptake, then fluorescent
images were collected by a confocal fluorescence microscope
with increasing scan time.

Conclusions

In this paper, chelerythrine and sanguinarine were explored
for their aggregation-induced emission enhancement (AIEE)
characteristics. After adding increasing amounts of H,O to
CH;OH solutions of San and Che, typical AIEE behaviors could
be observed. Furthermore, the fluorescence lifetime in
CH;OH/H,O mixtures confirmed the AIEE characteristics.
Moreover, the physical forms with different water ratios were
also examined, demonstrating the formation of light-emitting
nanoparticles. By DFT calculations, J-aggregation proved to be
responsible for the AIEE behaviors of San and Che. Because of
the existence of non-ionic forms and quaternary ammonium
salt forms in solution, San and Che displayed pH-sensitive
behaviors. Besides, satisfactory photostability, reversibility,
and selectivity of San and Che were displayed, indicating they
have considerable potentials as pH sensors. Taking advantage
of the AIEE characteristics and pH-sensitive properties, high
specificity to mitochondria of Che was displayed as the
quaternary ammonium salt form. Moreover, after confirming
the anti-cancer effects of San and Che, the depolarization of
mitochondrial membrane potential and morphological
collapses of mitochondrial structures were observed, proving
mitochondrial dysfunction caused by Che. Therefore, these
results not only explained the anti-cancer effect of Che
through fluorescence imaging but also presented a potential
image-guided therapeutic reagent. In future work, we will
focus on the development of simple and efficient natural
products for mitochondrial imaging and manipulating with
AIEE characteristics.
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