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a  b  s  t  r  a  c  t

Lysosomal  micropolarity-change  is one  of  the  ultimate  reflection  factors  of  cell apoptosis  and  death
in  complex  living  organism.  Thus,  rapid  and sensitive  detecting  of  lysosomal  micropolarity-change  is
beneficial  for  real-time  estimating  of cancer  cell  apoptosis.  Many  polarity-specific  fluorescent  probes
have  been  reported,  but  lysosomal  micropolarity-ultrasensitive  ratiometric  fluorescent  probe  with  excel-
lent two-photon  property  for  real-time  estimating  the  cancer  cell apoptosis  is scarce.  In this  work,
an  intramolecular  charge  transfer  (ICT)  two-photon  ratiometric  fluorescent  probe  (DC)  was  reported
and  evaluated  to  real-time  estimate  cancer  cell  apoptosis  through  ultrasensitive  detection  of  lysoso-
mal  micro-polarity.  DC  appeared  different  fluorescence  intensities  at 580  and  600  nm  in  cancer  cells,
specifically.  And  its fluorescence  change  presented  a linear  change  on ratio  mode  in  the range  of  polar-
ity  (�f  =  0.2230–0.3274).  The  lowest  detection  of  DC  for polarity  change  can  as  low  as  �f = 0.018  by
fluorescent  ratiometric  signals.  More  importantly,  based  on the ultrasensitive  changes  of lysosomal
micro-polarity,  DC  can  be used  to  real-time  estimate  cancer  cell apoptosis  by microscopic  imaging  and
flow  cytometry.  Thus,  DC may  have  potential  application  varying  from  detecting  of  lysosomal  micropo-
larity  changes  to real-time  estimating  of cancer  cell  apoptosis.

©  2018  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Lysosomal polarity, an important biological parameter, is gener-
ated primarily by the localization of specific proteins to lysosome
and its membrane [1]. In living cells, lysosomal polarity not only
influences itself shape, structure and membrane permeability, but
also determines the interaction activity of a plenty of biomacro-
molecules, such as hydrolytic enzymes. Furthermore, lysosomal
polarity would affect many molecular events in living cells, includ-
ing decomposition and phagocytic activity of hydrolytic enzymes,
digesting large structures or cellular debris, autophagy, clearing
out damaged structures and so on [1]. More importantly, the
recent studies indicated that polarity-deficient could induce cell
apoptosis and death [2–4]. Polarity micro-change at lysosomes
has became the ultimate reflection factor of cell apoptosis and
death in complex living organism [5,6]. Thus, to monitor lysoso-
mal  micro-polarity and to further estimate cell apoptosis degree,
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especially cancer cell apoptosis degree, are of great importance
for the fundamental research cell biology and oncologic pathol-
ogy. However, lysosomal polarity in living cells is an extremely
complex biological parameter and will be interfered by factors
from the living organism, such as dipolarity/polarizability, hydro-
gen bonding and so on [7,8], therefore, the method detection for it
that needs to possess “very low or even zero interference” charac-
teristics. Furthermore, lysosomal polarity locales in a very small
organelle-lysosome (0.025–0.80 �m),  which has higher require-
ments for imaging resolution [1]. Finally, but more importantly,
lysosomal polarity appears regional differences, that is, it differs
considerably from one region to another in lysosome [7,8]. Thus,
existing imaging tools, which are mediated by lysosomal polar-
ity micro-change to real-time estimate cancer cell apoptosis, is
extremely difficult and necessitates the development of new effec-
tive imaging tools.

Fluorescent sensors combined with confocal microscopy imag-
ing are the powerful and promising analysis tools for the real time
monitoring many bio-endogenous molecules and environmental
factors in living systems [9–12]. Therefore, polarity-sensitive flu-
orescent probes were selected as the research tools to detect
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polarity in living organism. Up to now, several research groups
have reported a series of polarity-sensitive probes [13–20], which
have been applied to sensing of the polarity and the hydrophobic
domains of biological macromolecules, such as proteins, nucleic
acid and enzyme. Although a few of these probes are cell-permeable
and appear specific subcellular organelle distributions [18–20],
such as lysosome [19,20], there is no ratiometric fluorescent
probe that show ultra-sensibility for the lysosomal micro-polarity.
Moreover, None of these probes that detection for lysosomal micro-
polarity have the characteristics of “low or even zero interference”,
this will undoubtedly reduce the accuracy of the detection. Further-
more, two-photon fluorescence probes have become the leading
bioimaging tools based on the high penetration depth and “zero
interference” of two-photon technology in living organism. Unfor-
tunately, two-photon ratiometric fluorescent probe which was
mediated by lysosomal polarity micro-change with “zero interfer-
ence” to real-time estimate cancer cell apoptosis remains a “blank
space”, with no attempt reported.

Herein, we reported an intramolecular charge transfer
(ICT) two-photon ratiometric fluorescent probe, (6-((2-
aminoethyl)amino)-1-oxo-1H-phenalene-2,3-dicarbonitrile,
DC), which could real-time detect lysosomal micro-polarity, and
further estimate cancer cell apoptosis. The probe DC was  used
polarity-sensitive group as fluorophore [21]. Ethylenediamine
group was as regulator which resulted in DC possessing appropri-
ate pKa to target lysosome. All results from absorption spectrum,
fluorescence spectrum, the outcome of whole-cell assays and
flow cytometry demonstrated the rapid and quantitative response
of DC to polarity with high selectivity and sensitivity. More
importantly, according to the different fluorescence intensity at
different wavelengths, this lysosomal micropolarity-ultrasensitive
ratiometric fluorescent probe was used to real-time estimate
cancer cell apoptosis. To the best of our knowledge, DC is the first
lysosomal micropolarity-ultrasensitive ratiometric fluorescent
probe with “zero interference” for real-time estimating of cancer
cell apoptosis.

2. Material and methods

2.1. Probe DC preparation and basic characterization

The synthetic routes and basic characterization (NMR spectrum
and mass spectrum) of DC and its intermediates were listed in
Supporting Information. A.R. grade of reagents and solvents were
purchased and used in all of the experiments. Purify compounds
were purified by the column chromatographic with the fillers-
silica gel (200–300 mesh). Newly prepared double distilled water
was purified prepared by a Milli-Q system, which was used in
all of the experiments. Under ESI positive or negative ion mode,
ESI–MS (Bruker microToF II, Bruker Co., Switzerland) possessing
the auto sampler operated in-line with a quantum triple quadru-
ple instrument was carried out in the basic characterization of DC
and its intermediates. Avance 400 MHz  spectrometer (Bruker Co.,
Switzerland) was used to obtain NMR  spectra.

2.2. Spectral determination

LysoTracker
®

Green DND was obtained from InvitrogenTM

Chemical Co. (USA). LysoTracker
®

Green DND (1.0 mM,  DMSO)
and DC (1.0 mM DMSO) as stock solution were used in spectro-
graphic determination, respectively. The determination method
was described in Supporting Information. The results were
obtained from five parallel tests.

2.3. Cell culture and staining with DC

HepG 2 (cancer cell line) and CHO (normal cell line), two
kinds of cell lines were purchased from the Chinese Academy of
Medical Sciences. The culture medium for this two cell lines are
composed of phenol red-free Dulbecco’s Modified Eagle’s Medium
(DMEM, WelGene), 10% fetal bovine serum (FBS; Gibco) and peni-
cillin/streptomycin. HepG 2 and CHO cell lines were incubated in
this kind of culture medium for 3 days in a CO2 incubator at 37 ◦C.
Before imaging, cells were seeded into a glass bottomed dish (Mat-
Tek, 35 mm dish with 20 mm well) for incubation 24 h in advance at
37 ◦C under 5 wt%/vol CO2. And then, the live cells were incubated
with a certain concentration of LysoTracker

®
Green DND (1.0 mM,

DMSO) and DC (1.0 mM DMSO) at 37 ◦C under 5 wt%/vol CO2.

2.4. One/two-photon fluorescence imaging and colocalization
imaging

FV1200 spectral confocal multiphoton microscope (Olym-
pus, Japan) was  used to image cell on one-photon mode. This
microscope combined with mode-locked titanium-sapphire laser
(MaiTai, Spectra-Physics, USA) was used to obtain two-photon
imaging in cells. The imaging method was described in Supporting
Information. The results were obtained from five parallel tests.

2.5. Cancer cell apoptosis model building

HepG 2 cells were incubated by phenol red-free Dulbecco’s Mod-
ified Eagle’s Medium (DMEM, WelGene), 10% fetal bovine serum
(FBS; Gibco) and penicillin/streptomycin. They were incubated
in this kind of culture medium for 3 days in a CO2 incubator at
37 ◦C. And then, the new culture medium containing 100 �M of
tea polyphenols was  replaced for incubation 24 h in advance at
37 ◦C under 5 wt%/vol CO2. At last, the live cells were incubated
with a certain concentration of DC (1.0 mM DMSO) at 37 ◦C under
5 wt%/vol CO2.

2.6. Flow cytometry for estimating of cancer cell apoptosis by DC

After cancer cell apoptosis was established, their was incubated
with DC.  And then, those cell models (10,000 cells/500 �L) were
made into dispersed PBS solution. And these were analyzed by
flow cytometer (BD FACSCanto II, USA) on 488 nm.  In data analysis,
10,000 cells were as the counting base. And BD FACSDiva software
was used to analyze their average fluorescence intensity.

3. Results and discussion

3.1. Design of fluorescent probe

In this work, we  reported a probe DC was  an ideal two-photon
fluorescent probe for the ultrasensitive detection of lysosomal
micro-polarity. Through exploring the structure of this probe DC,
1-oxo-1H-phenalene-2,3-dicarbonitrile in molecule is a polarity-
sensitive group [21], which result in probe appearing obviously
response ability for micro-polarity. Lysosome, a typical organelle,
contain a lot of acid hydrolases, which make it appearing acid-
ity (pH ranging from 4.5 to 5.5). Consider this particular property
of lysosomes, ethylenediamine group in DC could be as regulator
which resulted in probe possessing appropriate pKa to target lyso-
some. Furthermore, due to the introduction of amino and cyano,
the probe has an appropriate water-oil amphiphilicity which lead
to the specific selectivity for cancer cells. The synthetized route of
probe (DC) and the relevant intermediates were listed in Supple-
mentary Scheme S1 (Scheme 1). DC and the relevant intermediates
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