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Lysosomes function as important organelles within cells and their movement associates with diverse biological events, hence the
real-time tracking of lysosomal movement is of great significance. However, since most lysosome fluorescent probes suffer from
relatively unsatisfactory photostability, tracking lysosomal movement in real-time remains challenging. Here, we report that a
naphthalimide-based fluorescent compound, namely NIMS, is a quite promising probe for lysosome imaging. The visualizing
mechanism lies in the selective accumulation of NIMS in lysosomes via a protonation reaction, followed by the fluorescence
enhancement due to the interactions of NIMS with proteins. Owing to its high selectivity and good photostability, NIMS was
successfully applied to capture super-resolution fluorescence images of lysosomes. More importantly, real-time tracking of
lysosome movement in a single living cell by NIMS was realized with a confocal laser scanning microscope. Surprisingly, even
in normal culture conditions, around 2/3 of the captured lysosomes were observed to move within 5 min, indicative of the highly
dynamic features of lysosomes. Thus, this probe may facilitate the understanding of the lysosome dynamics in physiological or
pathological conditions.
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1 Introduction

Lysosomes, regarded as the “stomach” of a cell, play es-
sential roles in recycling of intracellular organic materials
and clearance of endocytosed materials [1,2]. In human
body, the dysfunction of lysosomes not only leads to various
lysosomal storage diseases, but also is associated with in-
flammation and tumor [3,4]. Recently, it was found that the
positioning of lysosomes could be precisely controlled to
meet the changing cellular needs. For example, under nu-
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trient deprivation conditions, lysosomes could be rapidly
recruited to the perinuclear region [5]. Therefore, visual la-
belling and tracking of lysosome would be significantly
helpful to understand lysosomal working principles [3], in-
tracellular metabolism [4] and cell membrane recycling
status [6], and the evaluation of drug and gene delivery
systems as well [7,8]. More importantly, recording of dy-
namic lysosomal movement in a real-time manner would
facilitate the understanding of where lysosomes work and
what kinds of organelles lysosomes could interact with.
However, the photo-instability of small-molecule fluorescent
lysosome probes limits the monitoring window for real-time
tracking. In fact, so far there are only a few reports on the
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study of lysosomal dynamics in real time [9,10], and the
development of novel high-performance fluorescent probes
for real-time monitoring of lysosomes is important but
challenging.

To date many kinds of small molecular lysosome fluor-
escent probes have been successfully developed. Their sig-
nalling principle usually lies in the selective targeting
followed by visualizing processes of them towards lyso-
somes. To endow the fluorophores with lysosomal targeting
capability, most current small molecule lysosome probes
bear a weakly basic subunit, thereby being accumulated in
the acidic environments of lysosomes (pH 4.5-5.0) through
protonation [11,12]. To realize the visualization of lyso-
somes, two strategies are generally employed: (1) using
compounds whose fluorescence is weak in basic and neutral
condition but could be “turn on” in acidic environments (e.g.,
commercially available LysoSensor'" pH Indicators) [13—
18]; (2) using fluorescent compounds whose photo-
luminescence (PL) intensity is pH-independent (e.g., the
commercially available LysoTracker™) [19]. The visuali-
zation mechanism of lysosome probes whose PL intensity is
pH-dependent has been well-elucidated, whilst it is not clear
so far for lysosome-tracking compounds whose PL intensity
is pH-independent. Consequently, in-depth understanding on
the visualization mechanism should be important for the
exploitation of novel high-performance lysosome probes.

Recently, super-resolution fluorescence microscopy tech-
niques, including structured illumination microscope (SIM)
[20], have been widely applied on the observation of many
biological structures. With the aid of fluorescent probes, the
applications of super-resolution microscopes have been re-
markably expanded [21,22] in cellular imaging of organelles
and cellular structures, such as mitochondria [23], en-
doplasmic reticulum (ER) [24], lipid droplets (LDs) [25] and
telomere [26]. Nevertheless, as far as lysosomes are con-
cerned, there were only a few reports on the visualization of
them through a super-resolution microscope [27-29]. To
meet the criteria for super-resolution imaging, the fluor-
escent probe needs to be both highly selective and photo-
stable [22,23]. Therefore, super-resolution imaging of
lysosomes in living cells via small molecular fluorescent
probes remains challenging.

Herein, we report our findings that a compound NIMS we
developed recently, namely [(£)-6-(4-((tert-butyldiphe-
nylsilyl)oxy)styryl)-2-(2-(dimethylamino) ethyl)-1H-benzo
[de]isoquinoline-1,3(2H)-dione] [30] (structure shown in
Scheme 1), could act as a high-performance lysosome probe.
Owing to its high selectivity, good photostability and low
cytotoxicity, NIMS could be applied in super-resolution
imaging of lysosome and real-time tracking of lysosomal
movement in living cells. Meanwhile, our results demon-
strate that the signaling mechanism of NIMS towards lyso-
some involves an accumulation process of NIMS in
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Scheme 1 Molecular structure of NIMS (color online).

@ 4

lysosomes due to the protonation of its dimethylamino group
in acidic environments, and a fluorescence enhancement
process of NIMS due to its interactions with proteins. This
mechanism might be helpful for the rational construction of
high-performance lysosome fluorescent probes.

2 Materials and method

2.1 Materials

Fetal bovine serum (FBS), Dulbecco’s modified Eagle
medium (DMEM), Roswell Park Memorial Institute-1640
medium (RPMI-1640) and trypsin-ethylenediaminete-
traacetic acid (EDTA) were purchased from Gibco (USA).
Phosphate-buffered saline solution (PBS, pH 7.4) and anti-
biotics (100 unit/mL streptomycin and 100 pg/mL penicillin)
were purchased from Invitrogen (USA). RAW264.7 cells
(mouse macrophage) were purchased from West China
School of Pharmacy Sichuan University (Chengdu, China).
HeLa (human cervical cancer cell) and MEF (mouse embryo
fibroblast) cell lines were purchased from American Type
Culture Collection (ATCC, USA). LysoTracker Red DND-
99 was purchased from Life Technologies (USA). Chlor-
oquine was purchased from Sigma (USA).

2.2 Cell culture

The cells were cultured as described before [31-33]. HeLa
and MEF cells were cultured in DMEM supplemented with
10% FBS and 1% penicillin-streptomycin; RAW264.7 cells
were cultured in RPMI-1640 supplemented with 10% FBS
and 1% penicillin-streptomycin. All cells were incubated in a
humidified 5% CO, incubator at 37 °C with the medium
changed every other day.

2.3 Fluorescence imaging of lysosome by NIMS

The cells (HeLa, MEF and RAW264.7) were seeded in
35 mm glass-bottom culture dishes at a density of 1x10° cells
per dish and incubated in a CO, incubator. After 24 h culture,
the growth medium was removed and the fresh growth
medium containing 5 uM NIMS was added into the dishes
and kept for 1.5 h, then LysoTracker Red DND-99 was added
(final concentration: 50 nM) and kept for another 0.5 h. After



Zhu et al.

that, the medium was removed and cells were washed with
PBS twice, then 1.5 mL fresh medium was added into the
dishes. Under a fluorescence microscope (Leica, Germany),
NIMS was excited at blue channel (475-495 nm), while
LysoTracker was excited at green channel (505-535 nm),
and the pictures of cellular imaging were captured. The
fluorescence signal intensity of NIMS and LysoTracker were
quantified by ImageJ software (Version 1.8.0).

2.4 Fluorescence stability evaluation

RAW264.7 cells were seeded and cultured as described
above. After 24 h culture, cells were stained with 5 uM
NIMS for 1.5 h followed by 50 nM LysoTracker for another
0.5 hin a CO, incubator. Then the medium was removed and
cells were incubated with fresh medium. Under a confocal
laser scanning microscope (CLSM, Leica, Germany), NIMS
and LysoTracker were excited at 488 and 561 nm, respec-
tively. Cells from three different zones were scanned every
30 s (totally 5 min) with 3% laser power. The images of
before and after the scanning were captured.

2.5 Super-resolution microscope imaging

HeLa cells were seeded and cultured as described above.
After 12 h incubation, cells were incubated with 5 pM NIMS
for 2 h. After that, the medium was removed and cells were
washed with PBS twice, then 1.5 mL growth medium was

LysoTracker
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RAW 264.7
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added into the dishes. Under a structured illumination mi-
croscope (Nikon, Japan), NIMS was excited at 488 nm, and
the pictures of cellular imaging were captured. The 3D sur-
face plot of lysosomes was generated by Imagel software
(Version 1.8.0).

2.6 Tracking lysosome movement in living cells

MEF cells were seeded and cultured as described above.
After 24 h culture, the growth medium was removed and the
fresh growth medium containing 5 uM NIMS was added into
the dishes. 2 h later, the medium was removed and the fresh
medium was added into dishes. Then under a CLSM, NIMS
was excited at 488 nm. The movement of lysosomes was
captured every 15 s (totally 5 min) and the movie was made
based on the pictures.

3 Results and discussion

3.1 Lysosome imaging by NIMS in different types of
cells

Lysosomes are spherical vesicles distributed in the cyto-
plasm. First, to test the selectivity and imaging ability of
NIMS towards lysosome, we selected three typical cell lines,
HeLa (cancer cell), MEF (fibroblast) and RAW264.7 (mac-
rophage), to perform the cellular imaging. As shown in
Figure 1, bright fluorescence spots originated from NIMS
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Figure 1 Fluorescence microscope images of different types of cells co-incubated with NIMS (5 uM, 2 h) and LysoTracker DND-99 (50 nM, 0.5 h). (a)
HeLa cells; (¢c) MEF cells; () RAW264.7 cells. (b, d, f) The intensity profile of regions of interest (the dotted lines in (a, c, e)) cross the cells. Cells were
excited at blue (475-495 nm, NIMS) or green (505-535 nm, LysoTracker) channels under a fluorescence microscope (Leica, Germany). NIMS was displayed
in pseudo-color (green) to better show the colorization results. Scale bar: 20 pm (color online).
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could be observed in the cytoplasm of all these cells.
Meanwhile, the fluorescence signals of NIMS could be ni-
cely co-localized with the commercial reference dye for ly-
sosome (LysoTracker DND-99) in all these cells (Figure 1,
merged pictures). In addition, the fluorescence signal in-
tensity profiles of the two dyes were found to be highly
correlated (Figure 1(b, d, f)). Based on these observations, it
could be inferred that NIMS can act as a highly selective
lysosome probe capable of labeling lysosomes in cellular
imaging applications.

3.2 Accumulation of NIMS in lysosomes through pro-
tonation

To gain insight to the reason why NIMS could target lyso-
somes, additional chloroquine (CQ) pre- and post-treatment
experiments (50 pM, 0.5 h) were conducted on the NIMS
and LysoTracker co-incubated HeLa cells, since the CQ
treatment on cells will lead to inhibited lysosomal acid-
ification process, thereby elevating lysosomal pH [13,34]. As
shown in Figure S1 (Supporting Information onine), in
comparison with the control group (lacking of CQ treat-
ment), the CQ pre-treatment on the NIMS and LysoTracker
co-incubated cells was found to result in much weakened
fluorescence, but the CQ post-treatment has negligible in-
fluence on the fluorescence intensity of these NIMS and
LysoTracker co-stained cells (Figure S1(c, f)). Consequently,
the acidic microenvironments should be a perquisite for the
accumulation of NIMS in lysosomes; yet after being accu-
mulated successfully in lysosomes, the elevated pH of ly-
sosomes will no longer have significant effects on both the
cellular localization and the fluorescence intensity of NIMS.
Similar phenomenon could be observed for LysoTracker
(Figure S1(f)) and other reported probes [11,34], confirming
that all these probes should be accumulated successfully in
lysosomes through protonation processes on their alkaline
moities in the acidic microenvironment of lysosomes [35].

Further time-course imaging experiments of NIMS-stained
cells (0-3 h, shown in Figure S1(g)) revealed that with in-
creasing incubation time, the PL intensity of NIMS-stained
cells increases progressively, confirming the presence of
accumulation behaviors of NIMS in the cells.

3.3 Fluorescence enhancement of NIMS in the presence
of proteins

Despite the fact that NIMS-incubated cells could emit in-
tense fluorescence, the NIMS solutions in aqueous PBS just
exhibits quite weak PL emission (Figure S2(a)). Taking into
consideration that NIMS is a luminogen showing in-
tramolecular charge-transfer (ICT) transition character, the
much enhanced fluorescence of NIMS in intracellular en-
vironments might arise from its interactions with bio-mac-
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romolecules like proteins whose microenvironments are less
polar than water [36—41]. In fact, our previous work has
revealed that the PL intensity of NIM, an analog of NIMS,
could be enhanced in the presence of proteins in acidic en-
vironments [34], thus we investigated the fluorescence be-
haviors of NIMS in PBS solution upon addition of BSA
(bovine serum albumin). Based on the fact that the protein
concentration within cell is around 7% (w/v) [42], 5% BSA
(w/v) was used to mimic the intracellular protein environ-
ment. As shown in Figure S2(a), with increasing NIMS
concentrations, the fluorescence was intensified gradually;
with increasing BSA concentrations, the PL intensity of
NIMS was also enhanced gradually (Figure S2(b)). These
observations indicate that the interactions between NIMS
and proteins could trigger distinct fluorescence enhance-
ment, which might be attributed to the less polar micro-
environments than water around NIMS.

To verify this deduction, the fluorescence behaviors of
formaldehyde-fixed (dead) HelLa cells co-incubated with
NIMS were studied, because the fix of cells by 4% for-
maldehyde solution would lead to completely disrupted
acidic environments of cellular lysosomes [34]. As shown in
Figure S2(c), the fluorescence of NIMS was discernable in
the dye-incubated cells. In addition, unlike those NIMS-
stained living cells whose fluorescence is merely localized in
lysosomes, the NIMS-incubated fixed cells have their
fluorescence distributed in the whole cellular regions lacking
of spot-shaped character. Taking into consideration that the
formaldehyde-fixation of cells will lead to damaged cell
structure hence more uptake of NIMS, it could be inferred
from these observations that the acidic environment should
be an indispensable condition for NIMS to visualize lyso-
somes.

In light of these experimental observations, we tentatively
proposed the visualizing mechanism of NIMS to lysosome as
following: (1) the specific accumulation of NIMS in lyso-
somes due to the protonation of its dimethylamino group in
acidic environments; (2) the fluorescence enhancement of
NIMS due to its interactions with bio-macromolecules with
less polar microenvironments than water. Note that the
protein-enhanced fluorescence uncovers an additional step of
lysosome visualization during the function of lysosome
probe in cellular microenvironment. Hence, our findings
might be helpful for the better understanding of the lysosome
probe visualization mechanisms and the development of
high-performance lysosome fluorescent probes.

3.4 Photostability and cytotoxicity of NIMS in cellular
imaging

Besides selectivity, photostability is considered as one of the
key factors in evaluating the performance of fluorescent
imaging probes. The photostability of RAW264.7 cells co-
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stained with NIMS and LysoTracker was investigated by
monitoring the fluorescence intensity before and after con-
tinuously being scanned for 11 times by confocal micro-
scopy. After 5 min imaging under the CLSM, the fluorescent
intensity of LysoTracker in RAW264.7 cells was observed to
drop much more quickly and dramatically than that of NIMS
(Figure 2(a—d)). As shown in Figure 2(e), even after 1 min
excitation, the PL intensity of the LysoTracker-stained cells
was reduced by about 80%; meanwhile the intensity loss of
NIMS-based samples is less than 20%. Furthermore, after
the total 11 scans with an entire excitation time of 5 min, the
fluorescence intensity of NIMS-based samples still remained
about 30%; in contrast, that of LysoTracker-based samples
was nearly undetectable, and was less than 10% (Figure 2(d,
e)). Therefore, NIMS should possess better photostability
than commercially available LysoTracker during the cellular
imaging of lysosomes.

In addition, we measured the cytotoxicity of NIMS in
HeLa and MEF cells by a standard CCK-8 assay. As shown
in Figure 3, after 24 h incubation with NIMS, these cells only
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Figure 2 Photostability of NIMS in cellular imaging. Fluorescent images
of NIMS and LysoTracker co-stained RAW264.7 cells, the fluorescence of
NIMS before (a) and after (b) the scanning; the fluorescence of Lyso-
Tracker before (c) and after (d) the scanning; (e) relative fluorescence
intensity of NIMS and LysoTracker during the scanning (n=3). Error bar
represents standard deviation (SD). Scale bar: 100 um (color online).
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Figure 3 Cytotoxicity of NIMS in HeLa and MEF cells. The cells were
treated with different concentrations of NIMS for 24 h, then the cell via-
bility was determined by CCK-8 assay (color online).

showed a slight growth inhibition at high concentrations of
NIMS indicating the cytotoxicity of NIMS is low.

3.5 Super-resolution fluorescence imaging lysosomes
by NIMS

Recently, with the aid of super-resolution fluorescence mi-
croscope that is capable of overcoming the diffraction limit
in traditional microscope, the understanding on the working
pattern of organelles and proteins in cell biology was greatly
enhanced. Since NIMS displays high selectivity and good
photostability, which meet two of the key criteria of fluor-
escent probes for super-resolution imaging, we tried to vi-
sualize lysosomes by NIMS under a structured illumination
microscope (SIM). As illustrated in Figure 4(a), a super-
resolution image of lysosomes in a living HelLa cell was
obtained successfully. In comparison with fluorescence mi-
croscope or CLSM images, the SIM picture showed a more
detailed size and morphology of lysosomes. Moreover, the
SIM image was used to generate a 3D surface plot of the
fluorescence intensity of lysosomes (Figure 4(b)), which
displays the signal intensity and distribution of lysosomes in
cytoplasm.

3.6 Tracking lysosome movement by NIMS at the
single-cell level

The functions of lysosomes are tightly associated with their
movement. For example, in phagocytes, the lysosome
movement plays essential roles in the bactericidal activities
and trans-matrix migration of the cell [43]. To monitor ly-
sosomal movement, the fluorescence probe needs to be
highly selective and relatively photostable. As the reported
lysosome-targeting fluorescent probes often suffer from re-
latively unsatisfactory photostability, so far only few probes
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or dyes were demonstrated to be capable of monitoring the
movement of lysosomes in real-time imaging [9,10]. Taking
advantage of its high selectivity and good photostability, we
employed NIMS as the lysosome-targeting probe and carried
out real-time cell imaging experiments under a CLSM. As
shown in Figure 5(a—h), after being stained by NIMS, the

Sci China Chem  April (2018) Vol.61 No.4

moving of lysosomes in a single living cell can be readily
captured by the microscope. Surprisingly, within 5 min, 22
out of the 36 captured lysosomes in the cell were observed to
move under normal culture conditions (Figure 5(i), and the
Movie S1 in the Supporting Information online). Interest-
ingly, four of the lysosomes were observed to move together

Figure 4 Super-resolution imaging lysosomes in HeLa cells by NIMS (5 uM, 2 h). (a) A picture of structured illumination microscopy (SIM) imaging
lysosomes in a living HeLa cell (scale bar: 10 um). The insets are the enlarged images of the red and blue regions (scale bar: 5 um). (b) 3D surface plot
profiling of the SIM picture of lysosomes with pseudo-color representing relative fluorescence intensity (color online).

1 min

5 min

Figure 5 Real-time tracking lysosomal movement in MEF cells by NIMS (5 uM, 2 h) under CLSM. (a—d) Different pseudo-colors are used to display the
movement of lysosomes at different time points (0, 1, 3, and 5 min). Merging images at two different time points: (¢) 0 and 1 min, (f) 1 and 3 min, (g) 3 and
5 min; (h) DIC image of the observed cell. Scale bar: 10 um. Arrow heads indicate the moving lysosomes. (i) Summary of the mobile status of observed
lysosomes. (j) Schematic depiction of tracking lysosomal movement with NIMS. Yellow dots represent moved lysosomes with the moving route in red line,

and blue dots represent steady lysosomes (color onilne).
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(red arrow head) during this period, indicating that lyso-
somes might be specifically coordinated by cellular signals.
The schematic depiction of the observed lysosomal move-
ment was shown in Figure 5(j), in which the yellow dots
represent the moved lysosomes during the observation per-
iod, and the red lines represent the moving routes, while the
blue dots represents lysosomes without obvious movement.
These data indicate that the lysosomal movement is highly
dynamic. Thus, our results demonstrate that NIMS is suitable
for real-time tracking of lysosomal movement.

4 Conclusions

In summary, a naphthalimide-based fluorescent probe,
namely NIMS, has been demonstrated as a novel probe for
imaging and tracking of lysosome. NIMS not only displays
high selectivity in targeting lysosomes, but also possesses
enhanced photostability than the commercially available
LysoTracker. As a result, NIMS is capable of capturing su-
per-resolution images of lysosomes and tracking lysosomal
movement in real-time manner. More importantly, the sig-
naling mechanism of NIMS towards lysosome is a combi-
nation of selective accumulation and fluorescence
enhancement. The dimethylamino group of NIMS could
protonate in acidic environments, which results in its accu-
mulation in lysosome. Meanwhile, due to the interactions of
NIMS with bio-macromolecules like proteins, the fluores-
cence could be enhanced significantly. This might promote
the understanding of how fluorescent probes would function
within cells.
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