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ABSTRACT

A series of pyrene-benzothiazolium dyes (1a-1d) were experimentally investigated to study their internalization mechanism into cellular lysosomes as well as their
potential imaging applications for live cell imaging. The lysosome selectivity of the probes was further compared by using fluorescently tagged lysosome associated
membrane protein-1 (LAMP-1) expression-dependent visualization in both normal (COS-7, HEK293) and cancer (A549, Huh 7.5) cell lines. These probes were
successfully employed as reliable lysosome markers in tumor cell models, thus providing an attractive alternative to LAMP-1 expression-dependent visualization
methods. One advantage of these probes is the elimination of significant background fluorescence arising from fluorescently tagged protein expression on the cell
surface when cells were transfected with LAMP-1 expression plasmids. Probes exhibited remarkable ability to stain cellular lysosomes for long-term experiments (up
to 24 h) and the highly lipophilic nature of the probe design allowed their accumulation in hydrophobic regions of the cellular lysosomes. Experimental evidences
indicated that the probes are likely to be internalized into lysosomes via endocytosis and accumulated in the hydrophobic regions of the lysosomes rather than in the
acidic lysosomal lumen. These probes also demonstrated significant stability and lysosome staining for fixed cell imaging applications as well. Lastly, the ben-

zothiazolium moiety of the probes was identified as the key component for lysosome selectivity.

1. Introduction

Lysosomes play critical roles in many cellular processes such as
endocytosis, cellular metabolism, cell division, signal transduction,
homeostasis, and autophagy [1,2]. Lysosomal digestive enzymes (hy-
drolases) exhibit their optimal activity in the acidic environment of the
lysosomal lumen (pH 4.5-5) [3]. Lysosome dysfunction is attributed to
many severe disease conditions such as neurodegenerative disorders,
lysosome storage diseases, cancer and inflammations [4-10]. Lyso-
somal hydrolases are also known to participate in tumor growth, mi-
gration and invasion [3,11-17]. Therefore, imaging lysosomes in live or
fixed cell samples has recently received much attention. For instance,
correlation between lysosomal malfunction and cancer susceptibility
has attracted significant attention, as recent findings show that lyso-
somal function could be responsible for pro-oncogenic stages [3,18].
Lysosomes are possible target organelles for cancer therapy due to their
role in cross talk between apoptosis and autophagy [18-20]. Visuali-
zation of lysosomes in cancer cells is thus important in understanding

lysosomal distribution, morphological changes, lysosomal pH, sub-
cellular drug targeting and cell proliferation. Since lysosome imaging
by LysoTracker® probes is not suitable for long term visualization ex-
periments (due to “alkalinizing effect”), many studies use the expres-
sion of fluorescently tagged lysosome-associated membrane protein-1
(LAMP-1), as an alternative method to visualize lysosomes for long-
term imaging purposes. This method is based on transfection of cells
with fluorescently tagged lysosome specific membrane proteins that
have high abundance within lysosome membranes [12,21-24]. LAMP-1
is mainly located in the endosomal-lysosomal membrane [22]. In ad-
dition, LAMP-1 is also found in other cellular membranes of healthy
cells with lower abundancy (> 2%) [25]. However, in highly metastatic
tumor cells (i.e., metastatic colon cancer cells), LAMP-1 expression is
found to be non-specific and relatively higher levels have been observed
on the cell surface membranes [25-28] Therefore, LAMP-1 expression-
based methods could be of limited application for visualizing and
identifying cellular lysosomes in such cancer cells due to their non-
specific staining. In addition, fluorescently tagged LAMP-1 exhibits a
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Scheme 1. Brief comparison of current lysosome probes designs vs pyrene-based probes 1.

very narrow Stokes shift (e.g., ey = 488 nm, Ao, = 510 nm, for Lyso-
some-GFP), requires a long expression time (~12-16h), and has po-
tential perturbation to structural integrity of the lysosomal membrane
upon overexpression.

As an alternative approach to visualize cellular lysosomes, many
chemical probes have been developed to date. Most lysosome probe
designs incorporate a basic amino group as the lysosome targeting
moiety (Scheme 1) such as in commercial LysoTracker® and Lyso-
Sensor® probes [29]. However, these probes require an acidic media to
operate, and their accumulation in the lysosomal lumen will eventually
increase lysosomal pH (i.e., “the alkalinizing effect”) and perturbs cel-
lular activities and increases cell death [30-33]. Structurally improved
non-alkalinizing probe designs have been developed recently by in-
corporating spirolactams[34] and peptide[35] based skeletons which
are inert to the acidic nature of the lysosomal lumen. In addition, ex-
isting commercial lysosome probes typically exhibit a small Stokes’ shift
(e.g., < 20nm) which is a common drawback for fluorescent micro-
scopy-based applications. In order to meet the increased demand for
lysosome sensing, there are significant interests in the field for devel-
oping novel probes with emission in near infrared (NIR) region,
[31,36-38], and new probes for real-time tracking of lysosomes
[1,31,39-41].

In order to overcome the challenges associated with the existing
lysosome visualization methods mentioned above, it is desirable to
develop novel highly selective and biocompatible lysosome probes,
whose fluorescence activation does not require acidic environment and
whose structural features do not contain basic functional groups. Such
probes could open the possibility for long-term imaging of lysosomal
distribution, which is essential for screening lysosomes in cancer cells.
We have recently reported the pyrene-based fluorescent probes 1a-1d
that exhibit remarkable selectivity to cellular lysosomes, giving bright
red fluorescence turn on upon lysosomal localization [42]. Since the
probe series 1 does not incorporate any basic functional groups
(Scheme 1), it could be used to track cellular lysosome activities for
longer durations without “alkalinizing effect.” Also, our further re-
search illustrated that probes 1a—1d appear to function by localizing
into the hydrophobic regions of the lysosome (i.e., membrane), rather
than in the acidic lysosomal lumen, thereby avoiding potential per-
turbation to lysosome activities. The study indicated that these pyrene-
based probes could be successfully employed as an alternative imaging
tool for visualizing lysosomes in cancer cells by avoiding background
interference arising from LAMP-1 expression based visualizing methods
as well as cytotoxicity that occurs with commercial Lysotracker® probes
due to the alkalinizing effect.

2. Materials and methods

All chemicals for synthesis were purchased from Sigma-Aldrich and
Fisher Scientific. All molecular biology grade reagents for cell culture
and fluorescent confocal microscopy were purchased from Sigma-
Aldrich, Fisher scientific, Abcam or Addgene. UV-vis studies were
carried out in a Hewlett Packard-8453 diode array spectrophotometer
at 25°C. Fluorescence studies were carried out using a HORIBA
Fluoromax-4 spectrofluorometer. Fluorescence confocal images were
obtained from a Zeiss LSM 710 confocal microscope. Cell viability as-
says were carried out by using a Spectramax® M5e multimode micro-
plate reader. Cercopithecus aethiops (African green monkey kidney cells)
Kidney cells (COS-7), Adeno-carcinomic human alveolar basal epithe-
lial cells (A549), and Human hepatocyte-derived carcinoma cells (Huh
7.5) were used for cell studies.

2.1. Cell culture and transfection

COS-7 and HEK293 cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen) containing 1% FBS and 1%
Penstrep at 37 °C in a 5% CO- humidified incubator. A549 and Huh 7.5
cells were maintained in Roswell Park Memorial Institute (RPMI)
medium (Invitrogen) containing 1% FBS and 1% Penstrep at 37 °C in a
5% CO, humidified incubator. The cells were grown to 70-80% con-
fluency before passage or transfection. Live cell imaging plates were
prepared by plating cells in MatTek chambered cell culture plates.
Transfections were performed using Lipofectamine 2000 reagent ac-
cording to the manufacturer’s protocol. mTurquoise Lysosome-20
transfected cells were incubated for 14 h and CellLight Lysosome-GFP
treated cells were incubated for a 12-h period.

2.2. Cell treatments with fluorescent probes

Probes 1a-1d, LysoTracker® Green DND-26 solutions were made in
DMSO. For live cell imaging, cells were treated with 100-500 nM
probes 1a-1d (final concentration) in PBS for 30 min at 37 °C. During
co-localization studies, cells were treated with 70 nM LysoTracker®
Green DND-26. Final DMSO percentage in cell media was < 0.25% (V/
V). For initial cell studies, cells were treated with probes (1a-1d) for
fluorescent confocal imaging without further washing. During co-lo-
calization studies with LysoTracker® probes, cells were washed 3 times
with 1 x PBS.
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Fig. 1. Absorbance and emission spectra of 1b (1 X 10~ >M) in different sol-
vents at room temperature. Probes were excited at 500 nm to obtain emission
spectra.

2.3. Fluorescence confocal microscopy

Cells were imaged using a Zeiss LSM 710 fluorescence confocal
microscope with an oil 63 X 1.4 numerical aperture objective. For the
nuclear co-localization experiments, mTurquoise-H2A-10 and
mTurquoise Lysosome-20 (kind gifts from Dr. Michael Davidson,
Addgene plasmid #55556 and 55568, respectively) transfected cells
were excited with a 454 nm laser line and emission was collected from
465 nm to 530 nm range. CellLight Lysosome-GFP, and LysoTracker®
Green DND-26 were excited with a 488 nm laser and emission was
collected from 500 nm to 580 nm range. Probes la-1d were excited
with 561 nm laser and emission was collected from 585 nm to 700 nm
range. Co-localization experiment results were further analyzed using
the Zeiss LSM software and Mander’s overlap coefficient was calculated
by ImageJ (NIH) software. Mander’s overlap coefficient values greater
than 0.6 confirms an acceptable significant co-localization of the two
fluorophores. For fixed cell imaging, pm Turquoise2- H2A transfected
cells were first fixed by incubating in ice cold 100% methanol at —20 °C
for 15 min. Following cell fixation, cells were washed three times with
PBS for 5min each and treated with probe 1 (500 nM) for 1 h at 37 °C.

2.4. Log P value determination

Log P values were calculated according to the previously reported
method using 1-octanol (organic) and water (aqueous) at 20 °C [43,44].
Solid samples of probes 1a-1d were initially dissolved in 1-octanol and
then equilibrated in between organic and aqueous phases by using a
vigorous shaking method. Partition coefficient (p) for the probe was
given by following equation.

P = [Probe(organic)]/[Probe (aqueous)]

Therefore, the lipophilicity value (log P) is calculated by following
equation.

Log P = log,,{[Probe(organic)]/[Probe(aqueous)}

2.5. Spectrometric titration with protein samples

Recombinant lysosomal membrane proteins LAMP-1 (OPCD04833)
and LAMP-2 (OPCD04837) protein samples were purchased from
AVIVA Systems Biology and samples were used as received without
further purification 5% (w/v) protein stock samples were prepared by
dissolving 20 mM Tris, 150mM NaCl (pH = 8.0) according to the
manufacturer protocol. HAS samples were purchased from Sigma
Aldrich and samples were used as received without further purification.
5% HSA solution was prepared by dissolving HSA sample in PBS buffer
(PH 7.40). 1 mM stock solutions for probes were prepared in DMSO. All
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spectrometric titrations were carried out in PBS buffer (pH = 7.4) at
room temperature by using quartz cuvettes. Aqueous acidic solutions
(pH 4.5) for Spectrometric analysis was prepared by using 1M HCl
solution. For spectrometric titrations, protein solutions were added in
5 min. Samples were mixed gently for 1-2 min before obtaining spec-
troscopic data at different time intervals.

2.6. Application of endocytosis inhibitors

COS-7 cells were plated in MatTek chambered cell culture plates
with Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen) con-
taining 1% FBS and 1% Penstrep at 37 °C in a 5% CO, humidified in-
cubator. Dynasore® and Pitstop®2 stock solutions were prepared in
DMSO. Working concentrations for endocytosis inhibitors were chosen
according to the manufacturer’s recommendations. COS-7 cells were
washed with 1x PBS for 3 times and treated with 80 uM Dynasore® in
PBS for 30 min and then cells were further incubated with probes 1b
and 1d for 30 min at 37° C. A control experiment was carried out for
probes 1b and 1d where COS-7 cells were incubated with 500 nM
probes 1b and 1d for 30 min prior to confocal microscope imaging.
Similarly, COS-7 cells were treated with 32 pM Pitstop®2 ® in PBS for
10 min and then cells were further incubated with probes 1b and 1d for
30 min at 37° C. Fluorescence confocal microscopy images were ob-
tained by exciting probes with 561 nm laser and emission was collected
from 585 nm to 700 nm.

3. Results and discussion
3.1. Photophysical importance

Photophysical properties of probe 1 are summarized in Fig. 1 and
ESI Table S1. Probes 1a-1d exhibited bright red emission in the range
Aem ~ 630 nm—-640 nm (¢ = 0.15-0.48) in organic solvents (Fig. 1)
[42]. The emission of 1 was not affected by the solvent polarity, which
is a distinct advantage associated with the rigid chromophore structure.
The observed large Stokes’ shift (AA = 140 nm, 71,428 cm™Y) is at-
tributed to the strong intra-molecular charge transfer (ICT) that occurs
in the structure (ESI Fig. S2.1). In addition, the absorbance or emission
of 1 did not show any noticeable changes in different pH environments
(pH = 3-10) (ESI Fig. S2.2) [42]. Interestingly, fluorescent quantum
yield of 1 was significantly lower in an aqueous environment (ESI Table
S1) than that in non-polar solvents, making probe 1 suitable for cell
staining under “wash-free” conditions where no post staining washing
step is required prior to imaging [45]. Another potential advantage of
these probes is their characteristic excitation wavelength
Aem = 527 nm, which is close to the commercially available laser lines
(514 nm, 561 nm) in microscope systems for facile excitation.

3.2. Biological cell studies and imaging

The consistency of the lysosome selectivity of probe 1 was further
confirmed by following different co-localization experiments in COS-7
(Cercopithecus aethiops) cells by using different colocalization methods.
A sample of COS-7 cells were treated with CellLight® Lysosome-GFP,
BacMam 2.0 for 10 h and colocalization experiments were carried out
by incubating the transfected cells with 1b (500 nM) for 30 min (Fig. 2,
ESI Fig. S3). Alternatively, COS-7 cells were also transfected with
mTurquoise-Lysosomes-20 for 12h[46] and then cells were stained
with 1b or 1d (500nM) for 30 min (Fig. 2). Both colocalization ex-
periments exhibited calculated Mander’s overlap coefficient > 0.92
confirming exceptional lysosome selectivity of probe 1. As a control
experiment, non-transfected COS-7 cells were co-stained with Lyso-
Tracker® Green DND-26 (70nM) and probe 1 (500nM) for 30 min
(Fig. 3, ESI Fig. S4) and produced excellent colocalization results (cal-
culated Mander’s overlap coefficient > 0.90). Further colocalization
experiments were conducted for probe 1 in HEK293 (Human embryonic
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Fig. 2. Fluorescence confocal microscopy images of COS-7 cells incubated with probe 1b (500 nM) for 30 min under different co-localization methods. Images a — i
represents LysoTracker® Green DND-26 (70 nm, a), probe 1b (b,e,h), CellLight® lysosome-GFP expression (d), mTuquoise-Lysosome-20 expression (g) and respective
overlapped images (c,f,i). Probe 1b was excited with a 561 nm laser and Lysotracker® Green and CellLight® Lysosome-GFP were excited with a 488 nm laser line.
mTurquoise-Lysosome-20 expression was visualized by a 454 nm laser. All images were obtained at 63 X oil magnification.

kidney cells 293) cells (ESI Fig. S5). This experimental result thus fur-
ther verified that probe 1 is a reliable lysosome-targeting probe, despite
its simplicity in use.

The remarkable lysosome selectivity observed from the normal cell
lines (Fig. 2, ESI Fig. S3-4) encouraged us to further examine the
probe’s application on cancer cell lines. CellLight® Lysosome-GFP was
expressed (8-10h) in A549 (Adeno-carcinomic human alveolar basal
epithelial cells) and Huh 7.5 (Human hepatocyte-derived carcinoma
cell) cells for for colocalization experiments with 1. However, Cell-
Light® Lysosme-GFP expression in these cell lines showed a significant
background due to non-specific expression of the fluorescence protein
(LAMP-1) throughout the cell (Fig. 3). The observations were further
confirmed by repeated LAMP-1 expression-based imaging experiments.
In contrast, CellLight® Lysosome-GFP expression carried out in healthy
cells (COS-7) did not show any noticeable background from the protein
expression (Fig. 2).

In contrast, A549 cells co-stained with commercial LysoTacker® Red
DND-99 and probe 1 (500 nM) produced excellent co-localization pat-
terns (Calculated mander’s overlap coefficient > 0.9) (ESI Fig. S6-7).
Transfection based lysosome screening methods such as CellLight® Ly-
sosome-GFP and mTurquoise-Lysosome-20 are most frequently used
reliable methods for visualizing lysosomes for long term imaging pur-
poses, due to their non-toxic and high level of cell compatibility. These
methods are based on expressing fluorescently tagged lysosome asso-
ciated membrane protein-1 (LAMP-1) which is highly abundant in

lysosomes. However, in highly metastatic cancer cells, LAMP-1 ex-
pression is found to be not specific for cellular lysosomes where ex-
pression of LAMP-1 also occurs in cell membranes as well as on cell
surface [12]. Therefore, visualization of lysosomes via LAMP-1 ex-
pression based methods can be questionable for identifying lysosomes
due to non-specific visualization patterns in cancer cells. This is a major
challenging situation in transfection-based methodologies for screening
lysosomes in tumor cells by LAMP-1 expression dependent techniques.
Due to the potential alkalinizing effect, commercial LysoTracker®
probes are not recommended for long term imaging experiments. In-
terestingly, the new pyrene-based probe series (la-1d) could be an
exceptionally useful tool under this situation for visualizing lysosome in
cancer cells for disease related study purposes.

Cell viability studies for probes were previously conducted by
CellTiter-Glow® Luminescencent cell viability assays and experimental
LCso values obtained for the probe series were found to be in the
25-30 uM range [42]. The observed lower toxicity further confirmed
that these probes are suitable for biological cell studies where the
working concentration of the probes were significantly lower than their
LCso value. Probe 1 was further studied in the presence of different
fluorescent proteins expressed in A549 cells such as GFP-C1-PLC8-PH
(plasma membrane) and mTurquoise-H2A-10 (nucleus) to confirm their
suitability to use with different protein expression-based methods
without interferences (Fig. 4). Interestingly, visualization of cellular
lysosomes in these transfected cells was very clear and probe 1
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Fig. 3. Fluorescence confocal microscopy images of CellLight® Lysosome-GFP transfected A549 and Huh 7.5 cells incubated for 30 min with probe 1b and 1d
(500 nM). Images a,d,h and j shows fluorescence microscope images of CellLight®Lysosome-GFP expression, images b and h represents images of probe 1b and Images
e and k represents images of probe 1d. Images c,f,1, and 1 represents overlapped figures for 1b (c,i) and 1d (f,])with Lysosome-GFP. Probe 1b and 1d were excited with
a 561 nm laser and Lysosome-GFP was excited with 488 nm laser line. All images were obtained at 63 x oil magnification.

produced excellent bright red confocal images without any inter-
ferences. Therefore, pyrene-based probes 1 will be a reliable tool for
staining lysosomes in differently transfected cells for a variety of bio-
logical applications.

3.3. Fixed cell imaging ability

Excellent imaging ability observed in live cell samples encouraged
us to investigate the ability of probe 1 to stain fixed cells. A549 cells
were first fixed by a methanol-based cell fixation method and then in-
cubated with 1b (500 nM) for 30 min. Fixed cell samples were analyzed
by fluorescent confocal microscopy. In fixed cell samples, probe 1b
generated bright red fluorescence confirming its ability to stain fixed
cells (Fig. 5). Alternatively, A549 cells were first incubated with probe
1b (500 nM) for 30 min and then fixed with methanol (ESI Fig. S9).
Interestingly, both prior and post fixation cell staining with probe 1b

produced excellent confocal microscopy images, indicating its flex-
ibility in fixed cell experiments. It is also important to note that many
live cell imaging fluorescent probes are not compatible for fixed cell
experiments. Therefore, probe 1 could be a potentially useful tool for
many biological aspects as cell fixation is essential for many important
studies.

3.4. Long-term imaging ability

Long-term imaging ability of probe 1 was examined by obtaining
fluorescent confocal microscopy images of A549 cells treated with 1b
(500 nM) for a 1-24-h period (Fig. 6). Surprisingly, probe 1b produced
a consistent bright red emission pattern up to 24 h proving its highly
biocompatible nature and stability to employ in long-term imaging
experiments. Also, it is important to note that cells did not show any
observable morphological changes. In control experiments we
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Fig. 5. (a). Fluorescence confocal microscopy images of A549 cells (live) in-
cubated with probe 1b (500 nM) for 30 min. (b). Fluorescence confocal mi-
croscopy images of A549 cells (fixed) incubated with probe 1b (500 nM) for
30 min. Figures (c) to (e) represents fluorescence confocal microscopy images of
mTurquoise-H2A-10 transfected A549 cells (fixed) incubated with probe 1b
(500 nM) for 30 min. Figures in the bottom row (from left to right) represents,
mTurquoise-H2A-10 expression (c), probe 1b staining (d), and composite image
(e). Probe 1b was excited with a 561 nm laser and pm Turquoise-H2A-10 was
excited with 454 nm laser line. All images were obtained at 63 X oil magnifi-
cation.

incubated A549 cells with commercial LysoTracker® Red DND-99
(70 nM) and cells exhibited significant changes in their morphology and
staining pattern confirming potential toxic effects arising due to the
characteristic alkalinizing effect (ESI Fig. S12). These results further
demonstrated the suitability of new pyrene-based probes for long term
imaging experiments in biological cell studies.

3.5. Probe internalization and possible interactions

Since probe 1 structure does not include a basic amino group, the
intriguing question is where probe 1 would be accumulated in cellular
lysosomes. It is also important to notice that absorbance or emission
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Fig. 4. Fluorescent confocal microscopy
images of transfected A549 cells stained
with probe 1b (500 nM) for 30 min at 63x
magnification using an oil objective. Images
(a)-(c) represents GFP-C1-PLC3-PH trans-
fected COS-7 cells (plasma membrane) and
images (d)—(f) represents Turquoise-H2A-10
transfected cells (nucleus). Images from left
to right represents the confocal imaging of
GFP-C1-PLCS-PH expression (a), Turquoise-
H2A-10 expression (d), Probe 1b (b,e) and
overlapped images (c,f). Probes 1b was ex-
cited with 561 nm laser line, GFP-C1-PLC8-
PH was excited with 488 nm laser line and
pm Turquoise-H2A-10 was excited with
454 nm laser line.

Fig. 6. Fluorescence confocal microscopy images of A549 cells incubated with
1b (500 nM) for a 1-24 h period. Images were obtained at different time in-

tervals including (a) 1 h, (2) 3h, (c) 6 h, and (d) 24 h. Probe 1b was excited with
561 nm laser line.

responses of 1 did not show any significant sensitivity towards pH.
Therefore, the mechanism of interaction of probe 1 in cellular lyso-
somes is significantly different in comparison with acidotropic
LysoTracker® probes. Also, these probes did not show any localization
in plasma membrane, mitochondria (ESI Fig. S13) or nucleus of the cells
compared to previously reported pyrene based probes (Fig. 4) [45,47].
These observations led us to hypothesize that these probes may be in-
ternalized into the intracellular environment in live cells by endocytosis
and are accumulated in endosomal vesicles formed initially during the
endocytosis process (Fig. 7). These endosomes eventually are trafficked
and transformed into cellular lysosomes. Therefore, these probes may
become highly fluorescent upon their accumulation in hydrophobic
regions of the lysosomes (i.e., membranes, proteins).



C.S. Abeywickrama, et al.

Bioorganic Chemistry 91 (2019) 103144

e
Hydrophobic Lysosome directing
yskclson group O,__- O
R
N o
eact 5
@ 8' Lysosome I
Cytosol
Cytosol

2

Fluorescent probe
O = probe OFF
Q = probe ON

Cytosol

0.4
g-_-o
20 (o
o

Endosome

o
@

Cytosol

Fig. 7. Schematic representation of the possible mechanism how probes 1 localized in to cellular lysosomes via endocytosis.

Table 1
Lipophilicity calculated for probes 1a-1d.

Probe Logo P value calculated
la 2.07 = 0.012
1b 2.13 *+ 0.015
1c 2.17 = 0.013
1d 2.47 = 0.011
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Fig. 8. Fluorescence emission of 1d (1 X 10-°M) in different aqueous and
hydrophobic environments at room temperature.

The calculated log P values for pyrene probes were found to be in
the 2.07-2.47 range, which reflected a highly lipophilic nature
(Table 1). Calculated log P values further supported the hypothesis that
pyrene probes 1a-1d are more lipid soluble (lipophilic) than in aqueous
environments. Therefore, it is more likely these probes may accumulate
in hydrophobic (i.e., membrane) components of the cellular lysosomes.

The fluorescence emission spectra for probe 1d was recorded in dif-
ferent aqueous and hydrophobic environments (Fig. 8). Interestingly,
probe 1d exhibited a significantly lower fluorescence emission in acidic
(pH = 4.5) and aqueous environments compared to hydrophobic or-
ganic solvents such as methylene chloride (Fig. 8). In another experi-
ment the addition of human serum albumin (HSA) in to an aqueous
acidic (pH 4.5) solution of probe 1d showed a large HSA-induced
fluorescence turn on indicating the stabilization of the probe in hy-
drophobic environments (i.e., hydrophobic binding pockets) of the
protein.

To further investigate possible interactions of the pyrene probes in
hydrophobic lysosomal environments, probe 1d was spectroscopically
titrated and analyzed with the addition of abundant lysosomal mem-
brane proteins (LAMP-1 and LAMP-2) in PBS buffer (pH 7.4). A solution
of 1d in PBS buffer was titrated against 5% LAMP-1 and 5% LAMP-2
protein stock solutions (in PBS buffer) and absorption - emission spectra
were recorded at room temperature. Surprisingly, the addition of LAMP
proteins into 1d indicated a significant fluorescent decrease with in-
creasing protein concentration and exhibited an aggregate formation
which was evidenced as the probe out of the solution (Fig. 9a and b).
Similarly, the absorption spectra of probe 1d exhibited a sharp decrease
with increasing protein concentration and showed signs of possible
probe aggregation (ESI Fig. S15). Interestingly, the optical spectra of
the Lysotracker® Red DND-99 did not show such response towards ly-
sosmal membrane proteins (ESI Figs. S16-S17). The spectrometric ti-
tration result of 1d with LAMP in aqueous acidic environments was also
similar to that of aqueous buffer (ESI Figs. S18-S19). However, Lyso-
Tracker® Red DND-99 did not show any noticeable response towards
LAMP proteins in acidic aqueous solutions (pH 4.5) (ESI Figs. S20-21).
These results further led us to understand that these pyrene probes
(1a-1d) may exhibit significantly different interactions in lysosome
compartments compared to acidotrophic commercial LysoTracker®
probes. As a control experiment probe 1d in PBS buffer was also titrated
against 5% HAS, which is a highly water-soluble transporter protein in
mammals. In sharp contrast, the addition of 5% HSA into probe 1d
exhibited a significant fluorescent turn on, without showing any signs
of probe aggregation from the solution (Fig. 9c and ESI Fig. 522).
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Fig. 9. Fluorescence spectra obtained for prone 1d (1 x 10~5M) in PBS buffer (PH 7.4) upon spectrometric titration of 5% LAMP-1 (a), 5% LAMP-2 (b), and 5% HAS
(c) at room temperature. Figure (d) represents the variation of the normalized fluorescence intensity for all 3 spectrometric protein titrations. Probe 1d was excited at

510 nm.

It is well-known that LAMP-1 and LAMP-2 are the most abundant
lysosomal membrane proteins (50% >) in cellular lysosomes [27].
Therefore, the addition of highly lipophilic LAMP proteins into aqueous
buffer solution of 1d may remove the dissolved probe in the aqueous
phase and deposit as aggregates along with the proteins due to strong
hydrophobic interactions (possible due to the highly lipophilic nature of
the pyrene probe). Therefore, the observed absorbance and emission
decrease is attributed to the decreased probe concentration in the
aqueous buffer solution due to aggregate formation. However, highly
water-soluble proteins such as HSA could stabilize probe 1d in their
hydrophobic inner binding pockets while dispersing probe in the aqu-
eous buffer solution without aggregating out from the solution.
Therefore, the significant fluorescent enhancement observed in the
presence of HSA attributing to the HSA-induced fluorescence turn on.
Therefore, the above mentioned spectroscopic evidence further con-
firms the affinity of the pyrene probes (1a-1d) towards hydrophobic
environments and possible accumulation in hydrophobic membrane
regions of the lysosome.

In order to shed some light on understanding the internalization of
the probe in to lysosomes, we decided to study the localization of probe
1b and 1d in COS-7 cells in the presence of endocytosis inhibitors
Dyansore®[48] (Inhibitor for Clathrin mediated endocytosis) and Pit-
stop®2[49] (Inhibitor for Clathrin-independent endocytosis) and fluor-
escent confocal images were obtained (Fig. 10, ESI Fig. S10). A control

experiment was carried out by incubating COS-7 cells with probes (1b
and 1d) in the absence of any endocytosis inhibitors. Interestingly,
probes 1b and 1d did not show any detectable fluorescence from the
lysosomes in the presence of any endocytosis inhibitors (Fig. 10, ESI
Fig. S10). However, in the absence of endocytosis inhibitors bright red
fluorescence from the stained lysosomes was revealed (Fig. 10). This
result supported our initial hypothesis that pyrene-based probes are
actively internalized into endosomes during endocytosis and may lo-
calize into hydrophobic/membrane components of the lysosome. It is
well known that final destination for the molecules trafficked inside the
cell via endocytosis is cellular lysosomes for breakdown/recycling.
However, once internalized into lysosomes, these probes exhibited
stable and consistent fluorescent emission for up to 24h (Fig. 6).
Therefore, it is possible once accumulated into cellular lysosomes, the
probes are internalized and stabilized into hydrophobic regions of the
lysosomes rather than staying in the acidic lysosomal lumen and un-
dergoing breakdown by the digestive enzymes in lysosomes. It is also
important to notice that probe 1 exhibits remarkably high fluorescence
emission in organic/hydrophobic solvents compared to aqueous acidic
solutions (pH = 4.5) (Fig. 8 and ESI Fig. S11). Also, it is important to
note that wash-free staining based fluorescence confocal microscopy
images did not show any background fluorescence suggesting weaker/
non-emissive nature of the probe in aqueous environments (ESI Fig.
S14).
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Fig. 10. Confocal microscope images obtained for COS-7 cells upon incubation with probe 1d (500 nM) for 30 min in the absence (a—c) and presence (d-i) of the
endocytosis inhibitors Pitstop® 2 (25 uM, d-f) and Dyansore® (80 uM, g-i). Probe 1d was excited with a 561 nm laser. The scale bar is 25 pm.

Therefore, accumulation of these probes into the lysosomal lumen
may not likely turn on fluorescence. It should be noted that
LysoTracker® probes are accumulated in lysosomes via simple diffusion
and known to generate emission from the lysosome lumen [50,51],
while LAMP-1 expression-based transfection imaging is originating
from the lysosomal membranes. It is also important to note that the
pyrene-based probe with a pyridinium moiety will be localized in the
cell nucleus, as our previous research shows [45]. Also, previous work
reported pyerene-imidazolium probes as excellent mitochondria probes
[52]. Therefore, the benzothiazolium moiety in this probe structure
considered as the key component for observed lysosome selective la-
beling ability of probe 1 [42]. However, the attachment of pyrene
skeleton has given the advantage for probes to be stabilized into hy-
drophobic components of the lysosome and produced bright red
fluorescence. Probe 1 also did not show any significant absorption or
emission response towards pH changes (pH = 3-8) in the media (ESI
Fig. S2.2), as both pyrene and benzothiazolium segments are quite inert
to protonation. Therefore, the acidic environment in the lysosome may
not likely to promote accumulation of 1 in the lysosome lumen.
Therefore, this new pyrene-based probe series would be an outstanding
tool for visualizing cellular lysosomes in both healthy and cancer cell
lines for long term experiments without perturbing cellular activities.

4. Conclusions

In conclusion, a highly biocompatible series of fluorescent probes
have been successfully developed for lysosome detection in live cells

without any alkalinizing effects. These probes exhibited a stable emis-
sion throughout a wide pH range (1.0-12.0), as the probe structure is
insensitive to acidity. Probes exhibited remarkable selectivity for vi-
sualizing lysosomes in both healthy and tumor cells. Currently, many
studies rely on lysosome-associated membrane protein-1 (LAMP-1) to
detect lysosomes, which uses fluorescently tagged lysosome specific
proteins to label lysosome membranes. The new pyrene-based probes
are found to exhibit improved lysosome selectivity, in comparison with
LAMP-1 expression-based lysosome visualization that often gives sig-
nificant background fluorescence in cancer cells, due to non-selective
expression of LAMP-1. Probes exhibited an ability to visualize lyso-
somes in both live cells and fixed cells for imaging experiments. The
entry and accumulation of the probes in lysosomes of live cells was
found to be dependent on endocytosis whereas the ability of the probes
to access and label lysosomes of fixed cells is still unknown. In addition,
these new pyrene-based probes will be powerful tools due to their
ability to visualize cellular lysosomes for long-term imaging experi-
ments. Therefore, these new probes could be valuable tools for mon-
itoring lysosome activities and in cancer research, as they likely exert
minimal perturbation on the digestive activities of lysosomal enzymes.
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