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Water soluble two-photon fluorescent organic
probes for long-term imaging of lysosomes in live
cells and tumor spheroids†

Pratibha Kumari, a Sanjay K. Verma b and Shaikh M. Mobin *abc

The morphological alteration of lysosomes is a powerful indicator of

various pathological disorders. In this regard, we have designed and

synthesized a new water soluble fluorescent Schiff-base ligand (L-lyso)

containing two hydroxyl groups. L-lyso exhibits excellent two-photon

properties with tracking of lysosomes in live cells as well as in 3D tumor

spheroids. Furthermore, it can label lysosomes for more than 3 days.

Thus, L-lyso has an edge over the commercially available expensive

LysoTracker probes and also over other reported probes in terms of its

long-term imaging, water solubility and facile synthesis.

Lysosomes are acidic, membrane-bound organelles considered
as ‘‘stomachs’’ of the cells, which degrade macromolecules
delivered by endocytosis and intracellular materials with the
help of multiple acid hydrolases.1 Lysosomes play an important
role in many physiological activities such as cell migration, cell
signalling, cholesterol homeostasis, initiation of apoptosis and
tissue remodelling.2 Lysosomal dysfunction causes various diseases
including lysosomal storage diseases such as Tay-Sachs,3 progres-
sion of cancer,4 neurodegenerative diseases such as Parkinson’s
disease, Gaucher disease and others.3–5 Thus, the ability to visualize
lysosomal morphology is essential in order to understand the
biological functions of lysosomes. LysoTracker probes such as
Neutral Red (NR), DND-189, and DND-99 are expensive fluorescent
dyes that have the tendency to specifically label lysosomes.
However, these dyes have some limitations: (i) prolonged accu-
mulation of LysoTracker probes in the intracellular environment
increases the cellular pH, causing fluorescent dye quenching
as well as physiological and morphological changes in the
lysosomes and (ii) the low photostability limits their use for long
term tracking of lysosomes to observe dynamic changes in
lysosomal morphology in a stipulated time.6

So far reports on long term imaging of lysosomes have been
based on some metal-complexes,7 BODIPY moieties,8 complex
organic or dextran-conjugated fluorophores,9 (Chart S1, ESI†)
and inorganic nanocomposites10 but all these involve a tedious
multistep synthetic process. Also, these emerging lyso-probes and
nanoparticles may suffer from toxic impacts.11 For example, the
SiO2 particles are well known to cause damage to the lysosomal
membranes.12 Moreover, the dextran based fluorescence lysotracker
cannot be used for long term imaging due to the inherent toxicity of
dextran towards lysosomal functions.13 Among these fluorophores,
some of them have short wavelength excitation leading to cellular
auto-fluorescence resulting in photodamage and photobleaching.

To overcome the above limitations, we need small water
soluble organic probes having two-photon (TP) fluorescence
properties. Owing to the low background interference, minimal
photodamage of cells or tissues, penetration depth (4500 mm)
and near-infrared light (700–1100 nm) excitation wavelengths,14

two-photon microscopy (TPM) is an essential tool for bioimaging
within intact tissue and live cells.

Herein, we have designed and synthesized a one-step Schiff-
base organic probe L-lyso in a facile manner by condensation of
4-(diethylamino)-2-hydroxybenzaldehyde and 3-amino-2-hydroxy-
naphthalene (Scheme 1). The L-lyso was characterized by standard
spectroscopic methods viz FTIR, 1H & 13C NMR spectroscopy,
and LC-MS and further authenticated by a single crystal X-ray
diffraction study (Fig. S1–S4, ESI†).

The single crystal of L-lyso was grown in a methanol/chloro-
form solution by slow evaporation at 25 1C and crystallized in

Scheme 1 Schematic representation of the synthesis of L-lyso.
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an orthorhombic crystal system with a noncentrosymmetry
Pna21 space group (Tables S1, S2, ESI† and Fig. S5(a), ESI†).
L-lyso is non-planar due to the presence of naphthyl and phenyl
rings in two different planes attached from an imine ({CQN–)
unit, with a torsion angle of 25.861. The packing features of
L-lyso reveal the presence of intra and inter molecular H-bonding
interactions15 (Fig. S5(b), ESI†). The intramolecular H-bonding
interaction O(2)–H(1)� � �N(1), with a bond length of 1.924 Å, was
observed between the hydroxyl group of the phenolic moiety and a
nitrogen atom of the imine group ({CQN–). In the intra-
molecular H-bonding O(2)–H(1)� � �N(1) interactions, O(2)–H(1)
is the donor and N(1) is the acceptor. While the intermolecular
H-bonding interaction occurs between the phenolic moiety of
one molecule and the naphthyl ring of the neighbouring unit,
O(1)–H(1)� � �O(2), 1.764 Å, where O(1)–H(1) is the donor and O(2)
is the acceptor, it leads to the formation of a 2D-network
(Fig. S5(b), ESI†). Moreover, the p–p interaction,16 4.060 Å,
between the phenyl and naphthyl rings, facilitates the charge
transfer from the electron rich phenyl to the electron deficient
naphthyl ring (Fig. S5(b) and S6, ESI†).

Furthermore, L-lyso is found to be an excellent candidate for
two-photon (TP) excitation that has the ability to label lysosome
in live cells as well as in tumor spheroids. TP fluorescent probes
for the imaging of lysosomes are rare.17 Moreover, most of them
emit two-photon excited fluorescence near 500 nm, which is very
close to the emission spectrum of the existing TP probes for
other targets.18 Therefore, TP L-lyso was designed, and it emits
fluorescence in the short wavelength range (lem = 415–470 nm).

The lysosome pH is between 4.5 and 5.5.7b Therefore, the
photophysical properties of L-lyso were studied in a disodium
hydrogen phosphate/citric acid buffer at pH 5.5. The absorp-
tion bands of L-lyso were observed at 235, 349, and 429 nm
which were attributed to the spin-allowed ligand-centred (LC)
p - p* and 452 nm for n - p* transitions. The emission
spectrum of L-lyso at an excitation wavelength of 280 nm
exhibited the highest intensity at 383 nm (Fig. S7a, ESI†). The
fluorescence intensity of L-lyso was quite stable up to pH 8.3
(Fig. S7b, ESI†). The fluorescence intensity of L-lyso quenching,
slightly at high pH, may be due to the formation of the electron
donor phenoxide ion, through photoinduced electron transfer
(PET) under basic conditions. Moreover, the highly elevated
Stokes shift of 148 nm for L-lyso has added advantages over the
commercially available LysoTrackers such as LysoTracker
Green DND-26 (LTG) with a Stokes shift = 7 nm and Lyso-
Tracker Red DND-99 (LTR) with a Stokes shift = 13 nm.19 Thus,
the higher Stokes shift in L-lyso will restrict the cross-talk
between the absorption and emission spectra and will allow
distinguished peak separation with a high signal to noise ratio
in cellular imaging. The two-photon emission intensities were
compared at varying excitation wavelengths in the 700–830 nm
range and were found to be maximum at lex = 790 nm (Fig. S8,
ESI†). The log–log linear relationship between the emission
intensity and the incident power of L-lyso was measured at
790 nm using a femtosecond laser pulse and the resulting slope
of 2.22 confirms the two-photon process (Fig. S9, ESI†). The
retention of L-lyso inside the lysosomes may be probably

explained by the low pKa values of 3.27 for the amine and
3.55 for the imine present in L-lyso. The amine and imine
groups present in L-lyso prefer the most acidic lysosomes
compared to other subcellular organelles and are protonated
inside the lysosomes which increases the hydrophilicity. Thus,
the protonated amine and imine groups of L-lyso restrict its
movement in the acidic lysosomes.

High cellular viability is necessary for long term imaging of
lysosomes. The MTT assay result demonstrates that the L-lyso
probe is highly biocompatible for cellular and physiological studies
within the concentration range 10–80 mM (Fig. S10, ESI†) for 24 h
incubation and further increasing the incubation time to up to 34 h
still shows a high IC50 value of 600 mM (�2.783) (Fig. S11, ESI†).

Flow cytometry was used to acquire high quality fluorescence
signals with high spatial resolution from significant populations of
cells in flow.7c,20 Hence, concentration dependent analysis was done
by both flow cytometry and by confocal microscopic imaging. The
fluorescence emitted by the cells (60 mM L-lyso) was more intense;
hence, both the scatter plot and the histogram shifted more toward
right (Fig. S12a and b, ESI†). Furthermore, cells treated with 0 mM
(control), 30 mM and 60 mM L-lyso exhibit mean fluorescence
intensities of 75, 953 and 1804, respectively. This indicates that
L-lyso can uniformly label lysosomes over a large population of cells,
which was detected in live suspension cells by flow cytometry and
live adhered cells by microscopy (Fig. S12c, ESI†).

In order to investigate the binding of L-lyso to lysosomes, we
examined the co-staining of MCF-7 cells with two organelle
trackers LysoTracker Red DND-99 (LTR) for lysosomes and
MitoTracker Red CMXRos for mitochondria separately (Fig. S13,
ESI†). The pink staining in the overlay images was generated by
superimposition of blue L-lyso and red organelle trackers, which
shows that L-lyso have immense correlation with LysoTracker
Red (Fig. S13a, ESI†) and is compatible for counter staining with
MitoTracker Red (Fig. S13b, ESI†).

Furthermore, the universal lysosomal selective staining
ability of L-lyso was evaluated in four different cell lines i.e., HeLa
(Cervical cancer), MCF-7 (breast cancer), A375 (skin melanoma)
and DU145 (prostate cancer) cells (Fig. S14, ESI†). An excellent
lysosome labeling pattern was achieved in all examined live cells.
Moreover, the co-localization effect of L-lyso and LTR was eval-
uated by Pearson’s co-localisation coefficient (Rr) (Fig. S15, ESI†).
The overlapping fluorescence signals showed high Pearson’s
coefficients of 0.84, 0.83, 0.85 and 0.87 for HeLa, MCF-7, A375
and DU145 cells respectively, which were found to be the best
among the reported lysosome probes.21 Furthermore, Manders’
coefficients were calculated indicating very good colocalization
of the blue (L-lyso) and red (LTR) channels with each other on a
per-pixel level (Table S3, ESI†).

Confocal microscopy was further used to explore the prob-
able mechanistic pathways of cellular uptake of ligand L-lyso.
HeLa cells were treated with L-lyso in two confocal dishes; one
dish was incubated at 37 1C and the other at 4 1C to identify
whether the uptake by the cells was via an energy-dependent
(endocytosis) or an energy-independent transport pathway. The
uptake of L-lyso by the cells at 4 1C as well as 37 1C suggested that
it was taken up via an energy-independent pathway (Fig. S16, ESI†).
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The photostability of the lysosome tracking probe is an
essential parameter for long term imaging during physiological
and morphological alterations.6c To examine the photostability
of L-lyso, photo-bleaching experiments for both L-lyso and
LysoTracker Red DND-99 in HeLa cells were performed and
the results were compared. After 1800 scans the fluorescence
intensity of LysoTracker Red was reduced to 2%, however the
one-photon and two photon fluorescence intensity of L-lyso was
36% and 60% respectively (Fig. S17 and Movies S1–S3, ESI†).
These results showed that L-lyso exhibits better photostability
compared to commercial LysoTracker Red and is suitable for
long term lysosomal bioimaging.

Two photon imaging is superior to one photon microscopy
imaging in terms of low phototoxicity, low background signal,
high photostability and more imaging depth (4500 mm).22

Thus, we performed both one and two-photon co-localization
imaging of L-lyso with LysoTracker Red which demonstrated a
strong overlap in both cases (Fig. 1) and no autofluorescence
from the cells and tumor spheroids was observed in the absence
of L-lyso (Fig. S18–S20, ESI†).

Lysosomes are involved in cell apoptosis and cell death which
leads to lysosomal membrane permeabilization.6a Therefore, to
focus on the tracking of lysosomes during apoptosis, we performed
further studies. Carbonyl cyanide m-chloro-phenylhydrazone
(CCCP) leads to the dysfunction of ATP synthase by reducing the
mitochondrial membrane potential, resulting in inadequate ATP
supply to the cells.23 CCCP, an uncoupler of oxidative phosphoryla-
tion, was used to monitor the apoptosis. MitoTracker Red targets
mitochondria by utilizing its membrane potential.24 After addition
of 20 mM CCCP, the red color stain of MitoTracker Red disappeared
after 10 min (Fig. 2).

This implies that the mitochondrial membrane potential
starts abolishing and apoptosis is initiated. After 2 h, the cell
morphology changes and apoptotic bodies begins to appear
and after 3 h and 10 min, various apoptotic bodies were found.
Simultaneously, the pH increases as a result of lysosomal
membrane permeabilization, which causes a slight decrease
in the intensity of blue fluorescence in most of the cells, further
validating the pH based quenching of L-lyso, indicating lyso-
somal physiological conditions.

In order to simulate an in vivo environment, 3D tumor
spheroids, which consist of cells in different phases i.e. pro-
liferating, hypoxic, apoptotic and necrotic cells, were used. In
3D multicellular tumor spheroids, the cell–cell interactions
as well as cell–extracellular matrix interactions prominently
simulate the natural pattern of the body environment.25

The imaging of tumor spheroid depth layers through micro-
scopy study still has many technical challenges.26 Two spheroids
of different sizes were labelled by L-lyso and the fluorescence
images were taken after every 2 mm section cutting along the
Z-axis. The TP fluorescence images of spheroid showed deeper
and uniform tissue penetration in the deeper cell layer as
compared to one-photon fluorescence microscopy, where the
fluorescence intensity was observed up to B46 mm (Fig. 3 and
Fig. S21, S22, Movies S4–S6, ESI†). However, L-lyso does not
remain intact during the formation of secondary spheroid
(Fig. S23, ESI†). The results concluded that the two-photon
excitation light has a deeper penetrating power. Thus L-lyso
may be further utilized in the imaging of lysosomes in tissue.

Lysosome tracking probes should possess the ability to stay
in the lysosomes for a long period of time.10a Imaging of L-lyso
was compared with LysoTracker Red (Fig. 4). After 2nd passage
(48 h), the fluorescence signal of LysoTracker Red diminished
completely, whereas the L-lyso fluorescence signal was still
clearly visible even after 72 h. This justified that L-lyso could
track lysosomes in live cells for at least 3 days (Fig. 4 and
Fig. S24, ESI†). This confirmed the stable imaging of most of
the physiological activities of the lysosomes in living cells.

Fig. 1 One-photon microscopy (OPM) and two-photon microscopy (TPM)
images of live HeLa cells. L-lyso co-stained with L-lyso (60 mM, 10 min) and
LysoTracker Red DND-99 (80 nM, 10 min). L-lyso: lex = 405 nm (OPM) or
790 nm (TPM). LysoTracker Red DND-99, lex = 559 nm (OPM). Scale bar: 10 mm.

Fig. 2 Tracking lysosomes during apoptosis. Live HeLa cells stained with L-
lyso (60 mM, 10 min) and MitoTracker Red CMXRos (80 nm, 10 min) and then
with CCCP (20 mM) (here only the merged images are depicted for clarity).

Fig. 3 (a) Two-photon fluorescence images of a 3D intact tumor spheroid
1 after incubation of L-lyso (60 mM) for 1 h. (b) The two-photon Z-stack 3D
images of an intact spheroid. (c) The two-photon Z-stack images were captured
after every 2 mm section from the top to bottom of the tumor spheroid. The
images were captured under a 40� objective lex = 790 nm; lem = 415–470 nm.
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In short, we have designed and synthesized a water soluble
and non-cytotoxic organic probe, L-lyso, in a facile manner with
high yield. Furthermore, L-lyso was confirmed to be an effective
two-photon fluorescent probe for long-term tracking of lysosomes.
The excellent two-photon properties of L-lyso were further
explored using in vivo replica by employing in 3D multicellular
tumor spheroids. L-lyso also enabled tracking of the lysosomes
during cell apoptosis, and a mechanistic pathway for cell uptake
has also been discussed. More importantly, L-lyso has a large
Stokes shift (148 nm) and higher photostability compared to the
commercially available Lyso-Tracker Red DND-99. These results
of L-lyso may inspire the replacement of existing expensive and
less stable lysosome specific dyes. The employment of L-lyso
as a tracker can become a great contribution to the medical
community and scientific community including industries.
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