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A facile two-photon fluorescent probe: an endoplasmic
reticulum tracker monitoring ER stress and vesicular
transport to lysosomes

Various human diseases are associated with improper vesicle
transport from the Endoplasmic Reticulum (ER) to various
organelles. The present fluorescent probe selectively labels
the ER in live cells and monitors vesicle transport from the
ER to the lysosome in real time.
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The morphological divergence of the Endoplasmic Reticulum (ER)
during stress is a powerful indicator of several diseases. A new two-
photon, non-cytotoxic, fluorescent probe (ERLp) was designed
and synthesized in a facile manner for selective tracking of the
Endoplasmic Reticulum (ER) with a high Pearson co-localization
coefficient (0.91) in live cells and tumor spheroids. Further, ER stress
during cell apoptosis and vesicular transport from the ER to the
lysosomal compartment were also explored by employing ERLp.
Therefore, ERLp can be used as a potent tool for examining vesicle
transport or ER stress associated diseases in real time.

The Endoplasmic reticulum (ER) plays an important role in
various biological processes such as synthesis, proper folding,
modification of proteins and their trafficking to other organelles.
It also regulates intracellular calcium ions and lipid metabolism."
With the help of vesicles, intracellular movement of constituents
is carried out between different cell organelles.> Transport of
materials to specific organelles depends on the target motifs of
the transported proteins, conformational variation and chemical
modifications.® Various human diseases are caused by the
improper function of the vesicle transport process, including
Alzheimer’s disease,” and several associated genetic disorders
such as Niemann-Pick disease type C,> Lafora disease,’ and
Tay-Sachs disease.”

The ER is extremely sensitive to stress, which causes aggre-
gation and accumulation of unfolded proteins.® Since protein
aggregation is harmful to cells, ER stress leads to various
pathological conditions, which include stroke, heart disease,
neurodegenerative diseases, ischaemia, diabetes, and cancer.’
For imaging of the ER, various fluorescent probes have been

“ Discipline for Biosciences and Bio-Medical Engineering,
Indian Institute of Technology Indore, Simrol Indore 453552, India
b Discipline of Chemistry, Indian Institute of Technology Indore,
Simrol Indore 453552, India
¢ Discipline of Metallurgical Engineering and Material Science, Indian Institute of
Technology Indore, Simrol Indore 453552, India. E-mail: xray@iiti.ac.in
 Electronic supplementary information (ESI) available. CCDC 1854514. For ESI and
crystallographic data in CIF or other electronic format see DOI: 10.1039/c8cc07429a

294 | Chem. Commun., 2019, 55, 294-297

9 Sanjay K. Verma

' ROYAL SOCIETY
OF CHEMISTRY

A facile two-photon fluorescent probe: an
endoplasmic reticulum tracker monitoring ER
stress and vesicular transport to lysosomesf

® and Shaikh M. Mobin (2 *3°¢

developed, such as DiOCj5(3), DiOC4(3) and hexyl rhodamine B."°
Nevertheless, these probes have some limitations like low selec-
tivity, poor photo-stability, non-specific localization to other orga-
nelles and broad emission spectrum insensitivity.'" The green
fluorescent protein (GFP) fusion technology, which is commonly
used for monitoring vesicle transport, is restricted to living
organisms™” due to the fact that artificial fusion gene transfection
requires hostile conditions,”® which can alter the organisms’
cellular metabolism."* Cells expressing GFP undergo oxidative
stress"®> and apoptosis.** Thus, a consistent fluorescent ER target-
ing probe that monitors vesicular transport should exhibit ER
selective localization, a narrow emission spectrum, photostability,
high cell viability and display two-photon excited fluorescence.
Two-photon microscopy (TPM) is an attractive instrument for live
cell and tissue imaging where the fluorophore gets excited by two
near-infrared photons (>700 nm). This technique has numerous
advantages over one-photon microscopies such as low phototoxi-
city to cells, negligible background interference, limited photo-
bleaching and a deep penetration depth (>500 um).'® Therefore,
TPM is a significant device for bio-imaging within living tissue or
cells and is rarely explored in small molecules.'®”

The probes reported so far for endoplasmic reticulum
imaging are generally based on one-photon microscopy based
on rhodol analogs, complex organic fluorophores and metal-
complexes (Chart S1, ESIT), which involves multi-step tedious
synthetic routes,'®*>17

Herein, we report the design and facile synthesis of an
Endoplasmic Reticulum to Lysosome probe (ERLp) with sharp
fluorescence emission and high photostability in a biological
system which tracks the ER and monitors ER dynamics under
ER stress conditions and vesicular transport from the ER to the
lysosome. ERLp was synthesized by the simple condensation
reaction of 2-hydroxy-1-naphthaldehyde with 4-(aminomethyl)-
2-methoxyphenol hydrochloride in methanol at room tempera-
ture, resulting in a light brown solid in 92% yield (Scheme 1).
ERLp was well characterized by 'H, *CNMR, FTIR and mass
spectroscopy (Fig. S1-S4, ESIf), and for chemical stability in
solution, the "H NMR spectrum of ERLp was recorded after
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Scheme 1 Schematic representation of the synthesis of ERLp.

2 days in DMSO-dg solution at 25 °C and found to be stable
(Fig. S5, ESIt). ERLp was further authenticated by single crystal
X-ray diffraction study. A single crystal of ERLp was grown by
slow evaporation of methanol solution at 25 °C and crystallized
in a monoclinic crystal system with the centrosymmetric P21/n
space group (Tables S1, S2 and Fig. S6, ESIt).'® The non-planar
crystal structure of ERLp is due to the presence of the naphthyl
and methoxy phenolic rings in two different planes via the
imine (=C=N-) unit, with a torsion angle of 70.62°. The
packing features of ERLp reveal the formation of supramolecular
3D-architecture along the b-axis, which was further stabilized by
m---m stacking interactions (3.931 A) between the two phenyl
rings of the different moieties in a tail-to-tail arrangement
(ESI,T Fig. S7-510).

To examine the photo-physical behaviour of ERLp, absorption
and emission spectra were recorded in acetonitrile solution
(Fig. S11, ESIT). ERLp exhibits an absorption band at 230 nm,
which corresponds to ©1 — =¥, which indicates the presence of
the aromatic moiety, whereas the bands at 306, 400 and 419 nm
are due to n — m* because of the presence of hetero-atoms.
Further, a strong and sharp emission band at 423 nm was
observed in the fluorescence spectrum of ERLp in acetonitrile
solution (Fig. S11, ESIT), but in PBS (Phosphate Buffer Saline) it
shows a slightly hypochromic-shift as compared to the aceto-
nitrile solution; this may be due to the presence of the hydro-
phobic methoxy group in ERLp (Fig. S12, ESIt). Moreover, the
fluorescence intensity of ERLp was measured at different pHs
(pH 9.45-4.14), which shows that the fluorescence signal is
almost stable (Fig. S13, ESIf). The two-photon fluorescence
intensity was confirmed at 740 nm (Fig. S14 and S15, ESIt).

The excellent photo-physical properties and highly fluores-
cent nature of ERLp prompted us to explore cell activities by
employing ERLp. The probe ERLp was found to be biocompa-
tible as it does not interfere in cell proliferation up to a tested
concentration of 140 uM for 24 h as confirmed by MTT assay
(Fig. S16, ESIY).

For profound cell activities, flow cytometry and fluorescence
microscopy techniques were introduced, which provide data of
single-cell analysis. Flow cytometry provides high-quality fluo-
rescence signals from large populations of cells in flow (suspen-
sion cells), whereas fluorescence microscopy provides detailed
evidence of the target morphology in small sample sizes.'® Hence,
fluorescence imaging analysis was done by flow cytometry. The
mean fluorescence intensity of control cells (unstained cells)
corresponds to 70 and those of ERLp treated cells with 40 uM
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and 80 uM were found to be 1141 and 1772, respectively, which
leads to the movement of a huge population of cells towards the
right with respect to the control (Fig. S17, ESIt). This reveals that
ERLp can uniformly label a huge population of cells.

Concentration dependent live cell staining was performed
with ERLp. As the time of incubation is increased from 10 min
to 2 h, staining is possible even at low concentrations up to
5 uM (Fig. S18 and S19, ESI{). The ERLp concentration used for
the cellular experiment is higher than that of the standard ER
tracker due to the lower quantum yield of ERLp (12%) than the
commercial ER Tracker Red (Table S3, ESI{).>

The photostability of the ER tracking marker is an important
parameter for long-term bio-imaging during morphological
and physiological changes or ER stress study. Thus, an ERLp
photobleaching experiment was performed both in solution
and in live cells. An aqueous solution of ERLp was continuously
UV illuminated (254 nm) at 25 °C, and no drastic change in the
fluorescence intensity of ERLp was observed up to 80 min
(Fig. S20, ESIf). Further ERLp and ER Tracker Red were
explored for the photobleaching experiment using HeLa cells.
The result indicates that the two-photon fluorescence intensity
of ERLp after 1800 scans is retained at an impressive 64%,
whereas the fluorescence intensity of ER Tracker Red after 1800
scans diminished to 28% (Fig. S21 and Movies S1, S2, ESIT).
Photostability was high in the cells due to the visible light range
wavelength used in confocal microscopy, whereas the infrared
light region is used in two photon microscopy. Thus, ERLp
shows high photo-stability for long-term live cell imaging.

In order to confirm the intracellular specific localization of
ERLp, co-localization experiments were conducted with ERLp
and various commercially available organelle trackers such ER,
lysosome and mitochondria trackers (Fig. S22, ESIf). The
Pearson colocalization coefficient of ERLp with an ER tracker
was found to be 0.86, whereas the colocalization coefficients for
ERLp with lyso and mito trackers were 0.69 and 0.46, respec-
tively (Fig. S22, ESIt), thus indicating that ERLp specifically
localized in the endoplasmic reticulum with a high Pearson
coefficient.

Further, the selective staining capability of ERLp towards the
universal Endoplasmic Reticulum (ER) was evaluated on various
cell lines such as cervical cancer (HeLa), prostate cancer (DU145),
skin melanoma (A375) and breast cancer (MCF-7) cells (Fig. S23,
ESIt). ERLp shows an excellent ER labeling pattern in all the
studied cell lines. Additionally, the co-localization result of ERLp
and ER-Tracker Red was calculated using the Pearson co-
localisation coefficient (R;) (Fig. S24, ESIt). To our surprise, the
super-imposed fluorescent pink signals (blue and red) exhibited
high Pearson coefficients of 0.87, 0.88, 0.85 and 0.84 for HeLa,
DU145, A375 and MCF-7 cells, respectively.

Two-photon microscopy (TPM) live cell imaging is a superior
technology to one photon imaging in terms of its low back-
ground signal, low photo-damage, and large depth imaging
(>500 pum).>! However, to compare both one and two-photon
microscopies, co-localization imaging was performed for ERLp
with ER Tracker Red, which validates excellent superimposition
in both cases with a very high Pearson colocalization coefficient
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Fig.1 One-photon microscopy (OPM) and two-photon microscopy (TPM)
images of live Hela cells. Cells were co-stained with ERLp (80 uM, 10 min)
and ER Tracker Red (1 uM, 30 min). ERLp: ex = 405 nm (OPM) or 740 nm
(TPM). ER Tracker Red, Jex = 559 nm (OPM). The images were taken under a
60x 2z oil immersion objective, scale bar 10 pm.

of 0.91 (Fig. 1). To the best of our knowledge, this is the best
among the so far reported ER probes."” >

ER stress is triggered by various conditions that interrupt
the proper folding of proteins in the ER.** After confirming the
role of ERLp as an ER tracker, we decided to further explore the
possibility whether ERLp is capable of monitoring ER stress.
Thus, to emphasize tracking of ER stress during apoptosis, cells
were treated with tunicamycin, which blocks N-linked glyco-
sylation of newly synthesized proteins, or dithiothreitol (DTT,
a strong reducing agent), which blocks disulfide-bond formation
in proteins, and consequently induces ER stress causing various
misfolded proteins in the ER. After addition of tunicamycin
(40 pg m1~") or DTT (200 uM), the red colour stain of ER Tracker
Red starts disappearing after 1 h; this implies that the ER is
under stress and apoptosis is initiated. Subsequently, the cell
morphology starts changing. The fluorescence intensity of ER
Tracker Red diminishes as cells undergo stress, but ERLp remains
fluorescent and tracks ER stress during apoptosis (Fig. 2 and
Fig. S25 and S26, ESIT). Thus, it can be concluded that ERLp is
capable of monitoring dynamic changes in the ER membrane
during stress conditions. Possibly, ERLp may provide a useful
tool for examining ER dynamics.

ERLp gradually shifted from the ER to a granular shape
within 90 minutes as shown in time course TPM images
(Fig. 3a). Therefore, the time-dependent Pearson colocalization
(R,) values were monitored from the colocalization experi-
ments of ERLp with ER Tracker Red and lysosome tracker red

2h 40 min

0 min 40 min 1h

1h 30 min

Fig. 2 Endoplasmic reticulum stress leads to cell apoptosis. Here Hela
cells were labeled with ERLp (80 pM, 10 min) and co-stained with ER
Tracker Red (1 uM, 30 min), then tunicamycin (40 pg ml™) was added and
the image was captured after a different time interval. (Here only the overlay
images are shown for simplicity.) Scale bar 20 pm.
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Fig. 3 (a) Time-dependent TPM images of live Hela cells stained with
ERLp, (b) Hela cells stained with ERLp and co-labeled with ER Tracker
Red, and (c) Hela cells stained with ERLp and co-labeled with Lyso Tracker
Red DND-99. (In the case of b and c only the overlay images are displayed
for clarity.) Scale bars = 10 um.

(Fig. 3b, c and Fig. S27, S28, ESIt). The R, (co-localization) value
of ERLp towards the ER tracker gradually decreases from 0.91
to 0.72, whereas the R, value towards lysosome tracker slowly
increases from 0.74 to 0.81. These results demonstrate the dual
nature of ERLp, initially restricted to the ER and then slowly
transported from the ER to lysosomes. This may be associated
with the ER to the lysosome vesicle transport system.

In comparison with 2D cell monolayer culture, 3D tumor
spheroids mimic numerous in vivo features of solid tumors, such
as cell-cell interactions, spatial architecture, hypoxia, physio-
logical responses, gene expression patterns and drug penetration
mechanisms. Thus, the cell morphology closely resembles its
natural pattern in the human physiological system."®

The imaging of deeper layers of tumor spheroids through a
confocal microscope still has so many technical challenges. To
address this issue, two different size spheroids were incubated
with ERLp for imaging. The images were captured after every
2 pm section cutting along the Z-axis. The two-photon excita-
tion showed much deeper and uniform penetration of ERLp up
to ~94 um as compared to one-photon excitation, where the
penetration was up to ~42 pum (Fig. 4, Fig. S29 and S30 and
Movies S3, S4 and, S5, ESIt). The results concluded that the
spheroids exhibited stronger fluorescence in deeper layers,
signifying the enhanced penetrating power of two-photon exci-
tation light. Thus, ERLp may be further exploited for its
application in in vivo endoplasmic reticulum imaging in living
organs or tissue.

The probable mechanistic pathway of ERLp uptake was
determined by confocal microscopy. For this purpose, HeLa cells
were treated with ERLp in two separate dishes: one of them
incubated at 4 °C and the other at 37 °C, in order to diagnose
ligand uptake by the cells via an energy-independent or energy-
dependent pathway. The ERLp uptake by live cells at 4 °C as well
as 37 °C demonstrates that the uptake is through an energy-
independent pathway (Fig. S31, ESIt). To explain the dual role
of ERLp as an ER tracker and subsequently with time as a
lysosome tracker, a two-photon excitable probe was designed by

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) Two-photon fluorescence images of the 1st multicellular tumor
spheroid after ERLp treatment (80 uM, for 1 h). (b) The Z-stack 3D image of
the tumor spheroid. (c) Z-stack images were taken from the top to bottom
of a spheroid, after every 2 um section cutting. The images were taken
under a 20x 1.7z objective; Aex = 740 NM; Aem = 415-470 nm.

introducing (i) an imine group at position 1 of B-hydroxy-
naphthalene and (ii) an ortho methoxyphenol unconjugated
unit, which leads to a push-pull of ERLp from the ER to lyso-
somes. The pK, value plays a decisive role in controlling the
movement of the probe inside the cell.** The remote phenolic
hydroxyl group of ERLp is responsible for the ER tracking; this
may be due to the hydrophobic nature of this group having
a pKk, value of 9.9 (Fig. S32, ESIf). On the other hand, the
presence of the imine having a low pK, value of 3.9 and the
naphthyl hydroxyl group of ERLp in a conjugated manner with
a hydrophilic nature and the presence of strong intra-molecular
hydrogen bonding interactions drive ERLp to leave the ER and
travel to the lysosome. Thus, the protonated conjugated imine
group of ERLp restricts its movement in the acidic lysosomes.

In summary, a two-photon fluorescent organic probe (ERLp)
was designed and synthesized in a facile manner. ERLp is non-
cytotoxic and photostable. It can selectively label the Endo-
plasmic Reticulum (ER) with a very high Pearson colocalization
coefficient of 0.91. ERLp can monitor ER dynamic changes
during ER stress and cell apoptosis. The probe uptake by the
cells’ mechanistic pathway was discussed. Further, ERLp was
confirmed to be exhibiting excellent two-photon fluorescence
properties (excitation 740 nm) for studying intracellular vesicle
transport from the ER to the lysosome in living cells. More
importantly, the two-photon ability of ERLp was further
explored by employing 3D multicellular tumor spheroids
similar to in vivo tumors. Thus, ERLp may serve as a potential
tool for monitoring ER stress or vesicle trafficking associated
with pathological disorders.
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