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ABSTRACT: We have developed Lyso-V, the first
fluorescent probe of lysosomal viscosity. Because of its
lysosome-actived fluorescence characteristics, Lyso-V has
proved to be an ideal lysosomal tracer with high spatial and
temporal resolution under laser confocal microscopy.
More importantly, Lyso-V shows its practical applicability
in real-time quantification of lysosomal viscosity changes in
live cells through fluorescence lifetime imaging micros-

copy.
D etection of intracellular viscosity remains one of the

challenges in chemical biology, although for a long time
viscosity has been well-recognized as an essential micro-
environmental parameter in a variety of biological systems.
Viscosity contributes to biological functions by affecting the
mobility of substances.' Also, its abnormal changes are closely
linked with disorders and diseases (e.g, diabetes, infarction, and
hypertension).” However, conventional viscometers suitable for
macroscopic fluids cannot be aspplied in live cells, necessitating
the development of new tools.” One predictable obstacle is the
fact that the intracellular microenvironment, which is composed
of many different organelles (e.g., mitochondria and
lysosomes), is highly inhomogeneous. Not surprisingly, the
local viscosity differs considerably from one region to another.
For the sake of better indicating cells’ local changes, sensing the
intracellular viscosity (and other environmental parameters,
e.g, pH and polarity, and important chemical species, e.g,, Ca®"
and nitric oxide) should to the greatest possible extent be
performed within distinct organelles rather than in an unknown
intracellular area.*

Lysosomal viscosity reflects the status and function of this
kind of organelle, whose locations, morphologies, and
components are always changing. Normally, as the cell’s
recycling centers, lysosomes receive senescent cellular debris
or needless macromolecules and process them into small
molecules that the cell can utilize.® However, in cases of
lysosomal dysfunction, especially lysosomal storage diseases®
caused by the deficiency of single lysosomal enzymes,
macromolecular substances do not decompose but accumulate
within lysosomes. Since the lysosomal viscosity fluctuates along
with changes in the amounts and densities of such macro-
molecules, real-time monitoring of its dynamic alteration would
be very meaningful for not only fundamental cell biology but
also diagnosis of lysosome-related disorders.” Unfortunately,
detecting lysosomal viscosity in living cells remains a “blank
space”, without any attempt reported in the literature.
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To our knowledge, fluorescent probes, which are powerful
tools in cell biology, can hardly meet the requirements for
monitoring lysosomal viscosity. Recently, several research
teams, including the groups of Haidekker,® Suhling,9 and
Peng,'® have developed a number of viscosity-sensitive probes
based on different kinds of molecular rotors that respond to the
increased viscosity by enhancement of the fluorescence
intensity or increases in the fluorescence lifetime. These
inspiring works have enriched our knowledge of molecular
design ideas for viscosity probes. However, almost all of these
probes showed uneven, uncharted, and nonspecific intracellular
distributions that might influence the reliability of their
viscosity mapping. The only two exceptions were reported by
Haidekker® and Suhling,” who developed molecular rotors
containing long chains with high lipophilicity to bind to
membranes or other hydrophobic domains of cellular
organelles and to probe the local microviscosity of these
regions. To date, none of these fluorescent probes is well-suited
for lysosomal applications.

In this work, we developed Lyso-V, the first lysosome
molecular probe for viscosity, by attaching a morpholine moiety
to a typical boron dipyrromethene (BODIPY) molecular rotor
(Scheme 1). The rotor unit provides sensitivity toward the

Scheme 1. Working Principle of Lysosomal Viscosity Probe
Lyso-V
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viscosity because of the free rotation around the single bond
connecting the BODIPY core and the phenyl group.”® The
rotor can freely rotate, without being bound to proteins [see
the Supporting Information (SI)]. BODIPYs themselves are
highly lipophilic, giving them a large tendency to accumulate in
lipid-rich intracellular regions rather than in lysosomes. Within
Lyso-V, moderate alkalinity of the morpholine moiety is critical
for its specific localization in acidic lysosomes. According to our
previous study,'" morpholine has a pK, of 5—6, so it can be
protonated only in lysosomes (pH 4.5—5.5) but not in cytosol
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or in other subcellular organelles. Once Lyso-V diffuses into
lysosomes and is protonated, it becomes more hydrophilic and
is retained in the lysosomes. In addition, introduction of the
morpholine unit also endues Lyso-V with a lysosome-actived
fluorescence characteristic that is very beneficial for lysosomal
tracing. This occurs because the electron-rich morpholine unit
quenches the BODIPY fluorescence through photoinduced
electron transfer (PET)."* Thus, even though there is a trace
amount Lyso-V distributed outside the lysosomes, its back-
ground fluorescence is negligible. However, in lysosomes, the
morpholin moiety is protonated and can no longer serve as an
electron donor for PET. Hence, only Lyso-V molecules that are
localized in lysosomes are fluorescent.

Lyso-V’s fluorescence intensity is highly sensitive to both pH
and viscosity (Figure 1). On the one hand, at a particular
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Figure 1. (a, b) Fluorescence spectra of Lyso-V at different pH in
methanol/water/glycerol mixtures at two viscosities: (a) 143 and (b)
48 cP. (c) Fluorescence quantum yields of Lyso-V at different pH.

viscosity (e.g, 143 or 48 cP), Lyso-V’s fluorescence band at 517
nm increased as the pH decreased from 6 to 4; for example, at a
viscosity of 48 cP, the fluorescence quantum yield (¢) at pH 4
was 0.21, which is almost 20 times that at pH 7 (¢ = 0.011).
On the other hand, when the pH was kept the same, the
fluorescence intensity decreased with decreasing viscosity. For
instance, at pH 4, ¢ was 0.21 at 48 cP, which is only two-thirds
of that at 143 cP (¢ = 0.33). The above discovery revealed that
Lyso-V’s fluorescence intensity is not suitable for quantifying
viscosity because of the interference from pH changes. Because
the pH of lysosomes varies from 4 to 6 at different stages, laser
confocal imaging (fluorescence intensity imaging) might not be
a good choice for accurately determining the lysosomal
viscosity. However, it should be noted that for pH > 7, Lyso-
V’s fluorescence became very weak and negligible at all
viscosities. This characteristic, ascribed to PET from the neutral
morpholine donor to the excited BODIPY, helps eliminate the
background fluorescence outside the lysosomes and thus is very
beneficial for the use of Lyso-V to trace the locations of
lysosomes under laser confocal microscopy.

The fluorescence lifetime of Lyso-V exhibits satisfactory
specificity and sensitivity toward viscosity changes. First, the
fluorescence lifetimes of both Lyso-V and its protonated form
(obtained by acidifying the medium with a small but sufficient
amount of HCI) were measured in a series of viscosity gradient
buffers composed of methanol and glycerol in various
proportions (Figure 2a,b). Interestingly, the lifetime—viscosity
curve of neutral Lyso-V coincides with that of its protonated
counterpart, as they displayed almost identical lifetimes at every
viscosity (Figure 2c). Along with the gradual increase in
viscosity from 0.6 to 359.6 cP, the liftetimes became remarkably
longer, from 0.30 to 4.62 ns. Second, at the four chosen
viscosity levels (0.7, 10, 30, and 69 cP), the fluorescence
lifetimes were determined at different pH. At a given viscosity
level, the lifetimes at different pH were very similar; according
to Sauer and co-workers,”® this can be ascribed to “static
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Figure 2. (a, b) Fluorescence lifetime spectra at 517 nm for 2 M (a)
Lyso-V and (b) protonated Lyso-V [obtained by acidifying methanol/
glycerol systems with 4 uL of 37% HCl(aq)] in methanol/glycerol
mixtures with varying proportions to adjust the viscosity. (c)
Fluorescence lifetime vs viscosity curves for neutral (black) and
protonated (red) Lyso-V. (d) Fluorescence lifetimes of Lyso-V at
various pH in water/methanol/glycerol mixtures with varying portions
to adjust the viscosity to the four indicated levels and diluted with HCI
and NaOH solutions to adjust the pH.

quenching” by the very fast PET process due to the short
distance between the fluorophore and the quencher. It was also
found that at different viscosities, the fluorescence lifetimes at
the same pH were quite different. When we precisely tuned and
determined the pH, we had to add large portions of water (see
the SI), and the as-obtained water/methanol/glycerol ternary
systems would have had considerably different polarities than
the binary methanol/glycerol mixtures, as water has a much
higher dielectric constant (¢ = 78) than methanol (& = 33) and
glycerol (& = 43). However, it is worth noting that the lifetimes
determined in the two viscosity buffer systems were coincident.
The lifetimes at 69, 30, 10, and 0.7 cP were around 2.10, 1.43,
1.02, and 0.25 ns, respectively, over a range of pH (Figure 2d);
at all four viscosities, we found the identical coordinate
positions in the viscosity—lifetime curves for neutral and
protonated Lyso-V (Figure 2c). These results indicate that
Lyso-V’s fluorescence lifetime is sensitive only to the viscosity
and is independent of changes in pH and polarity. Hence, the
viscosity—lifetime curve in Figure 2c can be used as a
calibration curve for quantification of the viscosity by
fluorescence lifetime imaging microscopy (FLIM).**

The cytotoxicity of Lyso-V is very low within 24 h of
incubation (see the SI). An MTT experiment showed that
>90% of MCF-7 cells survived after 12 h (5 uM Lyso-V
incubation), and after 24 h the cell viability remained at ~80%.
For many known lysosomal probes, long incubation can induce
an increase in the cell death rate. Compared with those of most
commercial lysosomal probes, the cytotoxicity of Lyso-V
toward MCF-7 cells is very low, which is a favorable property
for applications in living cells.

Lyso-V displayed strong localized fluorescence within
lysosomes. MCF-7 cells were costained with Lyso-V and
Neutral Red (NR), a commercial lysosome tracker, for 3 min at
37 °C. Lyso-V showed bright-green fluorescence in channel 1
(Figure 3b). At the same time, NR showed red fluorescence in
channel 2 (Figure 3c). The merged image (Figure 3d) indicates
that the two channel images overlapped very well, confirming
that Lyso-V can specifically localize in the lysosomes of living
cells. The changes in the intensity profile of linear regions of
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Figure 3. Colocalization imaging of MCF-7 cells stained with 5.0 uM
Lyso-V and 5.0 uM NR for 3 min at 37 °C. (a) Bright-field image. (b)
Confocal image from Lyso-V on channel 1 (4., = 488 nm, 4, = 515—
545 nm). (c) Confocal image from NR on channel 2 (4, = 559 nm,
Aem = 585—610 nm). (d) Merged image of channels 1 and 2. (e)
Intensity profile of ROIs across MCF-7 cells. (f) Correlation plot of
Lyso-V and NR intensities.

interest (ROIs) (Lyso-V and NR costaining) tended toward
synchronization (Figure 3e). From the intensity correlation
plots (Figure 3f), a high Pearson’s coefficient and overlap
coefficient of 0.915 and 1.616, respectively, were obtained. The
above colocalization investigation confirmed that Lyso-V can
stain lysosomes specifically.

The capability of Lyso-V to trace lysosomes with high spatial
and temporal resolution was also demonstrated (Figure 4).

Figure 4. (a—d) Confocal images of an MCF-7 cell stained with S uM
Lyso-V and stimulated using 3 yM chloroquine. Different pseudo-
colors are used to illustrate the fluorescence images at different
stimulation times of 0, 1, 2, and S min. (e—g) Merges of images at two
different times: (e) 0 and 1 min, (f) 1 and 2 min, and (g) 2 and S min.
(h) Bright-field image.

MCEF-7 cells were stimulated by a low dose (3 uM) of
chloroquine, a typical lysosomal toxicant, in order to drive
lysosomal migration without inducing any other apparent
disturbance in the cells. A time series of confocal microscopy
images with the aid of Lyso-V was recorded in a short period of
S min. These pictures at different times (Figure 4a—d) revealed
that the lysosomes largely kept their original shapes but their
locations changed little by little. Although these short-term
shifts were not very large, they could be unambiguously traced
in the merges of images at any two continuous times (Figure
4e—g). Such a good image quality of Lyso-V for tracing
lysosomes should be ascribed to the bright fluorescence within
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the lysosomes and the negligible background fluorescence
outside them.

In combination with FLIM, Lyso-V is the first reliable tool
for determining the local viscosity within lysosomes. Figure 5b
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Figure S. FLIM investigation of an MCF-7 cell stained with 5 uM
Lyso-V. (a) Bright-field image. (b) Fluorescence lifetime imaging
using fluorescence detection at 535 + 15 nm after pulsed excitation at
40S nm. (c) Histogram of lifetimes.

shows a FLIM image of a single normal MCF-7 cell, in which
the fluorescence lifetimes in the lysosomes have been mapped
with considerable spatial resolution. The FLIM image also
shows a narrow lifetime distribution range between 1.75 and
2.35 ns (Figure Sc). In the lifetime histogram, the maximum
probability is located at 2.05 ns. According to our calibration
graph in Figure 2c, the lifetimes of Lyso-V in lysosomes
correspond to the viscosity range 50—90 cP, and the average
viscosity is ~65 cP. To our knowledge, these fundamental data
of importance for cellular biology have not been available
previously.

Lyso-V has practical applicability in real-time monitoring of
dynamical changes in lysosomal viscosity under stimulation by
different mechanisms. To confirm this, we adopted two kinds of
medicines commonly used in the clinic. First was dexametha-
sone, an anti-inflammatory and immunosuppressant drug that
works as a stabilizer of lysosomal membrane'>* and an inhibitor
of lysosomal enzymatic release.'>® During a 20 min period of
stimulation using a low dose (5 uM) of dexamethasone,
continuous FLIM images revealed gradually extended lifetimes
within the lysosomes (Figure 6). According to the lifetime
histograms listed in the SI, the average lifetime in the total cell
increased from 1.99 to 2.24 ns, which means that the average
lysosomal viscosity increased from 67 to 85 cP. We also
checked the lifetimes of two distinct regions of lysosomes
(marked as 1 and 2 in Figure 6a) and found a similar tendency
of the lifetime increases (Figure 6h). Obviously, dexamethasone
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Figure 6. Fluorescence lifetime imaging of a MCF-7 cell stained with S
UM Lyso-V and stimulated for different times (0—20 minutes) using S
UM dexamethasone, with fluorescence detection at 535 + 15 nm. (a)
Bright-field image. (b—g) Fluorescence lifetime imaging of the cell
stimulated for different times usinig S #M dexamethasone. (h) Plot of
fluorescence lifetimes of Lyso-V stimulated for different times using S
UM dexamethasone.
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stimulation results in an increase in lysosomal viscosity. In view
of the fact that these cells’ lysosomal viscosity before
stimulation was only ~67 cP, the increase in magnitude of
~20 cP is remarkable. The other stimulating agent was
chloroquine, which is a typical toxicant for lysosomes because
its stronger basicity can raise the lysosomal pH.'"® However,
even at chloroquine concentrations as high as 20 uM, the FLIM
images revealed that the fluorescence lifetimes within the
lysosomes changed very slightly (see the SI). The average
lifetime after chloroquine stimulation for 20 min was ~2.06 ns,
which is almost the same as the original lifetime (2.05 ns).
Thus, under our stimulation conditions, chloroquine stim-
ulation did not greatly influence the lysosomal viscosity, in
contrast to dexamethasone stimulation. The above experiments
demonstrate that application of Lyso-V in FLIM to monitor
lysosmal viscosity changes will be a valuable method in
lysosome-related pharmacology and toxicology studies.

In conclusion, we have developed Lyso-V, the first
fluorescent probe for lysosomal viscosity, in a straightforward
manner by attaching a morpholine moiety to a BODIPY rotor.
Because of its lysosome-activated fluorescence characteristics,
Lyso-V is an ideal lysosomal tracer with high spatial and
temporal resolution under laser confocal microscopy. More
importantly, Lyso-V can be practically applied in real-time
quantification of lysosomal viscosity changes in live cells
through the FLIM technique. For the first time, lysosomal
viscosity data for MCEF-7 cells have been obtained and the
different influences of two typical lysosome-stimulating drugs
on the lysosomal viscosity have been discovered.
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