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The occurrence of endoplasmic reticulum (ER) stress is the main
cause of a variety of biological processes that are closely related to
numerous diseases. The homeostasis of the ER microenvironment
can be disrupted under ER stress. In this research, by linking a
pentafluorophenyl to the green fluorescent protein chromophore,
we have developed a new ER-targeting fluorescent probe (GE-Y) for
measuring changes of intracellular ER viscosity caused by ER stress.
Importantly, an increase in ER viscosity was observed using GE-Y in
cells undergoing autophagy. As such, our research provides an ideal
tool for studying ER stress and autophagy.

Green fluorescent protein (GFP), a luminescent protein discovered
from the jellyfish Aequorea victoria in 1962, is widely used in protein
localization, gene transcription regulation and cytoskeleton
research.’ The core chromophore of GFP, p-hydroxybenzylidene
imidazolidinone (HBDI), is non-fluorescent in solution due to the
rotation of the excited state of the double bond between the phenyl
and imidazolidinone.” In order to expand the applications of the
GFP chromophore, two strategies have been developed: (1) restric-
tion of the free rotation through formation of host-guest complexes,
such as interaction with B-cyclodextrin,’ MOFs,® and host proteins,”
(2) enhancement of the intrinsic torsional barrier for the chromo-
phore by the introduction of substituents.>® Significantly, the GFP
chromophore has not been extensively explored for the design of
fluorescent probes suitable for the mapping of cellular viscosity
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until recently when our group reported on a HBDI-based fluorescent
probe to detect the viscosity of lysosomes in live cells.'%"!

The endoplasmic reticulum (ER) is a significant multi-
functional organelle in eukaryotic cells and is responsible
for the synthesis and metabolism of lipids and steroids,
maintenance of Ca®" homeostasis, protein synthesis, folding
and post-translational modification.'> However, some external
factors such as infection,”” hypoxia,"* and inflammation" can
disrupt protein folding. Consequently, the accumulation of
unfolded or misfolded proteins within the ER may influence the
normal physiological functions of the organelle, which can trigger
an imbalance in homeostasis within the ER and as such induce ER
stress. ER stress plays a key role in protecting cells by initiating the
unfolded protein response to eliminate misfolded proteins. While
ER stress can also induce autophagy when it persists for a long
time. Studies have shown that the coexistence of ER stress and
autophagy are closely related to cardiovascular disease, senile
dementia, diabetes, and cancer.'®"”

As an important intracellular parameter, intracellular viscosity
plays an important role in material transfer, information transmis-
sion and the interaction of biological macromolecules.'® It has been
reported that during ER stress, protein accumulation in the ER cavity
will inevitably lead to changes of viscosity. To date, changes of
viscosity during ER stress remain poorly understood, which is the
result of a lack of tools for the measurement of ER viscosity in situ.

Traditional instruments for measuring viscosity include the
rotational,” falling ball** and capillary* viscometers which are
not suitable for intracellular measurements. However, over the past
few years, microscopic viscosity detection technologies including
optical tweezers,”” fluorescence imaging,”® and rotational Brownian
motion of microbeads> have been developed. Among these meth-
ods, fluorescence molecular imaging, which exhibits high selectiv-
ity, is noninvasive, and facilitates direct visualization and in situ
detection, has become a powerful tool and attracted significant
attention. To date, researchers have developed a variety of small-
molecule organic rotors for monitoring the viscosity of cells.>>** In
addition, subcellular organelle targeting viscosity-responsive probes
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Scheme 1 Design of probe GE-Y for monitoring the viscosity within the
endoplasmic reticulum.

have also been reported. However, most subcellular organelle
targeting probes have focused on viscosity detection in the
mitochondria®®>® and lysosomes,”®** while few systems have been
developed for monitoring the viscosity of the ER.***” Fluorescent
probes that have been developed for ER viscosity have been based
on BODIPY,*****” hemicyanine®® and iridium complex®® molecular
rotors (Scheme S2, ESIT).

In this research, we have developed a fluorescent probe GE-Y for
monitoring changes of viscosity in the ER of living cells. The GFP
chromophore HBDI was used as the fluorophore. A methyl phenyl
sulfide was connected to the imidazolinone ring through an
ethylenic bond to enlarge the conjugated m-system of the probe
for the purpose of red-shifting the emission wavelength (Scheme 1).
In addition, pentafluorobenzene was attached to the hydroxyl of the
aryl group and serves as a targeting group for the ER. In a low-
viscosity environment, free rotation of the benzyl group and the
C—C double bonds between the imidazolinone and the phenylthio
group cause the energy of the excited state to be lost in a non-
radiative manner, resulting in a low fluorescence quantum yield of
the probe. However, in an environment of high viscosity, free
rotation is inhibited, and the fluorescence emission of the probe
is significantly enhanced.

To explore the optical properties of the probe GE-Y, the UV-
Vis absorption and fluorescence emission spectra in PBS buffer
(10 mM, pH 7.4) and glycerin were evaluated. As shown in
Fig. S1A (ESIt), the absorption peak of GE-Y is located at 430 nm
both in PBS buffer and in glycerin. However, the intensity of
absorption in glycerin is higher than that in PBS buffer. GE-Y
exhibits negligible fluorescence emission in PBS buffer, which
can be attributed to the low viscosity of PBS buffer. In contrast,
in glycerin with high viscosity a dramatic fluorescence off-on
response is observed (Fig. S1B, ESIf). The emission enhance-
ment can be attributed to restricted rotation in the high
viscosity system. In addition, we investigated the fluorescence
response of GE-Y towards increasing viscosity using a binary
system of PBS/glycerin of different viscosity. As shown in Fig. 14,
the fluorescence intensity increases gradually with an increase
of viscosity, with an approximate 10-fold enhancement in
fluorescence intensity being observed on an increase of viscosity
from 0.89 cP to 438.4 cP, suggesting that GE-Y is particularly
sensitive towards changes of viscosity. In accordance with the
Forster and Hoffmann equation,®® there is a good linear relation-
ship between log(FI) and log(viscosity) at 550 nm (R> = 0.98)
(Fig. 1B). Moreover, we evaluated the fluorescence quantum yield
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Fig. 1 (A) Fluorescence spectra of GE-Y (10 puM) in PBS/glycerin binary
solutions of increased viscosities (from 0.89 cP to 438.4 cP). The solution
was prepared by varying the ratio of PBS buffer (10 mM, pH 7.4) and
glycerin. (B) Linear relationship between the logarithm of fluorescence
intensity (log (F1)) (2em = 550 nm) and logarithm of viscosity (log (viscosity))
from panel (A). lex = 430 NmM, dem = 550 nm. Slit widths ex = 10 nm and
em = 10 nm; temperature, 25 °C.

(@) of the probe in low viscosity (0.89 cP) and high viscosity (438.4
cP) environments, respectively. As shown in Fig. S2 and Table S2
(ESIY), the fluorescence quantum yield of the probe in the high
viscosity environment (@ = 0.13) was significantly increased when
compared with the low viscosity (¢ = 0.01) environment. All these
results indicate that GE-Y has the potential to be used as a sensitive
fluorescent probe for viscosity detection.

To further evaluate the enhancement in fluorescence intensity
by variations of solvent polarity, the fluorescence emission spectra
in different solvents were also evaluated. As expected, GE-Y shows
very strong fluorescence signals in glycerin compared to in other
solvents (Fig. S3, ESIT). This result suggested that polarity exhibits a
negligible effect on the fluorescence off-on response of GE-Y.

Subsequently, we measured the effect of pH on the perfor-
mance of GE-Y in high-viscosity (240.70 cP) and low-viscosity
(7.90 cP) PBS/glycerin systems. As shown in Fig. S4 (ESIt), there
are minimal changes of the maximum emission intensity of
GE-Y when the pH changes from 3.32 to 10.98, illustrating that
changes in pH hardly influence the probe.

Next, we evaluated the selectivity of GE-Y in the presence of
various common species that may exist in living organisms.
Therefore, common interfering species including cations (Fe*,
Fe’*, Mn**, Ca**, K*, Zn**, Na"), anions (Br~, NO,™, SO,>7,
ClO™, ONOO), and amino acids (homocysteine, cysteine,
glutathione, glycine, r-threonine, r-arginine) were added to
GE-Y in PBS (10 mM, pH 7.4), respectively, and none of the
species induce significant fluorescence changes (Fig. S5, ESIT).
We then repeated the interference assay in a high viscosity
environment. As shown in Fig. S6 (ESIf), the fluorescence
intensity of 10 uM GE-Y in a solution with viscosity value at
126.80 cP did not change significantly after the addition of
various competing reagents (including 1 mM for CIO~, ONOO™
and amino acids, 100 mM for other cations and anions). Thus,
GE-Y exhibits high selectivity towards viscosity, even in the
presence of high concentrations of other biological species. In
addition, GE-Y was stable in the presence of ROS species including
ClO™ and ONOO ™. All the results confirm that GE-Y is suitable for
measuring the viscosity in complex biological systems.

Having established a fluorescence method for the sensitive
and selective detection of viscosity in solution, we then
explored the use of GE-Y for tracing the viscosity changes of

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (A) Colocalization cell images of GE-Y. MCF-7 cells co-stained with
10 uM GE-Y and 1 pM ER-Tracker Red for 20 min. Green channel (lex =
488 Nnm, dem = 520-560 nm, voltage of PMT: 550 V): GE-Y. Red channel
(Aex = 561 NM, Aem = 600—-640 nm): ER-tracker Red. Top row: The whole
images; bottom row: enlarged regions of interest (ROI) of the top row.
Scale bar is 15 um. (B) ImageJ software was used for the fluorescence
intensity profile of bottom row ROI analysis. The red line was from ER-
Tracker Red, and the green line was from GE-Y.

live cells. Initially, a standard MTT assay was conducted to assess the
toxicity of different concentrations of GEY (0 M,
4 1M, 8 uM, 12 pM, 16 puM, and 20 pM, respectively). From
Fig. S7 (ESIT) the cell survival rate remains above 90% when the
cells were incubated with probe GE-Y for 6 h. In addition, when the
concentration of GE-Y is lower than 16 uM, there is no effect on the
viability of the cells even if the incubation time is extended to 12 h.
Therefore, we selected 10 pM GE-Y for cell imaging, for extended
monitoring of viscosity changes in live cells. We then performed a
colocalization experiment to verify the ER targeting capability of GE-
Y. MCF-7 cells were co-stained with GE-Y (10 pM) and commercially
available ER-Tracker Red (1 pM) for 20 min. The results of the
colocalization experiment using a confocal laser microscope are
shown in Fig. 2. The green fluorescence of GE-Y and the red
fluorescence of ER-Tracker Red are significantly overlapped. (The
Pearson’s colocalization coefficient was 0.95.) To demonstrate the
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superior ER-targeting capability of GE-Y, co-localization experiments
were also performed using A549 cells, HeLa cells and CHO cells. As
shown in Fig. S8 (ESIT), the green and red channels overlapped well
in all the cell lines, with Pearson’s colocalization coefficients of 0.97
in A549 cells, 0.96 in HeLa cells and 0.98 in CHO cells, demonstrating
that probe GE-Y is mainly located in the ER.

After verifying the high ER-targeting ability of GE-Y in live
cells, we then used GE-Y to trace the viscosity changes under ER
stress in living MCF-7 cells. Tunicamycin was used to increase
the ER viscosity because it is an antibiotic that can inhibit
N-glycosylation to cause an accumulation of unfolded proteins
in the ER* and induce ER stress.®® As shown in Fig. 3, the
intracellular fluorescence increases gradually with an increase in
incubation time (Fig. 3A). Specifically, the cells treated with
tunicamycin for 90 min exhibited a remarkable fluorescence
enhancement compared to the cells treated with tunicamycin for
0 min. Furthermore, a semi-quantitative analysis of the intracel-
lular fluorescence intensity using Image] software indicated a 3.5-
fold enhancement after the cells were treated with tunicamycin for
90 minutes. The enhancement in the intracellular fluorescence
could be ascribed to an increased ER viscosity that was induced by
the addition of tunicamycin. As such, GE-Y can be used as a
visualization tool for measuring changes of intracellular viscosity.

Autophagy and ER stress are independent biological processes.
However, a growing amount of research has indicated that there is a
close relationship between ER stress and autophagy.*”*" As such,
ER stress can induce autophagy and in turn, the elevated ER stress
will activate autophagy to counteract the high stress on the ER by
degrading accumulated misfolded proteins. However, the detailed
biological interplay of mechanisms associated with ER stress and
autophagy remains unclear.”> Therefore, we used probe GE-Y to
monitor viscosity fluctuations in the ER during autophagy to
evaluate the relationship between the two processes. There are
two common methods for the induction of autophagy, one is
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Fig. 3 (A) Confocal microscopic images of live MCF-7 cells treated with tunicamycin (40 pg mL™%) for 0 min, 10 min, 40 min, and 70 min, respectively, and then
stained with 10 pM GE-Y for 20 min (lex = 488 NnM, Aem = 520-560 nm, voltage of PMT: 450 V). The control panel is the cells that were not treated with GE-Y.
Scale bar, 20 um. (B) Semi-quantitative analysis of averaged fluorescence intensity of (A). error bar represents s.d.
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starvation and the other is drug induced.** As such Hanks’ Balanced
Salt Solution (HBSS) was used to induce autophagy of the cells
through the starvation method.* Protein light chain 3(LC3), which
includes two forms LC3-I and LC3-1I, is a biomarker of autophagy.*®
When autophagy occurs, the LC3 precursor is cleaved to form LC3-1.
Subsequently, LC3-I transforms to membrane-bound LC3-IL*® As
such an elevated ratio of LC3-II to LC3-I indicates enhanced
autophagic activity.*”*® We monitored the ratio of LC3-II/LC3-I by
western blot to ensure autophagy occurred in the experimental
group (Fig. S9 and Table S3, ESIt). From Fig. S10 (ESIt), the
fluorescence intensity of cells undergoing autophagy was enhanced
remarkably over the control cells, clearly indicating the higher
viscosity of the ER during autophagy. These results indicated that
both ER stress and autophagy can lead to an increase in ER viscosity,
confirming that ER stress is closely related to autophagy. As such GE-
Y exhibits great potential for use in exploring the detailed mechan-
isms between cellular autophagy and ER stress.

In summary, we have developed a fluorescent probe (GE-Y)
based on the GFP-chromophore (HBDI) for monitoring changes
in ER viscosity. GE-Y exhibited high selectivity and rapid response to
viscosity changes in solution. In addition, GE-Y was able to monitor
intracellular ER viscosity changes during stress through the time-
dependent fluorescence signal readout. GE-Y was then used to
monitor changes in ER viscosity during autophagy. The results
indicated that autophagy could cause an increase in the viscosity of
the ER, confirming the relationship between ER stress and autop-
hagy. This research indicates that GEY is an effective tool for
monitoring the viscosity of the ER, whilst also providing a powerful
tool for monitoring ER stress during autophagy and related diseases.
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