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Exploring the changes in the polarity of intracellular lipid droplets (LDs) during the evolution of cancer is
important for cancer detection and treatment. Therefore, we designed and synthesized a new type of
polarity-sensitive fluorescent probe, CTPE, which uses coumarin as the polarity-sensitive group and
tetraphenylethylene as the electron-donating group to target LDs. Due to its special intramolecular
charge transfer mechanism, CTPE emitted a weak green fluorescence in high-polar solvents, and a
strong green fluorescence in low-polar solvents, thus exhibiting a drastic change in fluorescence signal
as a function of the solvent polarity. In virtue of the probe CTPE, tumorous tissues have been
successfully identified from normal ones and the decrease in LDs' polarity could be revealed with the

evolution of cancer. Moreover, the changes in the LDs’ polarity in drugs-treated tumor were observed at
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the tissue level, endowing its capacity for anti-cancer drug efficacy evaluation. This work provides a
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1. Introduction

Cancer is recognized as a severe disease with high mortality
rate, which is often a consequence of late diagnosis during
advanced stages."> The timely diagnosis of cancer is critical
such that effective treatment therapy can be initiated in early
stages without locally advancing the disease or metastasis.
Therefore, it is necessary to detect cancer in time to improve
the survival rate.® Accordingly, performing relevant research to
explore cancer evolution is highly desirable for current medical
diagnostics. In recent years, cancer detection through related
markers has become a hot topic, which has been studied in
more and less economically developed countries alike. At
present, a large number of tumor markers have been discovered
through genomic and proteomic studies, which greatly facilitates
the diagnosis of cancer.*® However, most of them fail to
effectively detect cancer because of their invasive, unpleasant,
and inconvenient nature.” Therefore, it is particularly important
to develop a new strategy to identify tumors.
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promising imaging tool for LDs tracking in cancer research and clinical diagnosis.

Lipid droplets (LDs) are cellular organelles that store lipids
comprising a core of neutral lipids surrounded by a monolayer
of phospholipids loaded with associated proteins.®® In addi-
tion to energy storage, LDs participate in physiological pro-
cesses such as cell activation, migration, proliferation, and
apoptosis.'®'! Abnormal LDs can be detected in diseases such
as type II diabetes, obesity, and atherosclerosis. Especially, due
to specific alterations in the metabolic activity in cancer cells,
parameters related to LDs should be quite different from
those of normal cells."*"” Recent evidence suggests that lipid
biosynthesis gets dysregulated because of the development of
cancer and reactivation of lipid biosynthesis is frequently
observed in cancer tissue. The excess of LDs in a cancer cell
is attributed to the enhanced rate of glycolysis producing
pyruvate, known as the Warburg effect.'®'® It should also be
noted that the abnormal lipid content leads to the variation in
hydrophilic and hydrophobic domains in the LD, further leading
to the change in the polarity of LDs. Although increasing
contribution has been devoted to the study of the metabolic
processes involved in LDs and their regulation within the context
of cancer, the potential role of LDs’ polarity in tumor progression
have not yet been fully understood.**>* Thus, timely attention
should be given to the study of the LDs’ polarity during the
evolution of cancer.

Fluorescence imaging technology is a highly sensitive char-
acterization technique with the ability to perform non-
destructive, real-time and in situ detection of target analytes,
and has become a powerful tool for understanding biological
systems with high spatial resolution.”*>” Therefore, it can serve
as a feasible strategy to develop a new tool for studying the
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changes in the polarity of LDs in cancer development projects.
However, the predominated challenge in constructing such
optical agents is to control their luminescent behavior at
different polarities in systems. Ideally, the tumors should be
obviously discriminated from normal cells according to the
difference in their fluorescence signals caused by LDs’ polarity
variance. Another concern is to ensure that the probe is
primarily located in LDs to avoid false signals from other
suborganelles because the local polarity differs considerably
from one region to another. With polarity-sensitive and LDs
targeting optical agents, the contribution of LDs’ polarity in
tumor development could be revealed. However, to the best of
our knowledge, such a powerful probe has not been proposed
for exploring the potential role of LDs polarity in the cancer
evolution.

In this work, we designed and synthesized a new fluorescent
probe CTPE with 3-acetyl-7-(N,N-diethyl)Jamino benzopyan-2-
one (the coumarin dye) as the polarity sensitive dye, with
tetraphenylethylene (TPE) as the electron donor. The probe
has excellent LDs targeting ability, good photo-stability and a
low biological toxicity. Owing to the intramolecular charge
transfer (ICT), CTPE exhibited a good solvation effect. As
anticipated, the probe displayed a stronger fluorescence in
cancerous tissues and a weaker fluorescence in the normal
tissues. Thus, cancer and normal tissues can be clearly
discriminated by fluorescence signals. Using this probe, the
LDs polarity in the evolution of cancer has been successfully
explored. In addition, LDs polarity fluctuations in cells incubated
with different stimulants have been detected.

2. Experimental
2.1. Materials and instruments

Unless otherwise stated, ultrapure water was utilized in the
experiments. Solvents were of spectral purity. All instruments
utilized in the research are illustrated in the ESIL.{

2.2. Synthesis of CTPE

The synthetic route and part of the synthesis processes are
displayed in the ESI.f Compound 1 and compound 2 were
dissolved in 10 mL of solvent (ethanol) and three drops of
piperidine were added as a catalyst. Then, the mixture was
protected by nitrogen and refluxed at 80 °C for 24 h. After the
reaction was complete, the solution was cooled to room tem-
perature and the solvent in the reaction system was distilled off
under reduced pressure. The crude product was purified by
column chromatography (methanol : dichloromethane = 1:50),
and finally a red solid was obtained. "H NMR (400 MHz,
chloroform-d) ¢ 8.53 (s, 1H), 8.01 (d, J = 15.7 Hz, 1H), 7.74 (d,
J =15.6 Hz, 1H), 7.44 (dd, J = 22.5, 8.3 Hz, 3H), 7.13-7.01 (m,
15H), 6.79 (d, J = 8.3 Hz, 1H), 6.63 (s, 1H), 5.30 (s, 1H), 3.47 (q,
J = 7.1 Hz, 4H), 1.26 (t, J = 7.0 Hz, 7H). "*C NMR (101 MHz,
chloroform-d) § 186.43, 160.86, 158.68, 152.95, 148.63, 146.12,
143.54, 143.44, 143.36, 143.10, 141.89, 140.37, 133.46, 128.20,
127.86, 127.77, 127.66, 126.80, 126.62, 126.57, 124.52, 116.86,
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109.89, 108.69, 96.69, 45.20, 12.50. HR-MS mj/z: caled for
C4,H35NO; 602.27; found, 602.2693.

2.3. General procedures for spectral test

The 1 mM CTPE stock solution was prepared in dimethyl
sulfoxide (DMSO). Toluene, dioxane, dichloromethane (DCM),
acetone, N,N-dimethylformamide (DMF) used in the experiment
were all spectrally pure. Before performing the spectrum test, the
solutions used were thoroughly shaken. All measurements were
performed using 420 nm excitation and 5.0 nm excitation/
emission gap width parameters.

2.4. Cell culture and imaging methods

The 4T1, HepG2, and HeLa cancer cells were used in this work.
Dulbecco’s Modified Eagle Medium media (DMEM, Hyclone)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS, Sijiging) and 1% antibiotics (100 U mL™" penicillin and
100 pug mL ™" streptomycin, Hyclone) were utilized for cells
culture at 37 °C and 5% CO,. Before imaging, 1 mL cells were
seeded in glass bottom culture dishes (Nest) at a density of
1 x 10° mL™". These cells were loaded on glass coverslips and
allowed to adhere for 24 h. After the cells were covered about
70% confluence, imaging experiments were carried out. For
imaging cells, 10 pL CTPE were mixed with 1 mL culture
medium firstly and then utilized for incubating cells for
30 min. Before imaging, cells were washed 3 times with PBS
to remove the residual probe. Finally, confocal fluorescence
imaging was carried out by Nikon fluorescence microscope
equipped with 100x objective lens.

2.5. Fluorescent imaging in tumor tissues and normal organs
tissues

Five-week-old female balb/c mice were purchased from the
School of Pharmaceutical Sciences, Shandong University, and
the studies were approved by the Animal Ethical Experiment
Committee of Shandong University. The entire experiment
followed the animal protection guidelines of the National
Laboratory Animal Use Law (China). 4T1 cells were transplanted
into mice to establish tumor models. These normal mouse
organs (heart, liver, spleen, lung, kidney) and tumor of tumor-
bearing mice were isolated, respectively, and wash them with
PBS (pH 7.4) thrice. With the help of a vibrating blade micro-
tome, the slices were cut to 200 mm thickness in 25 mM PBS
(pH 7.4). Then, these slices were incubated with 15 uM CTPE in
PBS buffer for 2 h with 95% O, and 5% CO, at 37 °C. After
washing three times with PBS, these samples were transferred to
a glass bottom dish and observed under a confocal microscope.

3. Results and discussion
3.1. Design strategy of the probe CTPE

The donor (D)-n-acceptor (A) structure is generally beneficial
for polarity sensitivity and the hydrophobic nature is favorable
for LDs targeting.”® Based on this, 3-acetyl-7-(N,N-diethyl)
amino benzopyan-2-one (the coumarin dye) was selected as a
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Fig. 1 The design concept of the probe CTPE for monitoring LDs polarity in cancer cells and normal cells.

fluorophore because it shows substantial changes in the dipole
moments while undergoing electronic transitions, and therefore
can serve as polarity-sensitive dye.>® Tetraphenylethylene (TPE)
plays the role of electron donor in CTPE probe, and the intro-
duction of TPE increases the conjugation in CTPE as evidenced
by red shift, which makes it more suitable for biological
imaging.*® According to our assumption, the fluorescence intensity
of the probe with this push-pull electronic structure will be
sensitive to polarity.”*> We anticipated that owing to the LDs
polarity variance caused by specific alterations in metabolism
of cancer, the probe will exhibit stronger fluorescence in cancer
tissues and weaker in normal tissues. Moreover, with the
development of the tumor, the LDs polarity of the tumor tissue
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may change, and this change will be manifested by the fluorescence
intensity of the tissue incubated with CTPE (Fig. 1).

3.2. Optical properties of CTPE

The absorption and fluorescence spectra of CTPE in solvents
such as toluene, dioxane, dichloromethane (DCM), acetone,
and N,N-dimethylformamide (DMF) were analyzed. As show in
Fig. 2a, the absorption wavelength of CTPE in solvents of
different polarities were slightly red shifted from 456 nm of
toluene to 464 nm of DMF. In the fluorescence spectra, this
trend is even more obvious. As shown in Fig. 2b, the emission
wavelength of CTPE ranges from 502 nm in low-polarity solvent
(toluene) to 561 nm in the highly polar solvent (DMF) with a red
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Fig. 2 (a) The absorption spectra of CTPE in solvents with various polarities. (b) The fluorescence spectra of CTPE in solvents with various polarities.
(c) The plot of the emission maximum of the probe CTPE in diverse solvents versus E(30). (d) Fluorescence spectra of CTPE in different ratios of

methanol and glycerol system. Concentration: 10 uM; J¢x = 460 nm.
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shift of 59 nm. Simultaneously, as shown in Fig. 2b, as the
polarity of the solvent increases, the fluorescence intensity of
CTPE decreases accordingly, which may be ascribed to the
“positive solvatokinetic effect”.?® This effect can be manifested
by changes in the fluorescence quantum yield of CTPE in
different solvents (Table S1, ESIt). Moreover, the fluorescent
lifetime variation of the CTPE under different polarities was
studied. From Fig. S1 (ESIt), it can be seen that as the solvent
polarity increases, the fluorescent lifetime of the probe in
different solvents gets shortened. To further understand the
influence of solvent polarity on CTPE emission, a linear regression
curve of the maximum emission wavelength of the probe with
respect to the solvent polarity parameter Er(30) was plotted. As
displayed in Fig. 2c, an excellent linearity (R*> = 0.982) was
obtained when the emission maximum of CTPE was plotted
against the E(30). This data indicated that the probe is highly
dependent on polarity, which is consistent with our original probe
design philosophy.

Due to the existence of single bonds in the CTPE structure,
limiting the rotation of single bonds by increasing the solvent
viscosity is expected to affect the fluorescence of the probe to a
certain extent. To understand the influence of viscosity on the
fluorescence intensity, the fluorescence spectra of CTPE in the
methanol-glycerol system with different ratios were measured.
As shown in Fig. 2d, with the increase of solvent viscosity, the
maximum fluorescence intensity of CTPE only increased from
219.8 to 579.8, while the maximum fluorescence intensity of
each solvent in Fig. 2b is mostly higher than this change. To
further prove that CTPE is more sensitive to polarity, we
compared the fluorescence spectra of CTPE in THF and MeOH
solvent mixture (Fig. S2, ESIT), which have similar viscosities
but different polarities. The fluorescence spectrum of CTPE in
this system significantly changed. The above results show that
the sensitivity of CTPE probe to polarity is much higher than
that of viscosity of the solution. In other words, the change in
the probe fluorescence intensity with viscosity is basically
negligible. Therefore, we believe that CTPE could be utilized
to detect the polarity change despite being in viscous media.

Living biological cells are a very complex system that contains
a variety of biological macromolecules and a variety of ions.
To detect the selectivity of probe polarity in such a complex
environment, the fluorescence spectra of the probe CTPE in the
presence of Gln, Thr, Cys, Gly, Asn and other biological
macromolecules, and various ions were collected. As shown
in Fig. S3 (ESIt), the fluorescence of the probe did not change
significantly indicating that the probe was not influenced by
these biomolecules and ions. In addition, the result of probe in
different pH solutions demonstrated that CTPE is essentially
pH-insensitive over the pH range of 3.0-10.0 (Fig. S4, ESIY).
These results indicate that CTPE has high selectivity and can
detect changes in polarity in more complex environments. In
the photo stability experiment (Fig. S5, ESIT), it can be seen that
the fluorescence intensity of CTPE hardly changes with time
even under continuous irradiation of 90 min, which proves its
excellent photo-stability. Furthermore, to verify the biological
toxicity of CTPE, the MTT assay was introduced to establish the
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cytotoxicity test of the probe in HepG2, HeLa and 4T1 cells
(Fig. S6, ESIf). The results show that even when the probe
concentration is 50 uM, the survival rate could still reach over
80%. The above results show that the probe CTPE has high
selectivity, low biological toxicity and a good photo-stability,
therefore making it an excellent tool for detecting polarity in
complex biological systems.

3.3. Co-localization experiments

Subsequently, the commercial dye Nile red and CTPE were used
for colocalization experiments. An ideal condition was explored
first to ensure that green fluorescence only came from the
probe CTPE (Fig. 3a), and red fluorescence (Fig. 3b) only came
from Nile red. HepG2, HeLa, 4T1 cells were co-cultured with
CTPE and Nile red at the same time. As shown in Fig. 3c,
we observed granular dots in both red and green channels,
which is a typical shape for LDs (Fig. 3c). Moreover, yellow
fluorescence was observed in the merge image, indicating that
the two channels have a large overlap, and the correlation of the
intensity scatter plot reached 0.92. All these results indicate
that the probe has the property of locating LDs in cells, and
CTPE is capable of monitoring the changes in polarity of LDs in
living cells.

3.4. Imaging LDs polarity under abnormal physiological state

The polarity of LDs in cells under abnormal physiological
conditions was further monitored by confocal microscopy. As
shown in Fig. 4a, the cells were incubated with CTPE for 1 hour.
Granular LDs were seen in the cells and appropriate fluorescence
intensity was observed. Previous reports have shown that when
fatty acids (such as oleic acid) are added to the cell culture
medium, the number and size of LDs changes due to the
stimulation of the fatty acid receptor FFAR4.>*** Herein, 10 uL

Fig. 3 The co-localization fluorescence images of CTPE in 4T1 cells.
(a) CTPE (1 pM) stain. (b) Nile red (2.0 uM) stain. (c) Merged image of
(a) and (b). (d) The intensity scatter plot of two channels. Scale bar: 20 um.
Green channel: lox = 488 nm, collected 500-550 nm. Red channel:
Aex = 561 nm, collected 570-620 nm.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Fig. 4 Fluorescence imaging of 4T1 cells. (al—-a3) 4T1 cells incubated with
10 uM probe CTPE for 30 min; (b1-b3) 4T1 cells incubated with 20 uM
oleic acid for 1 h and 10 uM CTPE for another 30 min (c1-c3) 4T1 cells
were incubated with PBS for 24 hours and 10 uM CTPE for another 30 min;
(d1-d3) 4T1 cells incubated with 20 pM taxol for 30 min and 10 uM CTPE
for another 30 min. (el-e3) 4T1 cells incubated with 20 pM sucrose
solution for 30 min and 10 uM CTPE for another 30 min. Conditions:
Aem = 500-550 nm; Ay = 488 nm. Scale bar: 20 um.

of oleic acid was added to the medium and then incubated with
probe for 1 hour and imaged. Simultaneously, the cells that were
only incubated with the probe were set as control group.
Compared with the control group (al-a3), the number and
volume of LDs increased, hence, the fluorescence intensity of
LDs increased after incubation with oleic acid (Fig. 4b). The
results show that besides polarity CTPE can also dynamically
monitor the number and size of LDs in living cells.

In addition, detecting the polarity changes in LDs of cells in
different states is necessary to understand the pathological
process of LDs-related diseases. Therefore, three models of
abnormal cell state were established to detect changes in
LDs’ polarity. In detail, PBS (pH = 7.4) was utilized to culture
4T1 cells instead of another medium to produce starvation. As
shown in Fig. 4c, in the state of starvation, the probe exhibited
weaker fluorescence compared with control group (Fig. 4a).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Similarly, weak florescence was also observed in taxol (Fig. 4d)
and sucrose (Fig. 4e) treated group. The results demonstrated
that the LDs’ polarity will decrease in abnormal cell state.
Moreover, similar phenomena were obtained in HeLa and
HepG?2 cells (Fig. S7 and S8, ESIt). Thus, we believe that CTPE
can dynamically monitor the LDs’ polarity in cells under
different conditions.

3.5. Fluorescence imaging of LDs polarity in the evolution of
cancer

Based on the above detection results for abnormal cells, we
tried to further explore the changes in the polarity of LDs
during the evolution of cancer in the tissues. Four different
mouse tumor models were established (Fig. S9, ESIt). 4T1 cells
were inoculated into normal mice to establish a tumor model,
and the tumor tissues were obtained after 2 days, 5 days and
10 days, respectively. Concurrently, 20 UL taxol was injected to
8 day-tumor mice as a treatment group and the proposed slices
were obtained after 2 days of treatment (Fig. 5). The above
tissues were sliced in PBS. After CTPE staining, granular bright
spots could be seen in the tumor tissue, which is a typical shape
of LDs, indicating that CTPE could still locate LDs in the tissue.

As expected, the polarity of LDs in tumor tissue changed
with the time of inoculation, and this change is reflected by the
fluorescence brightness after CTPE staining. This indicates that
as the tumor develops, the number of LDs gradually decreased.
Note that, after drug treatment, the fluorescence intensity of
tumor decreased significantly compared with the 10 day-tumor
slices, indicating that the LDs polarity increased. The above
results revealed that with the evolution of cancer, the polarity
of LDs in tumor tissue gradually decreases, and after the
treatment, the polarity in tumor tissue increases again.

In addition, the penetration ability of the probe in different
organ tissues (heart, liver, spleen, lung, kidney) was examined,
and the fluorescence could still be observed at a depth of 50 pm

10um 20pm 30um 40pm 50um

5 Days 2 Days

10 Days

Fig. 5 The imaging of mouse tumors slices of different periods and
drug-treated tumors slices with CTPE (10 uM) at a depth of 10-50 pum.
The fluorescence was collected at 500-550 nm with 488 nm excitation.

Drug
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Fig. 6 The imaging the subcutaneous tissue sections of inflammatory
mice and normal mice pretreated with CTPE (10 uM) with a depth of 10-50 pum.
Fluorescence was collected at 500-550 nm under excitation at 488 nm.

confirming a good penetration depth of CTPE (Fig. 6). In a
nutshell, this work demonstrated that the probe can be used as
a powerful tool for cancer diagnosis and for tracking therapeutic
efficacy by detecting LDs polarity.

3.6. Fluorescence imaging of LDs polarity in the
inflammation mice

In addition, the inflammatory mouse model was established to
explore the change of the polarity of LDs. Through intraperitoneal
injection of 20 pL lipopolysaccharide (LPS), a mouse model
of acute inflammation was obtained after 24 h, and a
subcutaneous tissue section of the abdominal cavity was taken.
After adding CTPE staining for 2 h, imaging was performed
using a confocal microscope, and granular LDs could be seen in
the imaging results (Fig. 7). By comparing with the subcutaneous
tissue of normal mice, it could be seen that the fluorescence in
the inflamed tissue was stronger than that in the normal tissue
and the number of LDs in the inflammation model was higher

10pm 20pm 30pm 40pm 50pm

Inflammatory

Normal

B g2 2 .
Lo A B >

Fig. 7 The imaging the subcutaneous tissue sections of inflammatory
mice and normal mice pretreated with CTPE (10 uM) with a depth of 10-50
um. Fluorescence was collected at 500-550 nm under excitation at
488 nm.
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than the other. This indicates that the polarity of LDs in
inflamed tissues is lower than that in normal tissues; with the
occurrence of inflammation, the number of LDs also increased.

Finally, to ensure that the fluorescence in tissue imaging is
entirely from CTPE, we used confocal microscopy to image the
tissue without CTPE staining under the same parameters, and
only negligible fluorescence was found in the imaging results
(Fig. s10, ESIT).

4. Conclusion

In summary, we designed and synthesized a new polar fluor-
escent probe CTPE targeting LDs and explored the LD polarity
of cancer tissues at different stages. In addition to their targeting
ability, CTPE also exhibited a good biocompatibility and photo
stability. Due to the donor-n-acceptor structure of CTPE, the
probe displayed a high sensitivity towards the polarity of the
environment, endowing CTPE the ability to specifically detect
the polarity of LDs in living cells. By means of the probe, the LDs’
polarity in cells as induced by PBS, sucrose and taxol was
successfully sensed. More importantly, in virtue of the CTPE,
the change trend of the polarity of LDs during the evolution of
cancer was explored, and the therapeutic effects of paclitaxel
were also tracked. We believe that CTPE has the potential to
become a powerful tool for exploring pathological changes in the
development of cancer.
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