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a b s t r a c t

Abnormal accumulation and metabolism of lipid droplets can lead to a variety of diseases. Polarity,

a key parameter of the microenvironment, is closely associated with many diseases and dysfunctions

in the body. It is important to elucidate the relationship between the physiological activity of lipid

droplets (LDs) and the polarity of the microenvironment. In this work, based on push-pull mechanism,

a fluorescent probe (E)-3-(5-(4-(diphenylamino)phenyl)thiophen-2-yl)-1-(2-hydroxyphenyl)prop–2-en-1-

one (PPTH) with aggregation-induced emission (AIE) properties for the detection of polarity changes in

cells was synthesized. PPTH not only visualize intracellular polarity fluctuation of iron death and inflam-

mation but also distinguish between normal and fatty liver tissue.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lipid droplets (LDs) are organelles in which neutral lipids are

stored [1,2] and are considered to be inert reservoirs for en-

ergy storage, playing an essential role in many aspects of cell

metabolism and proliferation [3,4]. However, there are few reports

on the excellent molecular fluorescent LDs probes [5,6]. Encour-

agingly, there is a considerable evidence that LDs are closely as-

sociated with many physiological processes [7,8], such as cell ac-

tivation, apoptosis and protein-protein interactions [9–11]. Abnor-

mal accumulation and metabolism of lipid droplets can result in a

variety of diseases such as inflammation, liver cancer, Alzheimer’s

disease [12,13]. Therefore, accurate monitoring of the behavior of

LDs in vivo is important for analyzing its biological mechanisms,

understanding its biological metabolism and for early detection of

cancer.

Polarity is a significant parameter in the human microenviron-

ment, where activation of differentiation and immune responses,

vectorial transport of molecules between cell layers, cell migration

and local membrane growth can all lead to changes in cell polarity

[14,15]. Abnormal changes in polarity in the biological microenvi-

ronment are closely associated with a number of diseases and are

therefore of wide interest [16–19]. The physiological activity of LDs
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is related to the polarity of the microenvironment. If left unregu-

lated, LDs can be toxic (lipotoxic) and induce cellular dysfunction

and apoptosis [20]. Ferroptosis is a new model of regulated cell

death (RCD) that is essentially caused by lipid peroxide-dependent

iron accumulation, which affects the polarity of LDs [21]. There-

fore, it is important to construct an effective and accurate method

for detecting changes in intracellular polarity in real time.

Molecular fluorescent LDs probes, due to their many advan-

tages, including the ability to test in real time and in situ as

well as outstanding sensitivity, have been developed as a vari-

ety of prospective tools now [5,22–24]. However, most of these

probes have insufficient specificity for LDs, their poor photosta-

bility, or their severe “self-absorption” due to small Stokes shifts

and their complex synthesis processes limit their use for cellu-

lar imaging, and their inability to identify the microstructure of

tissues hinders the further realization of their potential applica-

tions [25–27]. In 2001, Tang’s group [28] discovered an unusual

“aggregation-induced emission (AIE)” photophysical phenomenon

in some propeller-like molecules and found that these AIEgens do

not normally emit in solution, but emit strongly in the aggregated

state [29,30]. In contrast, AIE properties make probes mitigate de-

fects and significantly improve the photostability, resulting in long-

term stable tracking of biological targets [31].

Common and classic synthetic strategies of polarity probes

include electron-donating (D) units and electron-accepting (A)

units combined by π-bridge, the expansion of π-conjugation,
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Scheme 1. Molecular structure of probe PPTH and the proposed polarity sensing

mechanism.

or the merge of these two strategies, constructing a “D-π-

A” structure. Moreover, the triphenylamine group has excel-

lent AIE properties and is widely used in the exploitation of

AIE fluorescent probes. For example, Tang’s group [28] devel-

oped and readily prepared LDs-specific AIE fluorescent probes

with good water-solubility, good biocompatibility and excel-

lent membrane penetration based on triphenylamine deriva-

tives for the first time [32,33]. Inspired by them, the fluores-

cent probe (E)−3-(5-(4-(diphenylamino)phenyl)thiophen-2-yl)−1-

(2-hydroxyphenyl)prop–2-en-1-one (PPTH) with AIE properties

was designed for the detection of polarity changes in lipid droplets

based on push-pull mechanism, which is D-π-A type structured

compound including a triphenylamine structural unit (working as

D) and a thiophene segment (D and π-bridge), a π-bridge, and 2′-
hydroxyacetophenone (A) (Scheme 1). This paper focuses on the

AIE and polarity sensing properties of the probe PPTH and its ap-

plication in bioimaging. Probe PPTH was simply prepared by a two-

step reaction. The synthetic procedures for the probe PPTH were

illustrated in Scheme S1 (Supporting information). PPTH also has

the advantages of a large Stokes shift, high photostability, good

selectivity to environmental polarity and low cytotoxicity. These

features enable PPTH to visualize the formation and consumption

of intracellular lipid droplets and to be used as a tool to detect

changes in polarity within lipid droplets. It also enables the distin-

guishing between normal and fatty liver tissue.

At first, the photophysical properties of PPTH were detected in

various polarity solvents by ultraviolet–visible (UV–vis) absorption

and fluorescence spectra (Figs. S1 and S2 in Supporting informa-

tion). Table S1 (Supporting information) summarizes the photo-

physical properties of PPTH. As presented in Fig. S1, UV–vis ab-

sorption spectra illustrated small changes for PPTH when the po-

larity of solvents increased from 1,4-dioxane to dimethyl sulfox-

ide (DMSO) and the maximum absorption wavelength was focused

on 450nm approximately. It shows that the dipole moment of the

probe’s ground state varies little with polarity. As illustrated in Fig.

S2, with increasing polarity of these solvents, apparent red shift

was observed in the fluorescence peaks of PPTH. Especially, great

red shift from 549nm (1,4-dioxane) to 633nm (DMSO) was ob-

tained in the maximum fluorescence emission wavelength of PPTH,

giving Stokes shift of 101nm and 171nm, respectively. The fluo-

rescence quantum yields of the probe PPTH in different solvents

were investigated using fluorescein in 0.1mol/L NaOH (ϕ =79%) as

a standard (Table S1). The results show that the fluorescence quan-

tum yield of the probe in DMSO (ϕ =1.62%) is much larger than

that in 1,4-dioxane (ϕ =0.15%), and these phenomena indicate that

the probe PPTH’s dipole moment changes significantly in the ex-

cited state. This demonstrates the fluorescence properties of probe

PPTH are extremely sensitive to the polarity of the solvent.

To gain more insight into the fluorescence response of PPTH

to polarity and whether PPTH is AIE-active, the UV–vis spec-

tra and fluorescence emission spectra of PPTH in the mixture of

1,4-dioxane (high solubility) and water (low solubility) were per-

Fig. 1. UV–vis spectra (A) and fluorescence spectra (B) of PPTH (10μmol/L) in 1,4-

dioxane/H2O mixture. λex =450nm. Insert: photo of Tindal effect of PPTH under

a laser pointer. (C) CIE1931 (x, y) color coordinates of 10μmol/L PPTH in 1,4-

dioxane/H2O mixture. λex =450nm. (D) Linearity between Fmax and polarity �f

in the range from 0.17 to 0.25. (E) The time-dependent fluorescence changes of

PPTH (10μmol/L) in PBS buffer solvent (blue dash-dotted line), 1,4-dioxane solvent

(red dash-dotted line), and in 85% 1,4-dioxane solvent (green dash-dotted line),

respectively. λex =450nm, slits: 10nm, 5nm. (F) Fluorescence intensity of PPTH

(10μmol/L) upon addition of different biologically relevants (2–18, 10 equiv.) and

fluorescence intensity of PPTH (10μmol/L) in different solvents (19–21), 1. blank, 2.

l-glutathione (GSH), 3. Cys, 4. Hcy, 5. Glu, 6. Met, 7. HSO3
− , 8. S2− , 9. ClO–, 10. H2O2,

11. SO4
2− , 12. CO3

2− , 13. Na+ , 14. Zn2+ , 15. K+ , 16. Fe2+ , 17. Fe3+ , 18. Ca2+ , 19. glyc-
erol (yellow column), 20. 1,4-dioxane (red column), 21. 85% 1,4-dioxane+15% H2O

(green column).

formed at 25 °C. Obviously, the absorption spectra changed very

little (Fig. 1A). Surprisingly, PPTH is weakly emissive in 1,4-dioxane

and the fluorescence rises with increasing water fraction grad-

ually. This is accompanied by an obviously maximum emission

wavelength redshift. This is contrary to the typical ICT effect phe-

nomenon and may be under low polarity conditions (low water

content), the probe PPTH emits a weak and short fluorescence due

to its weak interaction with the solvent, where the molecules are

dispersed. As the water (low solubility) content increases, the po-

larity of the solution is enhanced, and due to the interaction with

the solvent, a large charge separation and the excited state en-

ergy dissipation may occur. Also in low solubility solvents, the

restriction of intramolecular torsion caused by the aggregation

of the probe in the solvent, AIE synergizes with polarity, result-

ing in strong and long fluorescence. Fluorescence spectra of PPTH

(10μmol/L) in 1,4-dioxane/H2O mixture (0%–99% H2O) and varia-

tion of maximum emission wavelength with water content were

performed in Fig. S3 (Supporting information). Under excitation at

450nm, in 1,4-dioxane, the fluorescence peak of 10μmol/L PPTH

was at 549nm and gradually red-shifted to 644nm with the water

fraction in 1,4-dioxane/H2O mixture increased from 0% to 15% and

a Stokes shift of over 180nm was obtained (Fig. 1B and Table S1),

which may be suitable for eliminating potential interference from

bioluminescence. Compared to that in 1,4-dioxane, the peak inten-

sity (at 549nm) of PPTH was increased by four times at fw =15%.

Notably, the fluorescence of probe PPTH has been red-shifted from

yellow-green light area to the red light area when the water frac-
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Fig. 2. (A) Fluorescence images of 10 μmol/L PPTH in HeLa cells pretreated with oleic acid of different concentration (0, 50, 100μmol/L) and histogram of the relative pixel

intensity of the fluorescence images (green channel: λex =488nm, λem =520–540nm, red channel: λex =488nm, λem =630–660nm). (B) Fluorescence images of 10 μmol/L

PPTH in HeLa cells pretreated with PBS buffer solution for 2h and histogram of the relative pixel intensity of the fluorescence images (green channel: λex =488nm,

λem =520–540nm, red channel: λex =488nm, λem =630–660nm). Scale bar=25μm.

tion increased from 0% to 15% (Fig. 1C). In addition, at different

polarities (in the mixed solvent of 1,4-dioxane and water), we per-

formed a linear fit between the fluorescence intensity values of the

probe at 650nm and the solution polarizability (�f). With increas-

ing water content, the maximum emission wavelength of PPTH ex-

hibited an excellent linear relationship with the polarizability of

the solvent (�f) in the area of solvent polarizability from 0.17 to

0.25 (Fig. 1D) (R2 =0.9985). These phenomena indicate a signifi-

cant solvatochromic property of PPTH with increasing solvent po-

larity.

In addition, the quantum yield raised from 0.15 to 0.36 as the

water fraction raised from 0% to 15%. It is believed that nanoaggre-

gates are formed in 1,4-dioxane/H2O mixture. Furthermore, under

the light of the laser pointer, 10 μmol/L PPTH in 1,4-dioxane and

85% 1,4-dioxane (containing 15% water) all showed a Tindal effect,

while that Tindal effect in the 85% 1,4-dioxane (including 15% wa-

ter) was more obvious (Fig. 1B insert). Moreover, transmission elec-

tron microscopy (TEM) measurements were performed (Fig. S4 in

Supporting information), the average particle size of probe PPTH in

85% 1,4-dioxane (containing 15% water) is significantly larger than

the average particle size in 1,4-dioxane. The results of TEM further

confirmed the aggregation of PPTH in 85% 1,4-dioxane (containing

15% water).

Photostability is an important factor affecting the bioimaging

performance of the probe, and we assessed the photostability of

the probe PPTH (Fig. 1E). The fluorescence intensity of the probe

PPTH changed very little over 1h under continuous irradiation

with 450nm excitation light in three different solvents. It shows

that the probe PPTH has good photostability in both low and high

polar environments.

The complexity of the cellular microenvironment in an organ-

ism, taking into account that the probe may be influenced by other

biologically relevant substances in the organism when detecting

polarity. We investigated the fluorescence intensity of phosphate

buffer solution (PBS) buffer solvent when a variety of competing

species co-existed with the probe PPTH (Fig. 1F). The results indi-

cated that the fluorescence of the probe PPTH remained virtually

unchanged compared with this probe in PBS solvent after the ad-

dition of various cations, anions, active sulfur (RSS) and reactive

oxygen species (ROS), indicating that PPTH had good selectivity for

polarity in complex multi-component biological systems.

In addition, the pH in an organism is a significant factor that in-

terferes with probe polarity detection. Therefore, the UV–vis spec-

tra and fluorescence emission spectra of the probe PPTH in acidic,

neutral and basic environments was investigated. As displayed in

Figs. S5 and S6 (Supporting information), the absorption spectra of

the probe PPTH in 85% 1,4-dioxane+15% H2O mixture at pH 4, 7,

10 hardly changed and the fluorescence spectra changes very lit-

tle under either acidic (pH 4) or alkaline (pH 10) conditions, sug-

gesting that the detection properties of the probe PPTH are almost

hardly disturbed by the acid-base environment and it was feasi-

ble to use probe PPTH to monitor polarity under the condition of

physiological pH.

The size of the probe toxicity in the cells determines whether

the probe can be used in biological experiments. Therefore, we

measured the toxicity of the probe PPTH by cell counting kit-8

(CCK-8) assay before using the probe PPTH for cell imaging. The

results are shown in Fig. S7 (Supporting information), PPTH is not

cytotoxic in normal cells (hepatocyte L02) and the survival rate of

HeLa cells was about 98%. Thus, PPTH exhibits negligible cytotoxic-

ity in a certain concentration range, which can be further used for

fluorescence imaging in organisms.

On the other hand, the photostability of the probe PPTH was

assessed. HeLa cells were co-incubated with the probe PPTH, af-

ter which a time sequence was set and fluorescence images were

recorded at 5min intervals (Fig. S8A in Supporting information).

The fluorescence images recorded in both the green and red chan-

nels displayed that the fluorescence of PPTH in HeLa cells did not

change significantly within 30min, which had good photostability

in cells.
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Fig. 3. (A) Fluorescence images of HeLa cells under ferroptosis induced by different concentration of RSL3 (0, 2, 5, 10 μmol/L) treated with 10μmol/L PPTH. The histogram

of the relative pixel intensity of the fluorescence images (Green channel: λex =488nm, λem =520–540nm, red channel: λex =488nm, λem =630–660nm). (B) Fluorescence

images of HeLa cells treated with 50μg/mL LPS and 10μmol/L PPTH at different time points (0, 30, 60, 90min). The histogram of the relative pixel intensity of the fluorescence

images (Green channel: λex =488nm, λem =520–540nm, red channel: λex =488nm, λem =630–660nm). Scale bar=25μm.

Then, detailed cell-imaging experiments were conducted. To

investigate whether the probe has the capacity to target lipid

droplets, we investigated the ability of the probe PPTH to lo-

cate lipid droplets using a commercial dye for lipid droplets (LDs-

Tracker Blue). The LDs-Tracker Blue was co-stained with the probe

PPTH (10μmol/L) for 5h. Confocal images were taken to record the

cell status. The images of the probe in the green and red channels

overlap well with the commercial lipid dye in the blue channel,

with co-localization coefficients of 0.94 and 0.92, respectively (Fig.

S8B in supporting information). The result indicates that the probe

PPTH has excellent lipid droplets targeting ability.

When the oleic acid is absorbed by cells, phase division occurs,

which leads to a remarkable increase in neutral lipids in the cells

[34]. The formation of lipid droplets in cells was simulated with

oleic acid. It could be watched that the number of lipid droplets in

the cytoplasm increased and the fluorescence intensity increased

with the increase of oleic acid concentration (Fig. 2A). This phe-

nomenon that more LDs were stained by fluorescence further in-

dicated that PPTH could be selectively enriched on LDs. When the

content of oleic acid reached 100μmol/L, the relative fluorescence

increased about four times compared to the initial one, indicat-

ing that PPTH could monitor LDs’ accumulation. More interesting,

when the living cells are deprived from nutrition in the early stage

(starvation), they will be under pressure to survive, which will ini-

tiate related mechanisms to generate a great deal of energy mate-

rials in order to meet future survival requirements [9]. Thus, the

starvation state will consume the lipids in the organism, causing a

loss of lipids. We changed the culture medium of HeLa cells after

staining with the probe PPTH (10μmol/L) to PBS buffer solvent and

continued to incubate for 2h and then took pictures with the laser

confocal instrument (Fig. 2B). The fluorescence intensity of green

and red channels decreased, the number of red and green dots in

merge images was significantly reduced, and the relative fluores-

cence intensity in starved cells decreased by about half, indicat-

ing a decrease in the number of lipid droplets. The above results

demonstrate that the probe PPTH can visualize the formation and

consumption of lipid droplets and will contribute to relevant bio-

logical studies.

On the basis of above results, the ferroptosis identification was

further tested in live cells and the ability of the probe PPTH was

evaluated to monitor changes in intracellular polarity. Ferroptosis

is a caspase-independent cell death pathway identified in recent

years, strongly associated with iron [35–37]. Drug-induced ferrop-

tosis leads to an increase in the polarity of cells [38]. In the present

work, RSL3 can induce the ferroptosis through covalently modify-

ing the glutathione peroxidase 4 (GPX4) and inhibiting its activity,

so we chose RSL3 as a tool to increase cell polarity. As shown in

Fig. 3A, with increasing concentrations of RSL3, gradual decrease

in the green channel and gradual increase in the red channel were

observed, indicating the intracellular polarity gradually increase. It

is clear from the graph that the relative fluorescence intensity has

increased by a factor of approximately 6-fold. These results confirm

that cell polarity exhibits a corresponding increase during RSL3-

induced ferroptosis.

To investigate whether the probe PPTH can be applied in dif-

ferent physiological processes with changing polarity, we did the

following studies. Inflammation is a precursor to the development

of cancer and can lead to a decrease in polarity. Lipopolysaccharide

(LPS), on the other hand, can cause cascading immune stimulation

and toxic pathophysiological activity in the body and is therefore

widely used to induce an inflammatory response in cells [39]. The

HeLa cells were stained with PPTH (10μmol/L) over time after in-

duction by adding 50μg/mL of LPS. As shown in Fig. 3B, it is ob-

vious that the intracellular polarity starts to weaken over time, a

weakly fluorescent increase in the green channel and a gradual

decrease in the red channel were checked, suggesting that LPS-

induced reduction in inflammatory cell polarity. The above cellu-

lar experimental results also demonstrate that the probe PPTH can

be used as a fluorescent probe to detect changes in intracellular

polarity.

Abnormal aggregation of LDs in tissues may result in fatty liver,

which in turn may cause hepatic dysfunction [40,41]. It is there-
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Fig. 4. (A) Colocalization imaging of the liver tissue from mice with normal

mice and fatty liver stained using LDs-Tracker Blue (λex =408nm, λem =450–

490nm) and PPTH (λex =488nm, λem =590–680nm). (B) Confocal fluorescence im-

ages of normal liver and fatty liver tissues of mice stained by LDs-Tracker Blue

(λex =408nm, λem =450–490nm) and PPTH (λex =488nm, λem =590–680nm). The

white circled areas are clusters of LDs formed in the liver tissue.

fore important to differentiate between areas of lipid and normal

areas to prevent progression of the disease. For this purpose, a

fatty liver mouse model has been established. Animal experiments

were approved by the Experimental Animal Ethics Committee of

the Zhengzhou University (No. ZZUIRB2022–03), and performed in

accordance with the ethical guidelines of the Henan Province Ex-

perimental Animal Management Committee and the National Insti-

tutes of Health Guide for the Care and Use of Laboratory Animals.

As shown in Fig. S9 (Supporting information), tissues from mice

with fatty liver showed significant aggregation of LDs compared

to controls, indicates the successful mouse model was established.

Then, we discussed the potential ability of PPTH to target LDs in

fatty liver tissue by staining with LDs-Tracker Blue. From Fig. 4A,

it is seen that the PPTH overlaps well with the commercial dye-

stained areas of the lipid droplets organelles, with a Pearson co-

efficient as high as 0.93, indicating that the probe PPTH has the

ability to accurately localize lipid droplets in fatty liver tissue. Fur-

ther, we evaluated the use of PPTH to distinguish between nor-

mal mouse liver tissue and fatty liver tissue (Fig. 4B). Compared

to that in normal liver tissues, partial aggregation and significantly

enhanced bright red fluorescence were observed, indicating more

and a larger size of LDs could be significantly detected in fatty liver

tissues. This result indicates that the probe PPTH has an excellent

ability to distinguish between the lipid and normal regions.

To sum up, based on the dual mechanism of AIE and push-pull

mechanism, we have synthesized a polar fluorescent probe PPTH

to target lipid droplets. The probe PPTH shows a large Stokes shift

(∼180nm) and is highly sensitive and selective to the polarity of

the environment, with a gradual increase in fluorescence and red

shift with increasing polarity. And the probe PPTH can visualize

the formation and consumption of intracellular lipid droplets. By

applying the process of ferroptosis and building cellular inflamma-

tion with LPS as a biological model, the probe PPTH can be used

as a tool to detect changes in polarity within lipid droplets. It also

enables the detection and visualization of fatty liver in small ani-

mals and effectively distinguishes between normal and fatty liver

tissue.
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