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HIGHLIGHTS

e A newly developed viscosity-responsive
fluorescent probe (CzTP-CNPh) has
been synthesized.

e CzTP-CNPh exhibits high viscosity
sensitivity, high selectivity, a large
Stokes shift, and outstanding LDs-
targeting ability.

e CzTP-CNPh enables the visualization of
viscosity changes in LDs in cells, zebra-
fish and NAFLD models.
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ABSTRACT

As a global health threat, early and effective diagnosis and treatment of nonalcoholic fatty liver disease (NAFLD)
is crucial. Once the optimal treatment window is missed, NAFLD will progress to various severe and irreversible
liver dysfunctions, imposing a heavy burden on patients and the medical system. Here, a novel “D-1-A” type
fluorescent probe (CzTP-CNPh) has been successfully constructed for exploring changes in lipid droplets (LDs)
viscosity during the process of nonalcoholic fatty liver development. Research results show that probe CzTP-
CNPh exhibits excellent viscosity sensitivity, high selectivity, a large Stokes shift, outstanding LDs-targeting
ability and so on. Based on these advantages, this probe enables the visualization of viscosity changes in LDs
within cells and zebrafish. More importantly, imaging experiments in cellular and tissue models reveal that LDs
viscosity tends to increase during NAFLD progression. This work offers the insights for enhancing the under-
standing of LDs in pathological processes, potentially aiding in the early diagnosis of NAFLD.
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD), a serious metabolic syn-
drome caused by excessive lipid accumulation in liver cells, has become
a global health crisis [1-3]. Over the past decades, NAFLD caused by
unhealthy lifestyles has affected more than a quarter of the global
population, resulting in heavy burdens on individuals and societies
[4,5]. Generally, the early-stage NAFLD is reversible through lifestyle
interventions like exercise and diet [6]. However, the lack of specific
symptoms often delays diagnosis, leading to progression toward severe
complications such as cirrhosis, fibrosis, and hepatocellular carcinoma
[7-9]. Unfortunately, treatment at this stage becomes challenging and
irreversible. Thus, developing novel diagnostic and therapeutic tech-
nologies is urgently required to tackle this growing threat.

Lipid droplets (LDs), spherical organelles with a hydrophilic phos-
pholipid monolayer and hydrophobic lipid core, play a vital role in
energy storage, metabolism, and signaling [10-12]. Normally, excessive
lipid accumulation in LDs is a hallmark of nonalcoholic fatty liver pa-
thology [13,14]. Viscosity, a key feature of the cellular microenviron-
ment, maintains LDs metabolic equilibrium [15,16]. Elucidating the
relationship between NAFLD, LDs, and viscosity could deepen our un-
derstanding of disease mechanisms in diagnosis and therapy [17].

Conventional viscosity detection methods (e.g., rotational or capil-
lary viscometry) face limitations such as operational complexity, low
sensitivity, and incompatibility with in vivo visualization [18-21].
Instead, fluorescence imaging offers non-invasive, real-time monitoring
with high spatiotemporal resolution [22,23]. Although numerous
viscosity-sensitive LDs probes based on the twisting intramolecular
charge transfer (TICT) mechanism have been developed [24-27], most
suffer from poor specificity and photostability, small Stokes shifts, or
aggregation-caused quenching (ACQ) effects, hindering bioimaging
applications [28]. Currently, existing probes mainly focus on LDs dy-
namics and organelle interactions, yet their application in disease-
relevant research remains underexplored [11,29]. Therefore,
designing novel LDs-targeted viscosity probes is essential to unravel
nonalcoholic fatty liver pathology and advance diagnostic/therapeutic
strategies.

Herein, an innovative viscosity-responsive LDs fluorescent probe
(CzTP-CNPh) has been rationally designed and constructed, with
several strengths such as high viscosity sensitivity, high selectivity, good
photostability, large Stokes shifts, aggregation-induced emission (AIE)
effect, and low cytotoxicity. Co-localization imaging experiments
demonstrate that probe CzTP-CNPh has the excellent LDs-targeting
ability that lays a solid foundation for the specific detection of viscos-
ity changes within LDs. Using this probe, we have also successfully
achieved visualized imaging of viscosity fluctuations in cells and
zebrafish. Through cellular and mouse tissue models imaging, it is
revealed that the viscosity of LDs shows an increasing trend during the
pathological process of nonalcoholic fatty liver. It is hoped that this
work could provide some valuable insights for pathological research,
drug development, diagnosis and treatment of liver-related diseases.
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2. Experimental section
2.1. Reagents and instruments

All reagents were commercially purchased and used directly without
further purification. The relevant instruments and equipment are
detailed in the Supporting Information.

2.2. Synthesis of probe CzTP-CNPh

The synthesis route of probe CzTP-CNPh is presented in Scheme 1.
Initially,  5-(3,6-di-tert-butyl-9H-carbazol-9-yl)thiophene-2-carbalde-
hyde (CzTPF) and 2-(1-(4-(dimethylamino)phenyl)ethylidene)malono-
nitrile (CN-Ph) were prepared separately according to the methods
reported in the relevant literature [30,31]. Subsequently, CzTPF (150
mg, 0.39 mM), CN-Ph (81 mg, 0.39 mM) and piperidine (6.6 mg, 77 pM)
were dissolved in EtOH (15 mL). The reaction mixture was refluxed at
80 °C for 6 h. Upon completion, the reaction mixture was diluted with
dichloromethane and washed with water, brine. The organic phase was
separated, and the solvent was evaporated under reduced pressure. The
crude product was purified by silica gel column chromatography
(dichloromethane: petroleum ether = 1: 1) to give the probe CZTP-CNPh
(red solid, 120 mg, 53 % yield). 'H NMR (400 MHz, CDCl3) 5 8.10-8.09
(m, 2H), 7.60-7.57 (m, 2H), 7.53 (d, J = 1.9 Hz, 2H), 7.41 (d, J = 9.0 Hz,
2H), 7.29 (s, 1H), 7.24 (s, 1H), 7.17-7.15 (m, 2H), 6.78 (d, J = 9.0 Hz,
2H), 3.10 (s, 6H), 1.47 (s, 18H). 13C NMR (101 MHz, CDCl3) 6 170.19,
152.67, 144.66, 144.54, 140.34, 139.07, 136.35, 131.99, 131.52,
124.28, 124.17, 123.57, 123.21, 119.84, 116.45, 114.39, 111.43,
109.91, 40.10, 31.93. HRMS Calcd for C3gH3gN4S: 582.2817, found:
583.2889 ([M + H] ™).

3. Results and discussion
3.1. Design of the fluorescent probe CzTP-CNPh

To monitor viscosity changes within LDs, fluorescent probes must
simultaneously possess excellent LDs-targeting ability and high viscosity
sensitivity. In this context, carbazole was selected as an ideal fluorescent
platform owing to the outstanding optical property and lipophilicity. On
the other hand, the modification of the alkyl side chains would further
enhance the lipophilicity of carbazole, more beneficial for the targeting
of LDs. In addition, the introduction of the thiophene aldehyde group
not only extends the conjugation degree of the platform, but also makes
the resulting product an efficient electron donor, thereby enhancing the
fluorescence performance and stability of the probe. Ultimately, through
a Knoevenagel condensation reaction, the aforementioned product was
connected to an electron acceptor containing a malononitrile group,
constructing a “D-n-A” type fluorescent probe CzTP-CNPh with a strong
electron push-pull effect. As a result, the molecular structure of this
probe contains freely rotatable rotors that would exhibit the typical TICT
effect and excellent viscosity sensitivity. In a low viscosity environment,
the free rotation of the rotors will lead to energy dissipation through
non-radiative transitions and thus cause fluorescence quenching.

piperidine

e
+
G
|
CzTPF CN-Ph

CH,CH,OH, 80°C, 6h

CzTP-CNPh

Scheme 1. Synthetic route of the fluorescent probe CzTP-CNPh
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Scheme 2. Response mechanism of probe CzTP-CNPh
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Fig. 1. (A) Normalized absorption and emission spectra of CzZTP-CNPh (20 pM) in the glycerol solution; (B) Fluorescence spectra of CzTP-CNPh (20 pM) in MeOH/
Glycerol solutions of different proportions; (C) The curve of fluorescence intensity at 626 nm varying with the volume fraction of glycerol; (D) The relationship
between the fluorescence lifetime of probe CzZTP-CNPh and viscosity changes.
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Fig. 2. (A) Selectivity of probe CzZTP-CNPh (20 pM) at different analytes. 1. Blank, 2. K* (100 pM), 3. Ca%* (100 pM), 4. Mgt (100 pM), 5. Na* (100 pM), 6. Cu?*
(100 pM), 7. Zn* (100 pM), 8. GSH (100 pM), 9. Hey (100 pM), 10. Cys (100 pM), 11. ONOO™ (100 pM), 12. Hy0, (100 pM), 13. O3 (100 pM), 14. -OH (100 pM), 15.
CIO™ (100 uM), 16. F~ (100 pM), 17. HS™ (100 pM), 18. SO%’ (100 pM), 19. HSO3 (100 pM), 20. SCN™ (100 pM), 21. Glycerol (99 %); (B) The fluorescence emission
intensity of probe CzTP-CNPh (20 pM) in PBS at different pH (1-12); (C) Fluorescence stability of probe CzTP-CNPh (20 pM) in Methanol and Glycerol.
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Fig. 3. (A) The fluorescence emission spectra of probe CzTP-CNPh (20 uM) in H,O/DMSO solutions of different proportions; (B) The fluorescence intensity trend of
probe CzTP-CNPh (20 pM) with the change of water volume fraction.
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Fig. 4. Co-localization imaging experiment of probe CzTP-CNPh. (A) HepG2 cells were co-incubated with oleic acid (OA) for 30 min, and then CzTP-CNPh and
commercial dye BODIPY 493/503 were added for co-localization imaging. (al-a2): Bright field image; (b1-b2): Images of HepG2 cells stained with CzTP-CNPh;
(c1-c2): Images of HepG2 cells stained with BODIPY; (d1-d2): Merged images of panels (b1) and (c1); (e1-e2): Merged images of panels (al), (b1) and (c1); (B)
Intensity correlation plot of CzZTP-CNPh and BODIPY 493/503 (Pearson’s coefficient, 0.88); (C) The fluorescence intensity profiles of CZTP-CNPh and BODIPY 493/
503 within the linear ROI (region of interest) in image Fig. 4 A. CZTP-CNPh: Ay = 488 nm, Aep, = 510-600 nm. BODIPY 493/503: Aex = 493 nm, Aey, = 500-510 nm.

Scale bar: 15 pm and 1 pm.

targeting ability and sensitive viscosity response characteristics,
providing a powerful tool for in-depth study of the dynamic changes of
LDs viscosity during the development of nonalcoholic fatty liver.

Conversely, high viscous conditions will impose steric restrictions on
molecular rotation and consequently trigger substantial fluorescence
enhancement. The corresponding response mechanism of fluorescent
probe CzTP-CNPh is illustrated in Scheme 2. Drawing on the above
considerations, we predict that this probe would exhibit excellent LDs-
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Fig. 5. (A) Flow diagram illustrating the process of cellular modeling; (B) Images of normal HepG2 cells and HepG2 cells incubated with Mon (10 pM) or Nys (10 pM)
for 30 min and then incubated with CzTP-CNPh (10 pM) for 10 min. (al-c1): Bright field images; (a2-c2): Fluorescence images of CzZTP-CNPh; (a3-c3): Enlarged
images of the square ROI of (a2-c2); (a4—c4): Merged images of (al-c1) and (a2-c2); (C) Average fluorescence intensity, (D) diameter and (E) number (per cell) of
LDs in HepG2 cells treated with CzTP-CNPh (10 pM) across various treatment groups, including the control group, Mon group and Nys group. The error bars
represent thestandard deviation (£S.D.). **p < 0.01 and ****p < 0.0001. Aex = 488 nm, Aey = 510-600 nm. Scale bar: 15 pm and 1 pm.

3.2. Spectral properties of CzTP-CNPh (fglycerol = 0-100 %). In glycerol, the probe CzTP-CNPh displays a strong
UV-visible absorption peak at 488 nm and a notable fluorescence

The viscosity response characteristics of CzTP-CNPh were first emission peak at 626 nm, accompanied by a Stokes shift of 138 nm
explored using a methanol-glycerol system with varying viscosities (Fig. 1A). Observably, as the viscosity of the test system continuously
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Fig. 6. (A) Confocal fluorescence image of zebrafish in different stimulation (probe only, Mon (10 pM), Nys (10 pM)). (al-c1): The differential interference contrast
image; (a2—c2): Images of red channels were collected in the range of 510-600 nm. Ae, = 488 nm; (a3—c3): Merged image of (al-c1) and (a2-c2); (B) The average
fluorescence intensity from the red channel. The error bars represent the standard deviation (£S.D.). ****p < 0.0001. Scale bar: 200 pm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

increases, the fluorescence intensity of the probe solution at 626 nm
increases by 20-fold, reflecting a strong viscosity-dependence response
(Fig. 1B and C). This significant increase in fluorescence is further
supported by a distinct change in the probe solution’s emission color
(Fig. 1C). Under 365 nm UV-light, the probe solution exhibits negligible
fluorescence emission in a low-viscosity system, but displays progres-
sively enhanced red fluorescence as the viscosity increases. This phe-
nomenon likely because the high-viscosity system restricts the rotation
of rotors within the probe structure, thereby reducing the energy con-
sumption during the non-radiative transition process (Fig. S1).
Furthermore, there is a markedly positive correlation between the
fluorescence lifetime of probe CzTP-CNPh and the viscosity of the test
system (Fig. 1D and Table S1). These findings establish the probe as an
effective tool for the specific detection of viscosity changes.
Target-specific recognition, free from interference, is essential for the
probe’s application in vivo imaging. Hence, we evaluated the probe’s
selectivity against various potential interferents present within the
biological system (Fig. 2A). Compared with the blank group, the fluo-
rescence of the probe remains in a quenched state after the addition of
common cations, anions, reactive oxygen species, and reactive sulfur
species to the test system. In stark contrast, a remarkably enhanced
fluorescence emission was detected in the glycerol system, reflecting
that only viscosity can selectively activate the fluorescence emission of
the probe. In other words, the probe possesses a good selective response
characteristic to the viscosity. Subsequently, the influence of microen-
vironmental parameters such as polarity and pH on the probe’s viscosity
response was also further evaluated. Although the UV-visible absorption
and fluorescence emission spectra of the probe displayed slight fluctu-
ations in solvents of varying polarity, the fluorescence emission intensity
of the probe in glycerol was obviously enhanced (Fig. S2). In compari-
son, solvent polarity exerts negligible effects on the probe’s fluores-
cence, confirming viscosity as the dominant factor driving emission
enhancement. Also, the fluorescence intensity of the probe remains
stable at different pH values (Fig. 2B). Thus, both polarity and pH
fluctuations do not interfere with the probe detection process. Finally,
the photostability of the probe under different viscosities was investi-
gated (Fig. 2C). Under continuous light excitation for 60 min, the fluo-
rescence intensity of probe CzTP-CNPh in both methanol and glycerol
did not display apparent fluctuations, ensuring the photostability of the
probe in biological imaging. Collectively, these experimental results
indicate the probe is capable of detecting real-time viscosity fluctuations

in living systems.

3.3. Aggregation-induced emission (AIE) properties of CzTP-CNPh

To study the AIE properties of CZTP-CNPh, a binary mixed system
consisting of DMSO (a good solvent) and HyO (a poor solvent) was
utilized for spectral testing. As shown in Fig. 3, the fluorescence in-
tensity of the probe displays a trend of first increasing and then
decreasing as the water content increases. When the volume fraction of
water ranges from 0 % to 90 %, there is a clear positive correlation
between the fluorescence intensity of the probe and the water content.
Specifically, at water fractions below 30 %, the fluorescence intensity of
probe CzTP-CNPh shows a slow enhancement, which may be attributed
to the strong TICT effect presented in probe CzTP-CNPh under the
conditions. Once the volume fraction of H,O exceeds 30 %, the fluo-
rescence intensity of probe CzTP-CNPh rises sharply and reaches its
maximum value at 90 %. This phenomenon probably arises from probe
aggregation due to poor solubility at high water fractions, inducing
significant fluorescence enhancement through AIE effect. When the
water content in the system exceeds 90 %, however, the fluorescence
intensity signal of the probe gradually diminishes, that is the aggrega-
tion of probe reaches saturation at 90 %, where fluorescence intensity
reaches its maximum peak. The results confirm that probe CzTP-CNPh
possesses strong AIE characteristics in aqueous media, and thus has the
potential for cell imaging applications.

3.4. Imaging of CzTP-CNPh in living cells and zebrafish

Before performing biological imaging, the cytotoxicity of the probe
was first assessed through a standard methylthiazolyldiphenyl-
tetrazolium bromide (MTT) test. As depicted in Fig. S3, the survival
rate of HepGz2 cells was detected after incubation with probe solutions at
different concentrations (0-32 pM) for 24 h. Even the experimental
group exposed to a high concentration of 32 pM CzTP-CNPh solution,
the survival rate of HepG2 cells still remained above 90 %, suggesting
that probe CzTP-CNPh has extremely low cytotoxicity that meets the
requirements for in vivo imaging applications.

To investigate whether CZTP-CNPh targets cellular LDs as expected,
a co-localization imaging experiment was carried out using the com-
mercial LDs dye boron-dipyrromethene (BODIPY). The distinct LDs were
observed in both CzTP-CNPh (red channel) and BODIPY (green
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Fig. 7. (A) Images of HepG2 cells co-incubated with different concentrations of OA (0, 250 and 500 pM) for 30 min and then incubated with CzTP-CNPh (10 pM) for
another 30 min. (al-c1): Bright field images; (a2—c2): Fluorescence images of CzZTP-CNPh; (a3-c3): Enlarged images of the square ROI of (a2—c2); (a4-c4): Merged
images of (al-cl) and (a2-c2); (B) Average fluorescence intensity, (C) diameter and (D) number of LDs in HepG2 cells treated with CzTP-CNPh (10 pM) and
stimulated with varying concentrations of OA. The error bars represent the standard deviation (+S.D.). ***p < 0.001 and ****p < 0.0001. Aex = 488 nm, Aepy =

510-600 nm. Scale bar: 15 pm and 1 pm.

channel), with each dye separately accumulating within the cellular LDs
(Fig. 4A). The co-localization analysis revealed a clear overlap between
the red and green fluorescence signals, with a Pearson’s co-localization
coefficient of 0.88, implying the probe’s excellent targeting capability
for cellular LDs (Fig. 4B and C).

In light of the satisfactory experimental results, we were eager to
know whether this probe can detect changes in intracellular viscosity.
Monensin (Mon) and Nystatin (Nys) are reagents that effectively in-
crease intracellular viscosity and are commonly used in viscosity-related
research. In the experiment, HepG2 cells were subjected to fluorescence
imaging after being stimulated by the two reagents (Fig. 5A). Compared
with the normal control group, both the experimental groups incubated
with Mon and Nys exhibited remarkably enhanced fluorescence signals

(Fig. 5B-C). Moreover, the changes in cellular LDs during the process
can be also clearly observed through the locally enlarged images. After
reagents stimulation, the diameter and number of LDs in the cells
dramatically increased (Fig. 5D-E). These findings prove that Mon and
Nys can effectively induce changes of cellular LDs states, while probe
CzTP-CNPh has the capability to monitor this process. It is worth
mentioning that similar phenomena were observed in the zebrafish
imaging experiments, where the fluorescence intensity in zebrafish
stimulated by Mon and Nys was much stronger than that in the exper-
imental group incubated with only CzTP-CNPh (Fig. 6). These results
suggest that probe CzTP-CNPh is a powerful tool for monitoring LDs-
viscosity changes in cellular and zebrafish models.
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Fig. 8. (A) Flow diagram illustrating the process of mice modeling; (B) Contrast visualization imaging of tissue from normal and NAFLD mice. Fluorescence imaging
of normal mouse liver (b1) and NAFLD mouse liver (b2); (C) Comparison of the difference in fluorescence intensity between normal liver and NAFLD liver under 10
pM CzTP-CNPh incubation condition. The error bars represent the standard deviation (+S.D.). ****p < 0.0001. Aex = 488 nm, Aey, = 510-600 nm. Scale bar: 50 pm.

(D) H&E staining of liver tissues. Scale bar: 100 pm.

3.5. Visualization of LDs in NAFLD models

NAFLD, a common metabolic disorder, arises from the abnormal
accumulation of LDs in hepatocytes and can ultimately lead to liver
dysfunctions. Accordingly, monitoring LDs-viscosity changes in fatty
liver models is crucial for understanding the pathological mechanisms of
fatty liver and related liver dysfunctions. To achieve this purpose, oleic
acid (OA)—a natural unsaturated fatty acid—is employed to construct a
nonalcoholic fatty liver cellular model, duing to its ability to induce
hepatocyte metabolic dysregulation and excessive lipid accumulation.
As shown in Fig. 7A, increasing OA concentration triggered significant
expansion of diameter and number of LDs, consistent with the NAFLD-
associated lipid accumulation reported in the literature [15]. In other
words, the nonalcoholic fatty liver cellular model was successfully
constructed under the stimulation of OA. In further quantitative anal-
ysis, there is a positive correlation between the fluorescence intensity,

average diameter, and number of LDs and the concentration of OA
(Fig. 7B-D), signaling that the abnormal accumulation of LDs in the
nonalcoholic fatty liver cellular model will lead to a notable increase in
their viscosity.

Building upon the above experimental results, the NAFLD mouse
model was established following the flow path in Fig. 8A and tissue
section imaging was performed in Fig. 8B. As displayed in Fig. 8B, tissue
imaging of mouse liver sections revealed changes of LDs are comparable
to those observed in cellular models. Namely, the fluorescence intensity
was markedly enhanced in NAFLD tissues relative to normal controls
(Fig. 8C), confirming this consistency across experimental models.
Subsequently, histological assessment was performed on liver slices
from normal mice and fatty liver mice using hematoxylin-eosin (H&E)
staining (Fig. 8D). The liver tissue of normal mice exhibited no obvious
morphological changes, while that of fatty liver mice displayed vacuo-
lation and slight swelling. These results demonstrate that fatty liver is
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accompanied by liver injury. It can be concluded that viscosity probe
CzTP-CNPh can effectively detects the changes of LDs in nonalcoholic
fatty liver cells and tissues, which positions CzTP-CNPh as a powerful
research tool for the diagnosis and treatment of NAFLD and related liver
dysfunction.

4. Conclusions

In summary, a novel viscosity-responsive fluorescent probe, CzTP-
CNPh, was successfully constructed based on the TICT mechanism,
featuring a “D-n-A” electronic system composed of a carbazole electron
donor and a malononitrile electron acceptor. Because viscosity changes
restrict the rotor’s free rotation within the corresponding framework,
the probe exhibits high viscosity sensitivity. Additionally, the probe also
features high selectivity, good photostability, a large Stokes shift, and an
AlE effect, low cytotoxicity and others. Co-localization imaging experi-
ments show that probe CzTP-CNPh selectively targets and accumulates
within cellular LDs, establishing a basis for studying changes in the LDs
microenvironment. Subsequently, the ability of the probe to detect
viscosity changes in cells and zebrafish has been further validated.
Importantly, the probe effectively detects an increasing viscosity trend
in LDs within both the nonalcoholic fatty liver cell model and mouse
liver tissue sections. This work provides a foundation for developing
advanced fluorescent probes targeting the LDs microenvironment and
contributes to advancing our understanding of LD-related physiological
and pathological processes through enhanced diagnostic imaging and
mechanistic studies, as well as facilitating the diagnosis and treatment of
related diseases.
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