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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• NiTA shows strong solvatochromism, 
with a ~160 nm red shift in 
fluorescence.

• NiTA selectively stains lipid droplets in 
cells, confirmed by colocalization 
studies.

• NiTA reveals increased lipid droplet 
formation under oxidative stress and 
starvation.

• In medaka embryos, NiTA tracks lipid 
dynamics, showing yolk and oil droplet 
changes.

• NiTA effectively visualizes cholesterol 
flux in HeLa and BJ cells.
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A B S T R A C T

Lipid droplets (LDs) are ubiquitous cellular organelles with a neutral lipid core containing triacylglycerols and 
cholesteryl esters surrounded by phospholipids. Recent findings indicate that LDs are intricately linked to dis
eases, such as cancer and neurological disorders, in addition to their roles in cellular senescence and immune 
responses. Herein, we describe a simple yet robust push-pull molecule, N,N-dimethyl-4-(5-nitrothiophen-2-yl) 
aniline (NiTA), as a versatile LD fluorescent probe. NiTA showed an absorption spectrum with a substantial 
bathochromic shift and a fluorescence spectrum with excellent solvatochromism. Leveraging the remarkable 
photophysical features of NiTA, we stained LDs in major immune cells, including T and B cells, and macrophages, 
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and monitored the changes in LDs under oxidative and starvation conditions. Furthermore, we demonstrated the 
applicability of NiTA for visualizing the organization of medaka fish (Oryzias latipes) embryos during develop
ment. We expect the small yet powerful NiTA to be utilized in various applications, including fluorescence 
mapping to observe LD numbers, morphology, and polarity changes in animals and cells.

1. Introduction

Intramolecular charge transfer (ICT) molecules possess appealing 
qualities that have resulted in great interest in their application as 
environment-sensitive dyes [1–5]. These molecules are classified as 
push-pull dyes containing spatially separated yet chemically connected 
electron-donating and -withdrawing groups. Charge transfer from the 
donor to the acceptor moiety upon excitation generates the ICT species. 
In twisted intramolecular charge transfer (TICT) species, the charged 
ICT state is accessed through rotation of the bond connecting the donor 
and acceptor moieties and is typically formed in polar solvents [6]. In 
contrast, the planar intramolecular charge transfer (PICT) model pos
tulates that an increased double bond character is formed between the 
donor and acceptor moieties [7,8]. Due to the opening of additional 
nonradiative relaxation pathways through the formation of the TICT 
state, conditions that favor the formation of TICT species often result in a 
decrease in quantum yield. ICT molecules are known for their 
environment-responsive properties because of the dependence of 
relaxation pathways on solvent properties, such as viscosity. Stabilizing 
the TICT state in polar environments also confers solvatochromic 
properties to such molecules, making them suitable as 
environment-sensitive dyes [9,10]. This is particularly evident in the 
utilization of ICT molecules for biological applications. For example, 
thioflavin T derivatives have been used to determine the fibril charac
teristics of neurological diseases, BODIPY derivatives have been 
employed in environmental pH imaging, and Nile Red has been exten
sively used to visualize cellular lipid droplets (LDs) [11–16].

LDs are highly conserved organelles in cells [17,18]. They have a 
hydrophobic core composed primarily of triacylglycerides and choles
teryl esters (CEs). Due to their ability to sequester lipids, they serve as 
energy stores and, crucially, buffers against high cellular fatty acid 
concentrations. The fatty acid-buffering capacity conferred by high LD 
numbers aids in mediating lipotoxicity and endoplasmic reticulum 
stress. Thus, dysfunctions in LD mechanisms have been associated with a 
range of diseases, including cancers, mitochondrial disorders, obesity, 
and diabetes [19]. Recent studies have revealed that LDs are essential 
hubs actively involved in antitumor immunity, anti-infective immunity, 
and metabolic disease [20–24]. Given the increasing significance of LD 
research and the remaining uncertainties and questions about the role of 
LDs, the demand for versatile LD probes is growing [37]. In this context, 
several LD dyes—including BODIPY, Lipi-Blue, and Nile Red—have 
been developed and widely utilized for LD imaging and analysis 
[25–36]. However, these conventional dyes exhibit notable limitations. 
For example, Nile Red shows poor solubility in aqueous environments, 
making it unsuitable for labeling biomolecules under physiological 
conditions [69]. While Lipi-Blue is effective for visualizing intracellular 
lipid content, it lacks sensitivity to changes in intracellular polarity. 
BODIPY dyes, though well known for their high brightness and photo
stability, often suffer from excessive lipophilicity. This property can lead 
to undesirable interactions with cell membranes, resulting in membrane 
penetration and accumulation within subcellular compartments. 
Furthermore, in polar environments such as the cytosol or extracellular 
space, BODIPY derivatives are prone to aggregation, which can induce 
aggregation-caused quenching (ACQ) and compromise fluorescence 
signal stability [70]. These issues limit the utility of conventional dyes in 
the dynamic imaging of lipid droplets and intracellular microenviron
ments. To overcome these challenges, it is crucial to develop LD probes 
that are not only photostable and highly specific, but also responsive to 
environmental polarity changes [71–74]. In particular, compact 

fluorescent probes that enhance cellular permeability while minimizing 
interference with native biomolecular interactions are highly desirable 
[38,39].

In pursuit of this goal, we have been actively developing fluorescent 
probes for monitoring biomolecular behavior. Specifically, we previ
ously developed isomorphic fluorescent nucleobases that retain the 
native characteristics of natural nucleobases while exhibiting strong 
fluorescence [40–43]. More recently, we introduced a highly emissive, 
microenvironment-sensitive fluorogenic probe, ThexT—a molecular 
rotor-containing thymidine nucleoside that fluoresces vividly upon 
interaction with target proteins [44]. ThexT features a compact structure, 
composed of thiophene and dimethylaniline moieties connected to a 
5-iodouracil nucleoside via an olefinic bond, offering favorable photo
physical properties. Inspired by the compact yet functionally rich 
structure of ThexT, we sought to expand this design concept toward the 
development of a novel LD-specific probe. In this study, we report the 
design, synthesis, and characterization of N,N-dimethyl-4-(5-ni
trothiophen-2-yl)aniline (NiTA), a push–pull type TICT fluorophore 
featuring a nitrothiophene acceptor and a dimethylaniline donor. The 
incorporation of a strong electron-withdrawing nitro group enhances 
the charge transfer characteristics of the dye, resulting in a red-shifted 
absorption spectrum and pronounced solvatochromism in the emission 
profile. Finally, we evaluated the applicability of NiTA in biological 
imaging by visualizing the structural organization and developmental 
progression of Oryzias latipes (medaka fish) embryos at various stages, 
demonstrating its practical potential as a versatile LD imaging probe.

2. Materials and methods

2.1. Synthesis

2-Bromo-5-nitrothiophene, (4-(dimethylamino)phenyl)boronic acid, 
triphenylphosphine, and sodium carbonate were obtained from FUJI
FILM Wako Pure Chemical Corporation (Osaka, Japan) and used 
without further purification. Palladium(II) acetate was purchased from 
TCI (Portland, OR, USA) and used as received. All other chemicals and 
solvents were purchased from Sigma-Aldrich (St. Louis, MO, USA), 
FUJIFILM Wako Pure Chemical Corporation, TCI, and Kanto Chemical 
Co, Inc (Tokyo, Japan) and used without further purification. All re
actions were performed under an argon atmosphere unless otherwise 
stated. Nuclear magnetic resonance (NMR) spectra were recorded using 
a JNM ECZ-600/S1 spectrometer (JEOL, Tokyo, Japan) operating at 600 
MHz for 1H NMR and 150 MHz for 13C NMR in CDCl3 unless otherwise 
noted. The detailed synthetic procedure and characterization of NiTA 
are provided in the Supporting Information.

2.2. Photophysical characterization

Fluorescence measurements were obtained using 3 mm path length 
JASCO FMM-100 quartz microcells on a JASCO FP-8300 Spectrofluo
rometer equipped with a JASCO EHC-573 temperature controller 
(JASCO Inc., Tokyo, Japan). The emission spectra were recorded as the 
average of two scans from 400 nm to 750 nm and at a scan rate of 1000 
nm/min. The samples were excited for each solvent at the wavelength at 
which the maximum absorbance was observed. For aqueous samples, 
the excitation wavelength was set to 450 nm.
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2.3. Fluorescence imaging of LDs in various cells

For cellular LD staining, Jurkat, LK35.2, and Raw 264.7 cells were 
prepared at a concentration of 5 × 105 cells mL− 1 in 1.5 mL sterile tubes. 
Cells were stained with the indicated concentrations of NiTA diluted in 
Dulbecco’s modified Eagle’s medium (DMEM)-HEPES (Gibco; Thermo 
Fisher Scientific, Waltham, MA, USA) with 2 % fetal bovine serum (FBS, 
Gibco; Thermo Fisher Scientific) and incubated at 37 ◦C under 5 % CO2 
for 30 min. After staining, the cells were washed after staining with (D)- 
phosphate-buffered saline (Gibco; Thermo Fisher Scientific) and added 
to DMEM, high glucose, HEPES, no phenol red (DMEM HEPES, Gibco; 
Thermo Fisher Scientific), and 2 % FBS (Gibco; Thermo Fisher Scienti
fic). Next, the cells were resuspended and transferred to well slides 
(μ-slide 8 Well ibiTreat; Ibidi, Gräfelfing, Germany) for further obser
vation using confocal microscopy (FV 3000; Olympus Corporation, 
Tokyo, Japan). The fluorescence detection included excitation at 488 
nm and an emission wavelength of 480–560 nm for the green channel 
and an emission wavelength of 620–720 nm for the red channel. Sub
sequently, the images were processed using ImageJ software (National 
Institutes of Health, Bethesda, MD, USA).

2.4. Medaka fish embryo imaging

In vivo staining was conducted using medaka fish embryos. Mature 

medaka fish were obtained from a local fish farm and kept in a fresh
water aquarium maintained at 25 ◦C with a 10-h dark and 14-h light 
cycle. After spawning, the eggs were collected and monitored in a Petri 
dish. On day 4, the eggs were seeded individually in triplicate in a 96- 
well plate. After NiTA treatment (300 nM, starting 3 days post- 
fertilization), the eggs were monitored for 32 days. The hatched larvae 
were placed in separate tanks for monitoring. ImageJ software was used 
to calculate the average fluorescence intensities of medaka fish embryos 
and larvae.

3. Results and discussion

3.1. Synthesis and photophysical properties

We developed a compact push-pull-type fluorescent dye by 
combining dimethylaniline as the electron donor moiety and 2-nitro
thiophene as the electron acceptor moiety. NiTA was synthesized by 
Suzuki–Miyaura cross-coupling between 2-bromo-5-nitrothiophene and 
4-(dimethylamino)phenylboronic acid under optimized conditions 
based on literature (Scheme 1) [68]. The synthesized compound was 
characterized using 1H NMR, 13C NMR, and ESI-MS, as detailed in the 
Supporting Information.

We also synthesized several NiTA derivatives with various combi
nations of donor and acceptor moieties (see Supplementary Information 

Scheme 1. Synthesis of N,N-dimethyl-4-(5-nitrothiophen-2-yl)aniline (NiTA).

Fig. 1. Photophysical characterization of NiTA. (A) Absorption and (B) Fluorescence spectra of NiTA in different solvents. (C) HOMO-LUMO levels and electron 
distributions of NiTA. (D) Dihedral coordination scan results of NiTA at S0 (blue line) and S1 (orange line) states (0− 180◦). The results depicted in (C) and (D) were 
obtained from TD-DFT calculations performed at the B3LYP/6-311+G(d,2p) level. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)
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for details). All derivatives were synthesized using the same method as 
that for NiTA and were obtained at moderate to high yields. AcTA, 
which employs an acetyl group instead of a nitro group, exhibits higher 
quantum yields and a better fluorescence response to solvent polarity 
than NiTA. However, it has a shorter emission wavelength and a nar
rower range of absorption wavelengths. NiTM, which contains a 
methoxy group instead of a dimethylamino group, and NiFA, which uses 
furan instead of thiophene, both exhibited lower fluorescence intensities 
(Fig. S1, Table S1–S4 and Fig. S6). Consequently, we adopted NiTA in 
this study. UV–visible spectroscopy revealed the apparent extent of the 
bathochromic shift in the absorption spectra of NiTA with increasing 
solvent polarity (Fig. 1A). With an increase in the solvent polarity from 
nonpolar hexane to polar acetone, the absorption spectra shifted from 
426 to 469 nm. Fluorescence spectroscopy showed that NiTA demon
strated remarkable solvatochromism (157 nm shift) when dissolved in 
various solvents. It emitted fluorescence with red-shifted emission from 
518 nm in nonpolar hexane to 675 nm in polar acetone (Fig. 1B). The 
structural and photophysical characteristics of NiTA suggest that it 
likely undergoes ICT upon excitation. The outcome of ICT varies 
depending on whether the ICT state is twisted (TICT) or planar (PICT). 
TICT is typically characterized by red-shifted emissions with low 
quantum yields in polar solvents. In contrast, although PICT can result in 
strong Stokes shifts in nonpolar solvents, emissions from the PICT state 
tend to have higher quantum yields. The increasing red-shift and 
reduction in the quantum yield of NiTA with increasing solvent polarity 
are thus consistent with an increasingly favored transition toward TICT 

emission. To clarify its behavior in the excited state, we performed 
density functional theory calculations, including the energy levels and 
electron densities in three representative solvents, as well as the most 
stable structure of NiTA in the ground and excited states. The energy gap 
between the highest occupied molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO) corresponds to the photon energy 
absorbed or emitted by the compounds (Fig. 1C). These gaps gradually 
decrease with increasing solvent polarity in both the ground and excited 
states (Fig. S2). This indicates that the absorption and fluorescence 
wavelengths increased as solvent polarity increased, consistent with the 
experimental results. In addition, electrons are localized in different 
moieties between the HOMO and LUMO, indicating that NiTA acts as a 
D-A type molecule. The computational results also support the idea that 
NiTA forms a TICT state under light irradiation (Fig. 1D and Figure S3).

3.2. NiTA stains LDs in various cells

To utilize the remarkable photophysical characteristics of NiTA for 
imaging LDs, we first verified whether NiTA could selectively stain LDs. 
Since NiTA has a broad emission range from green to red wavelengths, 
we chose the LD-specific dye Lipi-Blue which has an absorption wave
length of approximately 405 nm and an emission band from 400 to 470 
nm, as a co-stain [33]. Confocal imaging of Jurkat, LK35.2, and RAW 
264.7 cells co-stained with both NiTA using 2.5 μM for Jurkat and 
LK35.2, while Raw 264.7 using 300 nM concentration and Lipi-Blue 1 
μM concentration confirmed that the signals from NiTA and Lipi-Blue 

Fig. 2. Live-cell imaging with co-staining of Lipi-Blue and NiTA demonstrates the colocalization of lipid droplets in different cell types. The Pearson correlation 
coefficient confirms the ability of NiTA to target lipid droplets, with the following results: (A) Jurkat cells: r = 0.79; (B) LK35.2 cells: r = 0.83; (C) RAW 264.7 cells: r 
= 0.95. Jurkat and LK35.2 cells were treated with NiTA at a concentration of 2.5 μM, while RAW 264.7 cells were treated with NiTA at 300 nM concentration. All 
cells were co-stained with Lipi-Blue (1 μM) and incubated for 30 min. Images were acquired using an excitation wavelength of 405 nm and emission 400–470 nm for 
Lipi-Blue, and excitation 488 nm with emission 480–560 nm for the NiTA green channel. Scale bar: 20 μm. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)
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colocalized with each other, indicating that NiTA selectively stained LDs 
(Fig. 2). As depicted in Fig. 2, the Pearson correlation coefficients (r) 
between NiTA and Lipi-Blue were calculated to quantify the degree of 
spatial colocalization. The results demonstrated high correlation values: 
Jurkat cells, r = 0.79; LK35.2 cells, r = 0.83; RAW 264.7 cells, r = 0.95. 
These values indicate excellent spatial overlap between the two dyes, 
further supporting the specificity of NiTA for LD staining. The robust 
co-localization with Lipi-Blue validates the usability of NiTA as a reli
able probe for LDs in diverse cell types (Figs. S4 and S5). This selectivity 
can be attributed, in part, to the turn-on fluorescence exhibited by NiTA 
in a low-polarity environment. As the intracellular environment is 
generally aqueous, the inherently hydrophobic interior of lipid droplets 
ensures that the emission of NiTA within the LDs is higher than that 
outside. Cell viability assays were conducted to determine the suitability 
of NiTA as a stain for live-cell imaging (Fig. S7). Cell viability was not 
affected following treatment with up to 50-fold the normal treatment 
concentration.

Immune cells are involved in the development and progression of 
many diseases, including cancer, neurological disorders, and infectious 
and autoimmune diseases. Recently, LDs in immune cells have gained 

significant interest because they not only regulate homeostasis through 
the storage and degradation of neutral lipids but also directly intertwine 
with various immune responses [45,46]. Marschallinger and colleagues 
reported that LD accumulation in microglia induces the secretion of 
pro-inflammatory cytokines and contributes to neurodegeneration 
associated with aging [47]. LDs reportedly play an important role in 
antiviral responses by enhancing interferon production and suppressing 
viral replication [48,49]. These studies suggest that LDs are more than 
just fat depots in the immune system; as lipid mediators, they play a 
pivotal role in protecting the host from viral infection and are deeply 
involved in various diseases. Highly sensitive and non-destructive 
fluorescent probes are needed to stain and track LDs in immune cells 
to elucidate their role in various immune pathways and understand the 
underlying molecular mechanisms [50]. Encoraged by the effective and 
selective staining of LDs by NiTA in various immune cell types Fig. 2, we 
further investigated its dual emission fluorescence properties for LD 
monitoring in immune cells [66,67]. Upon 488 nm excitation, confocal 
imaging of T cells, B cells, and macrophages was performed using the 
green (480–560 nm) and red (620–720 nm) channels to evaluate NiTA’s 
fluorescence characteristics in these cells. Target cells were treated with 

Fig. 3. Live-cell imaging of immune cell lines: (A) T cells (Jurkat cells), (B) B cells (LK35.2 cells), and (C) macrophages (RAW 264.7 cells). Jurkat and LK35.2 cells 
were treated with NiTA at a concentration of 2.5 μM, while RAW 264.7 cells were treated with NiTA at 300 nM concentration, and cells were incubated for 30 min. 
Images were obtained at an excitation of 488 nm with 480–560 nm for the green channel and 620–720 nm for the red channel. Each cell type exhibits varying 
fluorescence intensities across the different channels. Scale bar: 20 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.)
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2.5 μM NiTA as a working concentration for T and B cells and 300 nM for 
macrophages. After a brief incubation period, NiTA rapidly permeated 
the cellular membrane, exhibiting pronounced and intense fluorescence 
that distinctly labeled intracellular LDs (Fig. 3). The clear and vivid 
staining underscores the efficient and rapid performance of NiTA on 
LDs, affirming its ability to brightly and specifically illuminate lipid-rich 
structures within the cellular framework. To confirm the performance of 
NiTA as an LD-staining probe, we performed lipid extraction experi
ments using T and B cells and macrophages and found that NiTA clearly 
stained the extracted lipids (Fig. S8). In addition, we generated an 
artificial lipid-mimetic system using dioleoylphosphatidylcholine 
(DOPC), sphingomyelin, and cholesterol ester and found that NiTA 
readily labeled lipid vesicles with bright green and red fluorescence 
(Fig. S9). These observations substantiate the remarkable capacity of 
NiTA to achieve highly intensive LD staining, highlighting its potential 
as a robust fluorescent probe for lipid-related investigations and 
applications.

3.3. LD staining in immune cells under oxidative stress and starvation 
conditions

LDs serve a variety of cellular functions, including maintaining 
cellular lipid homeostasis by modulating toxicity in response to stressful 
conditions. LDs act as safeguards for lipid metabolism, effectively buff
ering toxic lipids or controlling the release of surplus lipids in response 
to various types of cellular stress. To monitor LDs in altered cellular 

environments, we conducted experiments under both starvation and 
oxidative stress conditions [51,52]. Hydrogen peroxide (H2O2) is a type 
of intracellular reactive oxygen species (ROS). To simulate ROS-induced 
oxidative stress conditions, T and B cells were stained with 2.5 μM NiTA, 
followed by treatment with 4 mM H2O2 for 1 h. Fluorescence imaging of 
both untreated and H2O2-treated cells revealed significant changes in 
fluorescence signals in both the green and red channels (Fig. S10). In 
H2O2-treated cells, an overall increase in fluorescence intensity was 
observed in both T and B cells, indicating an increase in LDs. This finding 
suggests that LDs accumulate in response to H2O2-induced oxidative 
stress, likely to sequester toxic lipids from peroxidation reactions and 
mitigate cellular damage. To further analyse these changes, we calcu
lated the R/G fluorescence ratio for untreated and H2O2-treated cells. In 
T cells, the R/G fluorescence ratio increased significantly from 0.68 
(untreated) to 0.89 (treated). In contrast, in B cells, the R/G fluorescence 
ratio showed a slight decrease from 1.03 (untreated) to 0.94 (treated). 
These differential responses likely stem from differences in lipid 
composition between the two cell types. Previous studies have shown 
that T cells contain higher cholesterol levels than B cells. Therefore, the 
observed increase in the R/G fluorescence ratio in T cells may be 
attributed to cholesterol peroxidation under oxidative stress conditions 
[53,54]. The dual-channel fluorescence signals observed with NiTA can 
be attributed to its environment-sensitive emission band that extends 
across both the green and red detection channels. Owing to its sol
vatochromic nature, NiTA’s emission maximum shifts in response to 
local polarity changes. Consequently, the R/G fluorescence ratio reflects 

Fig. 4. Cell imaging and R/G intensity ratio of (A) T cells and (B) B cells under starvation conditions. Live imaging results were captured for both the green and red 
channels. Cell samples were treated using DMEM low glucose for 0 h, 3 h, and 24 h, then stained with NiTA 2.5 μM concentration for 30mins before the results taken 
with confocal microscopy imaging at 0 h as a control, and subsequently, after 3 h and 24 h to monitor the fluorescence intensity changes. Images were obtained at an 
excitation of 488 nm with 480–560 nm for the green channel and 620–720 nm for the red channel. Scale bar: 20 μm. n = 3. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)
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polarity-induced redistribution of emission intensity rather than the 
presence of multiple discrete emission peaks. This behaviour is consis
tent with that of previously reported solvatochromic probes used for 
polarity mapping in live cells [66,67]. Taken together, the observed 
shifts in the R/G ratio are consistent with known effects of cholesteryl 
ester peroxidation under oxidative stress and underscore NiTA’s capa
bility to sensitively report on microenvironmental polarity changes 
within lipid droplets.

We also conducted a separate set of experiments to monitor LD dy
namics under starvation conditions. T and B cells were cultured in low- 
glucose, serum-free medium, and LDs were visualized using NiTA 
(Fig. 4). Under starvation, fluorescence intensity increased in both cell 
types, indicating enhanced LD formation. This is consistent with the 
cellular metabolic shift from glycolysis to mitochondrial fatty acid 
oxidation under nutrient deprivation, wherein lipids serve as alternative 
energy sources. To support this metabolic adaptation, cells increase LD 
formation to facilitate lipid storage and mobilization. Additionally, 
β-oxidation of lipids is upregulated during starvation, which can alter LD 
polarity. Previous studies have also reported increased cholesterol levels 
in adipose tissue during starvation [55]. Interestingly, the changes in the 
R/G fluorescence ratio during starvation exhibited distinct patterns 
between T and B cells. When LD imaging was tracked over time (3 h and 
24 h of starvation), T cells displayed moderate fluctuations in the R/G 
fluorescence ratio: 0.87 (untreated), 1.08 (3 h), and 0.98 (24 h). 
Although the fluorescence intensity in both the green and red channels 
initially increased, the R/G ratio subsequently decreased, suggesting 
that T cells adapt to starvation conditions in a relatively stable manner. 
In contrast, B cells exhibited a steeper increase in fluorescence intensity 
and a more pronounced change in the R/G fluorescence ratio: 1.20 
(untreated), 1.17 (3 h), and 1.37 (24 h). This trend suggests that B cells 
are more sensitive to nutrient stress. Cumulatively, these findings 
demonstrate that NiTA is a useful tool for monitoring LD dynamics in 
immune cells under stress conditions, such as oxidative stress and 
nutrient deprivation. Furthermore, our results highlight the differential 
susceptibility of T and B cells to such stressors, potentially linked to their 
distinct lipid compositions and metabolic adaptations.

Fig. 5. Tracking changes in cellular cholesterol content using NiTA. Time-lapse 
imaging of (A) HeLa and (B) BJ cells in the presence of 1 mM hydroxypropyl- 
β-cyclodextrin (HPCD) in serum supplemented medium. Images were captured 
from 0, 25, 50, 75, 100, and 125 min.

Fig. 6. Two-color confocal imaging of a medaka fish embryo (3 days post-fertilization) stained with 300 nM NiTA. Images were captured at 5, 9, 16, 25, and 32 days 
(left to right). Emission was detected in the green and red channels. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.)
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3.4. Cholesterol flux visualized by NiTA

The impressive LD staining performance of NiTA in altered cellular 
environments prompted us to explore its further applications. We 
envisioned that NiTA would enable the monitoring of the behavior of 
CEs associated with LDs in live cells [56–60]. To this end, we tracked the 
R/G ratio of NiTA in LDs over a period of 2 h in both HeLa and BJ cells. 
Cancer cells are reportedly enriched in LDs that enable stress minimi
zation and tumor progression. HeLa cells are derived from cervical 
carcinoma cells, while BJ cells are fibroblasts obtained from normal 
foreskin tissue. Therefore, unlike BJ cells, HeLa cells are expected to 
exhibit cancer-like characteristics. To perturb CE levels in these cells, 
they were treated with hydroxypropyl-β-cyclodextrin (HPCD) in a 
serum-containing medium. HPCD acts as a cholesterol shuttle by 
encapsulating relatively hydrophobic cholesterol molecules within the 
cyclodextrin moiety, essentially coating the molecule with a hydrophilic 
shield. Including serum ensures that instead of depleting the cells of 
cholesterol, the intracellular cholesterol concentration would gradually 
equilibrate with that in the surrounding medium. By tracking live cells 
in real-time, we observed the equilibration of intra- and extracellular 
cholesterol.

Unexpectedly, live imaging of HeLa cells revealed no significant 
difference in the mean R/G between cells treated with HPCD and un
treated cells (Fig. 5A). In contrast, the mean R/G ratio increased over 
time in untreated BJ cells but not in BJ cells treated with HPCD (Fig. 5B). 
These results suggested that, unlike BJ cells, no net inflow of cholesterol 
or CE into HeLa cells was observed; thus, compared with BJ cells, HeLa 
cells had higher cellular cholesterol or CE content. Consistent with these 
observations, LD accumulation has been implicated in cancer develop
ment. The dysregulation of cholesterol homeostasis has been increas
ingly associated with adverse cancer outcomes. Therefore, using NiTA 
as a ratiometric dye for cholesterol moieties could serve as a valuable 
tool for visualizing LD composition in live cells.

3.5. Medaka fish embryo imaging

Medaka fish embryos are versatile model organisms for studying 
various physiological and developmental processes that occur in a so
phisticated manner in living organisms. Their transparent develop
mental stages allow for tractable in vivo imaging, eliminating the need to 
fix the target subject. This model is remarkable for investigating the 
effects of various biologically active molecules on developmental pro
cesses such as heart development and nervous system and bone forma
tion [61–65]. For biocompatible visualization of fish eggs, we applied 
NiTA to medaka fish embryos to track oil droplets, yolk, and associated 
lipid content localized in medaka eggs. Our probe exhibited good 
permeability in medaka fish eggs, enabling the observation of the 
developmental stages of medaka fish embryos without requiring addi
tional procedures following initial staining. As shown in Fig. 6, we 
observed a remarkable two-color imaging of NiTA, indicating the 
presence of yolk and oil droplets. We found that the volumes of the yolk 
and oil droplets declined significantly from 8 to 13 days 
post-fertilization. Owing to its stability in live cells, it forms lipid glob
ules in the bodies of fish larvae after hatching. In fertilized medaka fish 
eggs, oil droplets can function as energy reservoirs for embryonic 
development and organogenesis. Yolk also contains large amounts of 
lipids and proteins. During maturation, the size of the yolk decreases 
because of the consumption of lipid contents such as phospholipids, 
triglycerides, and CEs for further development. Our results indicated the 
morphological changes in lipid-containing organelles as the fish em
bryos developed. The present study demonstrates the potential of NiTA 
for longitudinal studies of LD dynamics in vivo.

4. Conclusion

In conclusion, we developed a novel push-pull molecular rotor dye as 

a solvatochromic LD-targeting fluorescent probe, NiTA, that can stain 
intracellular LDs capably with low cytotoxicity and high biocompati
bility. NiTA successfully detected LDs across various cell types, 
including cancer and immune cells, including T and B cells and mac
rophages. We monitored the alterations in LDs, including local polarity, 
under oxidative stress and starvation conditions. By applying NiTA to 
the cells, we tracked the changes in cholesterol content in both 
cancerous HeLa and non-cancerous BJ cells, highlighting these differ
ences. Because changes in cellular cholesterol content are significant in 
many metabolic diseases, NiTA may serve as a valuable tool for visu
alizing these cell states in the future. Furthermore, we demonstrated the 
applicability of NiTA for visualizing lipid-rich organelles in medaka fish 
embryos and tracking their developmental stages. We anticipate that 
tiny, but mighty NiTA will be used for various applications such as 
fluorescence mapping to monitor LD numbers, morphology, and polarity 
changes at the animal level, as well as in cells. Beyond its imaging ca
pabilities, NiTA’s minimal molecular structure and remarkable photo
physical properties make it a promising scaffold for the development of 
miniaturized optical tags (200–300 Da). Its compact architecture allows 
for potential conjugation to various biomolecules, enabling multiplexed 
and targeted applications in biological imaging. Further studies to 
develop multifunctional LD-targeting probes based on the tunable fea
tures of push-pull dyes are currently underway in our laboratory.
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