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Non-alcoholic fatty liver disease (NAFLD) is prevalent worldwide as a chronic liver disease that not only
gives rise to hepatic complications, but leads to other chronic diseases such as type 2 diabetes and
atherosclerosis. The aberrant accumulation of lipid droplets (LDs) in hepatocytes is a prominent signa-
ture of NAFLD. However, conventional techniques lack the capability to effectively monitor the dynamic
changes in LD levels during NAFLD with living organisms. Hence, it is imperative to develop LD-specific
long-wavelength fluorescent probes with high imaging contrast for the in-situ diagnosis of NAFLD. In this
study, we synthesized a new LD-selective long-wavelength fluorescent probe, denoted as LD-1, based
on the twisted intramolecular charge transfer (TICT) mechanism. The probe exhibits a large Stokes shift
and intensive fluorescence emission in nonpolar and viscous solutions. By self-assembling LD-1 with
bovine serum albumin (BSA), a biocompatible, long-wavelength fluorescent probe hybrid, LD-1@BSA, was
formed, allowing for LDs to be selectively imaged in hepatocytes. Moreover, LD-1@BSA successfully dis-
criminates NAFLD cells before and after drug treatment, and achieves non-invasive and real-time moni-

toring of LD accumulation in a mouse model of NAFLD.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Non-alcoholic fatty liver disease (NAFLD) is the leading cause
of chronic liver disease globally and its prevalence is ever-rising.
Approximately 25%-30% of adults worldwide are diagnosed with
NAFLD, with 3%-6% potentially progressing into non-alcoholic
steatohepatitis (NASH) [1,2]. NAFLD not only directly contributes to
the development of cirrhosis and hepatocellular carcinoma (HCC),
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but it can also lead to other chronic diseases such as type 2 di-
abetes (T2D) and atherosclerosis. More than 55% of T2D patients
have NAFLD, with an estimated 37.3% of which having NASH and
advanced fibrosis [3]. The connection between NAFLD and other
systemic diseases increases the overall mortality rate, particularly
for individuals with NASH and advanced fibrosis [4]. However, the
exact mechanism underlying NAFLD remains poorly understood.
This is in part due to a lack of effective and non-invasive meth-
ods for the dynamic monitoring of NAFLD at different pathological
stages.
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Currently, there are three main methods for NAFLD diagnosis,
i.e., liver biopsy, imaging, and serological detection [5]. Liver biopsy
is viewed as the gold standard for NAFLD detection; however, it
is invasive, error-prone, and highly dependent on the physicians’
experience [6]. Imaging techniques such as ultrasound, computed
tomography (CT), and magnetic resonance imaging (MRI) are also
used clinically. Ultrasound is generally of low sensitivity and can
be compromised by subcutaneous fat [7]. CT is more sensitive than
ultrasound, but its radioactivity rises toxicity issues. MRI is expen-
sive and barely applicable in developing areas [5]. The detection of
serological biomarkers shows promise for NAFLD diagnosis. How-
ever, the currently identified NAFLD biomarkers cannot indicate the
level to which hepatic steatosis is occurred [8,9]. The unmet needs
associated with conventional analytical methods highlight the im-
portance of developing new powerful tools for NAFLD study and
diagnosis [10].

A primary characteristic of NAFLD is the accumulation of ex-
cessive lipids in liver cells, leading to the accentuation of lipid
droplets (LDs) intracellularly. LDs consist of a hydrophobic core of
triacylglycerols (TG) and/or sterol esters, which are encapsulated
by protein-embedded phospholipids [11]. Thus, in-situ measuring
the level of LDs in the liver more directly indicates fat accumula-
tion, and thus, aids in the diagnosis of NAFLD. Currently, Oil red
0 is the most widely used reagent for the histological staining of
LDs. Nevertheless, the chemical structure of Oil red O is relatively
unstable, and the selectivity and sensitivity of the staining agent
for LDs remains to be improved [12]. Additionally, this method is
not amenable to real-time imaging of LDs in vivo [13].

Fluorescence imaging has proven to be an effective and non-
invasive approach for monitoring LDs in cells and in vivo with sat-
isfactory spatiotemporal resolution and signal-to-noise ratio being
achieved [14-27]. The currently developed fluorescent probes for
LD imaging are mainly based on the following two strategies [28-
30]. (1) The fluorescence of probes is tuned by solvatochromism,
i.e., a bright fluorescence is observed in lipophilic solutions, and
a red-shifted, much weaker fluorescence seen under polar condi-
tions. (2) Restriction of the intramolecular rotation of aryl groups
installed onto probes under high-viscous conditions enhances flu-
orescence. At present, a number of fluorescent probes have been
developed for LDs with Nile red and BODIPY™ 493/503 having
been commercialized [31,32]. However, the previously developed
probes generally emit fluorescence in a visible region of 400-
650 nm, which may suffer from biological autofluorescence in vivo.
Long-wavelength fluorescent probes with large Stokes shift, high
polarity sensitivity and the ability to track LD dynamics remain
elusive [33-35].

Herein, we developed a long-wavelength fluorescent probe (LD-
1) based on difluoroboron diketonates (BF,bdks) for LD imaging in
cells and in vivo (Scheme 1). Triphenylamine (TPA) and cyanoben-
zene are coupled to the different ends of the BF,bdks scaffold, pro-
ducing LD-1 with a typical electronic donor-acceptor structure and
twisted intramolecular charge transfer (TICT) characteristics. LD-1
exhibits intensive long-wavelength fluorescence and a large Stokes
shift (=~100nm) in nonpolar and viscous solutions but minimal flu-
orescence in highly polar solvent. To further enhance its biocom-
patibility [36-39], LD-1 was associated with bovine serum albumin
(BSA) by self-assembly to form a probe hybrid, LD-1@BSA. Impor-
tantly, this hybrid achieved the noninvasive and real-time monitor-
ing of LD accumulation in a NAFLD mouse model.

To achieve sensitive and selective LD imaging, probe LD-1
characteristic of TICT was designed and synthesized (Scheme 1).
Polarity-sensitive difluoroboron diketonates (BF;bdks) derivatives
exhibiting a red-shifted and weak fluorescence in low-polar sol-
vents such as CH,Cl, or tetrahydrofuran (THF) was selected as
the main skeleton to construct LD-1 [40]. TPA was used as the
electron donor whilst endowing the probe with TICT properties.
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Scheme 1. Chemical structure of LD-1 and its self-assembly with BSA to form the
LD-1@BSA hybrid for the long-wavelength fluorescence imaging of LDs in cells and
in vivo.

TPA also serves to target the hydrophobic LDs. Cyanobenzene
was introduced to the BF,bdks scaffold, and the resulting con-
jugate serves as the electron acceptor. Bithiophene was used as
the linker to connect between the electron donor and accep-
tor, and this 7r-conjugated system also red-shifts the fluorescence
wavelength. To synthesize the probe, first, bithiophene was acety-
lated by Friedel-Crafts reaction to obtain 1-S1, to which bromine
was introduced on the opposite site affording 1-S2. Subsequently,
diphenylaminophenylboric acid was introduced to 1-S2 by Suzuki
coupling, and the resulting intermediate 1-S3 was reacted with
methyl-4-cyannobenzoate to produce 1-S4. After coordinating with
boron trifluoride, the designed probe LD-1 was obtained in an
overall yield of 13% (Scheme S1 in Supporting information).

With LD-1 in hand, we first tested its photophysical prop-
erties in different solvents. LD-1 was dissolved in different or-
ganic solvents including cyclohexane (Cyc), 1,4-dioxane (Oxa), THF,
dichloromethane, ethyl acetate (EtOAc), acetonitrile, methanol and
dimethyl sulfoxide (DMSO), and then the ultraviolet-visible (UV-
vis) absorption and fluorescence spectra of the probe solutions
were measured. A broad absorbance band (~450-650nm) was
seen for LD-1 in all tested organic solvents with an absorption
maximum at ~555nm (& =ca. 65,000-74,000L mol~! cm~!) (Fig.
S1 in Supporting information). Then, the fluorescence spectra of
LD-1 in the different organic solvents were obtained by excitation
at 500 nm. A high quantum yield of @ ¢y =75.4% was obtained for
LD-1 in cyclohexane with a Stokes shift of 58 nm. The fluorescence
maxima of LD-1 in 1,4-dixoane red-shifted to 661 nm with an in-
creased Stokes shift (118 nm); however, the quantum yield dropped
largely (@D oxa =8.4%). The fluorescence intensity of LD-1 was al-
most negligible in other solvents tested, irrespective of their polar-
ity (Figs. 1a, b, h and Table S1 in Supporting information). This sug-
gests that the excellent polarity sensitivity of LD-1 can efficiently
avoid providing the false fluorescence signal in higher polar envi-
ronments rather than that in cyclohexane or hydrophobic LDs. To
better corroborate this point, we measured the fluorescence vari-
ation of LD-1 in a mixture of dioxane and DMSO. Minimal fluo-
rescence was observed for LD-1 when the proportion of dioxane
in the solvent mixture is below 80%. Upon the gradual increase of
dioxane from 80% to 100%, the fluorescence intensity of the probe
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Fig. 1. (a) Fluorescence spectra and (b) relative intensity of LD-1 (with respect to cyclohexane) in different organic solvents. (c) Fluorescence spectra and (d) plotting the
relative fluorescence intensity of LD-1 as a function of 1,4-dioxane ratio in DMSO (0-100%). (e) Fluorescence spectra and (f) plotting the relative fluorescence intensity of
LD-1 in EtOAc with increasing triglyceride (0-100%). Inset: Photo of LD-1 dissolved in EtOAc (lower left) and triglyceride (upper right) without and with excitation. (g)
Density functional theory (DFT) calculated frontier molecular orbital plots and energy level diagrams of LD-1. (h) Photo of LD-1 dissolved in different organic solvents upon
excitation. i: cyclohexane; ii: 1,4-dioxane; iii: THF; iv: CH,Cly; v: CH3CN; vi: EtOAc; vii: MeOH; viii: DMSO. ¢ =10 pmol/L, Lex =500 nm.

sharply enhanced (Figs. 1c and d). These results demonstrate that
the fluorescence of LD-1 is dependent on environmental polarity.

Next, the fluorescence of LD-1 was measured in triglyceride,
which is the main component of LDs (Fig. S2 in Supporting in-
formation). We observed that the probe emitted a bright fluores-
cence with an emission maximum at 644nm (® =21.2%) and a
large Stokes shift of 104 nm. The absorption and fluorescence prop-
erties of LD-1 in triglyceride are similar to that in 1,4-dioxane.
However, its fluorescence quantum yield in triglyceride is ~3-fold
higher than in 1,4-dioxane, suggesting that the fluorescence of LD-
1 is also determined by the viscosity of microenvironment. To tes-
tify our hypothesis, LD-1 was added to a mixed solvent of EtOAc
and triglyceride. Upon increasing the triglyceride ratio, the fluores-
cence band of LD-1 slightly blue-shifted with a gradually enhanced
emission intensity (Figs. 1e and f). These results demonstrated the
sensitivity of the probe to environmental viscosity.

To better understand the mechanism underlying the photophys-
ical properties of LD-1, the frontier molecular orbital energies were
calculated through the density functional theory. The spatial dis-
tribution of the highest occupied molecular orbitals (HOMO), that
of the lowest unoccupied molecular orbitals (LUMO) and the op-
timal conformation of LD-1 were simulated (Fig. 1g and Fig. S3
in Supporting information). The simulation results suggest that at
the HOMO level (—5.32eV), the electron density is uniformly dis-
tributed over the electron donors, i.e., the TPA and bithiophene
groups. While, at LUMO (-3.05eV), LD-1 exhibits an electronic de-
localization on the BF,bdks and cyanobenzene scaffolds. The cal-
culated preferential conformation of the probe illustrates a dihe-
dral angle of 2° for both the bithiophene-BF,bdks and BF,bdks-
cyanobenzene conjugation, suggesting a good coplanarity of the
three moieties. However, the dihedral angles of the phenyl groups
in TPA were determined to be 45° and 42°, and that between TPA
and bithiophene 40° (Fig. S3). The twisted TPA conformation de-
termines the TICT property of LD-1 [41], thus making the probe
sensitive to subtle microenvironmental changes.

With its promising photophysical properties determined, we
sought to use LD-1 for in-situ imaging of LDs in live cells. Be-
fore cellular experiments being conducted, we first tested whether
the presence of a range of naturally existing biospecies including
DNA, RNA, glutathione, cysteine, tyrosinase, BSA and metal ions

(K+, Nat, Ca?t and Mg?*) would cause the fluorescence of the
probe to non-specifically enhance. When measured in a phosphate
buffer saline (PBS) solution, we found that LD-1 exhibited minimal
fluorescence when the competing biospecies were added (Fig. S4
in Supporting information). To further improve the biocompatibil-
ity and stability of the small-molecule probe, LD-1 was associated
with BSA to form a probe hybrid through simply mixing the probe
with the albumin in PBS for 5min [42]. Dynamic laser scanning
used indicated a larger hydrodynamic diameter of the ensemble
(~135nm) than those of BSA (102nm) and LD-1 (4nm) in H,O,
suggesting the self-assembly being successful (Fig. S5 in Support-
ing information). We also studied the morphology of LD-1 and LD-
1@BSA by transmission electron microscopy (TEM) (Fig. S6 in Sup-
porting information). LD-1 was determined to self-assemble into
nanoparticles. In a representative TEM image of LD-1@BSA, it was
found that core-shell architectures were formed, corroborating the
hybridization between the probe and the protein.

Molecular docking was carried out to better elucidate the bind-
ing manner between LD-1 and BSA [43]. BSA has two major bind-
ing domains for hydrophobic small molecules, namely the sub-
domain IIA (site I) and IIIA (site II). Our molecular docking ex-
periments revealed that the binding energy of LD-1 to subdo-
main IIA (—8.30kcal/mol) was significantly lower than that to
subdomain IIIA (887.08 kcal/mol), suggesting that LD-1 exhibits a
stronger binding affinity towards the IIA domain. Subsequently, we
proceeded to simulate how LD-1 interacts with the amino acid
residues in the IIA region of BSA through protein-ligand interaction
profiler (PLIP) analysis [44]. Fig. S7 (Supporting information) illus-
trates the plausible interactive mode of LD-1 within the IIA region
of BSA. The binding motif suggests that LD-1 was immobilized by
the amino acid residues of Glu186, Thr190, Trp213, Arg217, Leu218,
Lys221, Leu237, and Ala290 mainly through hydrophobic interac-
tions. In addition, LD-1 formed hydrogen bonds with Arg198 and
His241, a m-cation interaction existed between the probe molecule
and Arg194.

A human hepatoma cell line (HepG2) was used as the cel-
lular model for fluorescence imaging. After treatment with oleic
acid (OA), LDs form intracellularly [45]. A preliminary cell count-
ing kit-8 (CCK-8) assay showed that the probe did no cause cell
death after incubation with LD-1@BSA at different concentrations
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Fig. 2. Fluorescence images (a) and quantification (b) of HepG2 cells incubated with different concentrations of OA for 24 h, followed by LD-1@BSA (5umol/L) for another
2h. Scale bar: 50um. Data are expressed as mean + standard deviation (S.D.) of three parallel experiments. Statistical analysis: *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001 vs. control. Aex/Aem =488/650-750 nm for LD-1@BSA; Aex/tem =405/420-480 nm for DAPIL.

for 24h (Fig. S8 in Supporting information). First, the intracellu-
lar LDs formed in HepG2 cells were imaged using LD-1 alone with
a fluorescence microscope. The result showed that the probe did
not enter the cells effectively probably due to its insufficient solu-
bility in full-aqueous solution (Fig. S9 in Supporting information).
This prompts us to use the probe hybrid LD-1@BSA for LD imag-
ing. A commercial LD tracker, Nile Red [46], was used for colocal-
ization. Granular dots characteristic of LDs, were visualized in both
the red (LD-1@BSA) and green channel (Nile Red) of the fluores-
cence imaging (Fig. S10a in Supporting information). The Pearson’s
colocalization coefficients of the two fluorescence channels reached
0.96, validating the effectiveness of LD-1 for LD imaging. Further-
more, a random plotting of the merged channels also indicates an
excellent spatial overlap of the two fluorescent staining agents (Fig.
S10b in Supporting information).

We also tested the photostability of LD-1@BSA, and Nile Red.
HepG2 cells stained with the probes were subject to laser irra-
diation every 30s, and the resulting fluorescence intensities were
quantified after each scan. We determined that LD-1@BSA was less
photobleached than that of Nile Red over the whole period of laser
scanning (Fig. S11 in Supporting information).

OA was reported to modulate both the quantity and morphol-
ogy of LDs in living cells [47]. LD-1@BSA was therefore used to
monitor LD dynamics in cells. Initially, HepG2 cells were treated
with varying concentrations of OA (0, 0.05, 0.1, 0.2, 0.4, 0.6 mmol/L)
for 24 h, followed by a 2 h incubation with LD-1@BSA. While min-
imal fluorescence was observed in HepG2 cells without OA treat-
ment, the fluorescence gradually enhanced with OA concentration
(Fig. 2). In addition, we studied time-dependent LD production
with a fixed OA concentration of 0.4 mmol/L. The results similarly
demonstrated a fluorescence enhancement with incubation time
(Fig. S12 in Supporting information). These results suggest the re-
liability of our probe hybrid for LD imaging in cells.

Previous research has established that LDs are involved in a va-
riety of dynamic processes including fusion, dissociation, and in-
teractions with other cellular organelles [48]. We thus evaluated
the capacity of LD-1@BSA for the in-situ monitoring of LD mo-
tion with live cells. To image LD fusion, HepG2 cells were treated
with OA and then stained with LD-1@BSA. Cells were then washed
to remove free dyes, and cell images were recorded every 10s
for continuously 30s. In a representative fluorescence field of the
cell imaging shown in Fig. S13a (Supporting information), relatively
smaller LDs were observed to fuse into a larger droplet at 30s. We

then turned to investigate whether the probe hybrid could mon-
itor LD degradation. HepG2 cells were treated with forskolin, an
activator of adenylate cyclase that increases the intracellular cyclic
AMP concentration and thus accelerates the degradation of TG in
LDs. Cells with preformed LDs were first stained with LD-1@BSA,
and then treated with forskolin (10 pmol/L). The fluorescence im-
ages were recorded at 0, 10 and 20 min. Protruded droplets with
a diameter of ~980 nm were observed in a representative fluores-
cence field of two adjacent LDs at 0 and 10 min (Fig. S13b in Sup-
porting information). Interestingly, an excreted small droplet was
finally detected at 20 min. This suggests the potency of LD-1@BSA
to effectively discern the subtle movement trajectories of nanome-
ter LDs.

Liver is the main organ in the human body that modulates lipid
metabolism. During NAFLD, an extensive amount of LDs are ob-
served in the liver as a result of abnormal lipid accumulation [49].
Before in vivo imaging, mouse primary hepatocytes were used to
corroborate the LD imaging capacity of LD-1@BSA. The cells were
treated with an excess of OA to mimic the lipid accumulation pro-
cess of NAFLD. Obeticholic acid (OCA), an inhibitor of lipid accu-
mulation by activating the farnesoid X receptor, was also employed
[50]. In the cells without OCA treatment, an intensive probe fluo-
rescence was observed. However, with OCA, the fluorescence was
largely supressed, suggesting that the fluorescence imaging is de-
pendent on LD production (Figs. S14a and b in Supporting infor-
mation). A subsequent TG quantification assay indicated that the
TG content in the primary hepatocytes increased from 0.09 mmol/g
to 0.33 mmol/g after treating with OA, and the value decreased to
0.24 mmol/g when OCA was added (Fig. S14c in Supporting infor-
mation). The same trend was observed in HepG2 cells (Fig. S15 in
Supporting information).

Finally, a mouse model of NAFLD was established by subject-
ing the leptin-deficient (ob/ob) mice to a high-fat diet (HFD) for a
duration of four weeks. All animal experiments were carried out
under the Guidelines for Care and Use of Laboratory Animals of
Shanghai Institute of Materia Medica (SIMM), Chinese Academy of
Sciences and approved by the Institutional Animal Care and Use
Committee (IACUC) of SIMM (Shanghai, China). Subsequently, LD-
1@BSA was injected intravenously, and mice were imaged with
a Newton 7.0 in vivo imaging system. In the group of wild type
(WT) mice, minimal fluorescence was shown in the hepatic region
over 8h of fluroescence imaging (Figs. 3a and b). In contrast, in
the NAFLD mice group, a strong fluorescence was detected to con-
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Fig. 3. In vivo fluorescence imaging of NAFLD and WT mice treated with LD-1@BSA
(1 mg/kg). (a) Fluorescence imaging and (b) quantification of NAFLD ob/ob mice fed
with a HFD diet and WT mice fed with normal diet used as control. (c) Fluorescence
quantification and (d) imaging of selected organs isolated from mice of both groups.
1: kidney, 2: liver, 3: spleen, 4: heart, 5: lung. The fluorescence intensity of control
group is defined as 1.0. Statistical significance levels: *P < 0.05, **P < 0.01vs. WT.
Error bars represent S.D. (n=3). (e) Representative H&E histological staining of the
liver slices obtained from the NAFLD and WT mice treated with LD-1@BSA. Scale
bar: 800 um.

centrate on the liver at 4h of imaging; the fluorescence remained
almost unchanged at 6 h, and slightly decreased at 8 h (Figs. 3a and
b).

To better localize the fluorescence signal, mice in both groups
were sacrificed 8 h after the administration of LD-1@BSA, and the
liver and other major organs including the liver, heart, kidney,
spleen, and lungs were removed for and ex vivo fluorescence imag-
ing. A much stronger fluorescence was observed in the liver of
NAFLD mice than in the other organs. Notably, the fluorescence in-
tensity detected in the liver of NAFLD mice is ~2.7-fold higher than
that of the WT mice, suggesting an upregulation of LDs during the
development of NAFLD (Figs. 3c and d). In addition, hematoxylin-
eosin (H&E) staining was performed to analyze the liver slices ob-
tained from the NAFLD and WT mice. In contrast to the histo-
logically normal liver tissue characterized by orderly hepatic cord
arrangement, the NAFLD model manifested prominently enlarged
and vacuolated hepatocytes with disrupted hepatic cords (Fig. 3e).
We did not observe any discernible tissue injury in the spleen,
lungs, heart, and kidneys of both groups, suggesting biocompat-
ibility of LD-1@BSA (Fig. S16 in Supporting information). These
findings substantiate the potential of LD-1@BSA for non-invasive
early-stage detection of NAFLD by in-situ fluorescence imaging
of LDs.

In summary, we designed and synthesized a TICT-based long-
wavelength fluorescent probe, LD-1, for the imaging of LDs. LD-
1 exhibits a strong long-wavelength fluorescence in the range of
600-800nm, a large Stokes shift of 104nm, and a fluorescence
quantum yield of 21.2% when exposed to TG. After self-assembly
with BSA, the resulting LD-1@BSA hybrid with good photostabil-
ity achieved the sensitive fluorescence imaging of LDs formed in
human hepatoma cells and mouse primary hepatocytes after OA
treatment. The probe hybrid was also capable of monitoring LD fu-
sion and separation induced by different external stimuli. Finally,
the successful in-situ fluorescence visualization of the liver of mice
with NAFLD suggests the potential of our developed probe hybrid
as a molecular probe for the study of LD biology.
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