
This journal is©The Royal Society of Chemistry 2016 Chem. Commun., 2016, 52, 5957--5960 | 5957

Cite this:Chem. Commun., 2016,

52, 5957

A near-infrared AIEgen for specific imaging of
lipid droplets†
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A new near-infrared AIE luminogen (TPE-AC) with high specificity,

good biocompatibility and excellent photostability is designed

and synthesized for lipid droplet (LD) imaging in cells. TPE-AC can

monitor the process of LD accumulation in cells, thus making it

potential for the diagnosis of early-stage fat-related diseases.

A liver is diagnosed as ‘‘fatty’’ when its hepatocytes contain
more than 5% of triglycerides.1,2 Fatty liver disease (FLD) acts
as a worldwide hepatopathy threatening human health and
is featured with the excessive accumulation of large lipid
vesicles in liver cells via the process of steatosis.3 Severe FLDs
with extensive inflammation often lead to hepatitis. As liver is
the primary organ of lipid metabolism,4 methods involving
computerized tomography scanning and B-type ultrasound
have been developed and widely used for liver inspection and
FLD diagnosis. These methods, however, suffer from poor
sensitivity and can only be applied to the late-stage diagnosis
of severe FLDs.5 In order to recognize mild FLDs and other liver
diseases at early stages, it still relies on transhepatic biopsy,
which involves a invasive and risky procedure.6 Thus, the

development of new techniques that enable the direct and
non-invasive detection of lipids in the liver would be of great
medical importance.

As the storage sites of lipids in FLDs, detection of lipid
droplets (LDs) has received increasing attention in biomedical
science research.7 LDs mainly locate in adipocytes, hepatocytes,
adrenal cortex and myocytes,8 and play important roles in
regulating the storage and metabolism of neutral lipids,
membrane formation and maintenance, signal transduction,
protein degradation and so on.9,10 The abnormality of LDs in cells
is a critical biomarker for various diseases, such as FLD, hyper-
lipidaemia, type II diabetes and atherosclerosis.11 Moreover, exten-
sive literature reports that lipid peroxidation is closely correlated
with neurodegeneration in Alzheimer’s disease.12,13 In addition,
LDs in host cells are also associated with the pathogenesis of
viruses and bacteria.14 Much evidence shows that the unusual
behaviour of LDs in cells should be considered as a crucial
hallmark of cancers.15 The development of new tools for monitoring
the abnormal LD accumulation is thus of high importance, as it can
provide useful information for the biomedical study and diagnosis
of fat-related diseases at early stages.

Organic fluorophores have been widely used as visualizing
agents in cell imaging owing to their intrinsic advantages of high
sensitivity, good biocompatibility and direct observation.16 Nile
Red and BODIPY dyes are two kinds of commercial fluorophores
for LD imaging.17,18 However, they suffer from several disadvan-
tages. For example, Nile Red exhibits poor selectivity to LDs as
it stains other intracellular structures, leading to low image
contrast.19 BODIPY dyes, on the other hand, usually require
long staining time and possess small Stokes’ shifts.20 Oil Red O
is another LD-targeting dye but it can only stain fixed cells,21

thus showing limited potential in dynamic monitoring of LDs in
live cells. Apart from these, such conventional organic fluoro-
phores also encounter the aggregation-caused quenching (ACQ)
effect: their emissions are partially or completely quenched at
high concentration or upon aggregate formation due to the
generation of detrimental species like excimers and exciplexes
by strong p–p* interactions.22 Thus, they are often used at very
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low concentrations, offering low photo-bleaching resistance,
poor sensitivity and short retention time in cells.23

Aggregation-induced emission (AIE) is a process exactly
opposite to the ACQ effect. Molecules with AIE features are
generally non-emissive in solutions but are induced to emit by
aggregate formation.24–26 Owing to the high brightness and
photostability of their aqueous nanosuspensions, AIE luminogens
(AIEgens) have emerged as promising fluorescent stains for
various biological applications.24,27 As a result of the enthusiastic
research effort in the past decade, a large variety of fluorescent
probes with emission colours covering from blue to red have been
developed and successfully applied in organelle-specific imaging
such as mitochondria, plasma membranes and lysosomes.23,28–31

However, only a few LD probes have been reported, and a
representative example developed by us is TPE-AmAl.32 Its
aggregates have been found to selectively stain LDs with strong
greenish blue light. To avoid the interference from autofluores-
cence of cells, it is more desirable to develop LD fluorescent
probes with longer wavelength light excitation and emission.
The absorption and emission of organic conjugated molecules
are known to be tuned readily by introducing electron donors (D)
and acceptors (A). In this regard, we have structurally modified
TPE-AmAl and developed a new near-infrared (NIR) AIEgen,
abbreviated as TPE-AC (Fig. 1), by decorating the tetraphenyl-
ethene (TPE) core with dimethylamine as the electron donor (D)
and malononitrile as the electron acceptor (A). Due to the
inheritance of the AIE feature from TPE, TPE-AC emits inten-
sively in the aggregated state. Because of the stronger D–A
interaction, TPE-AC absorbs and emits at a longer wavelength
than TPE-AmAl. We also demonstrated that TPE-AC could stain
LDs in both live and fixed cells with high specificity and good
biocompatibility and photostability.

TPE-AC was synthesized by a two-step simple reaction route
in a good yield (Scheme S1, ESI†). In brief, 1,2-bis(4-diethyl-
aminophenyl)-1-(4-bromophenyl)-2-phenylethene (1) was first
prepared according to our previous report.32 Lithiation of 1
with n-BuLi followed by sequential acetylation with dimethyl-
acetamide gave 1,2-bis(4-diethylaminophenyl)-1-(4-acetophenyl)-
2-phenylethene (2) in a yield of 70%. TPE-AC was synthesized by
the Knoevenagel condensation of 2 and malononitrile in a
moderate yield of 50%. TPE-AC and the intermediates were
characterized by NMR and mass spectroscopies, from which
satisfactory results corresponding to their molecular structures
were obtained (Fig. S1–S6, ESI†).

TPE-AC shows an absorption maximum at 455 nm in THF
solution (Fig. 2A), which is red-shifted by B45 nm compared to
TPE-AmAl.32 Such a red-shift is ascribed to the stronger

electron withdrawing effect of the malononitrile moiety in
TPE-AC than the formyl group in TPE-AmAl, resulting in a
stronger electron push–pull effect and a smaller energy gap
for electronic transition. TPE-AC emits faintly in THF. Upon
gradual addition of water, a poor solvent for the luminogen,
from 0 to 70 vol% into its THF solution, the emission becomes
weaker gradually and the emission maximum is continuously
red-shifted from 724 to 780 nm (Fig. 2B). Such a phenomenon
is attributed to the enhancement of the twisted intramolecular
charge-transfer (TICT) effect from the electron donor to the
acceptor of TPE-AC owing to the increment of the polarity of
the solvent mixture upon water addition. At water fractions
larger than 70%, TPE-AC is emissive again, possibly due to the
formation of nanoaggregates of TPE-AC, which activates the AIE
process. Such a claim is confirmed by dynamic light scattering
analysis (Fig. S7, ESI†). At 99% water content, the PL intensity is
about 34-fold higher than that in the pure THF solution.
Clearly, TPE-AC is AIE-active. On the other hand, the increase
in the hydrophobicity of the local environment of nanoaggre-
gates results in a blue-shift in their emission. Although the
extent of the blue-shift is small (20 nm), TPE-AC aggregates still
show near-infrared emission at 705 nm with an absolute
quantum yield of 5% (Fig. S8, ESI†). As bioimaging is always
conducted in buffers or culture media, the emission properties
of TPE-AC in the presence of phosphate buffered saline (PBS) is
examined. As shown from the PL spectrum in Fig. S9 (ESI†),
TPE-AC shows a similar response to PBS as water.

To explore the application of TPE-AC in LD imaging in live
cells, its cytotoxicity was firstly evaluated using 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay. As
depicted in Fig. S10 (ESI†), no significant change in the cell
viability is observed when the cells are cultured in the presence of
a high concentration of TPE-AC of 100 mM for 24 h. This reveals
that TPE-AC shows no cytotoxicity and good biocompatibility to
live cells. The absorption and emission of TPE-AC in buffers
with different pH values were then investigated. From the
results shown in Fig. S11 (ESI†), the absorption and PL spectra
change a little even when the pH value is varied from 4.06

Fig. 1 Design rationale of a new near-infrared AIE luminogen for lipid
droplet imaging.

Fig. 2 (A) Absorption and PL spectra of TPE-AC in THF/water mixtures
with different water fractions (fw). Inset: Enlarged PL spectra at fw of
0–70%. Concentration: 10 mM; lex = 450 nm. (B) Plot of relative PL
intensity (I/I0) and emission maximum of TPE-AC versus the composition
of the THF/water mixtures of TPE-AC, where I0 is the PL intensity in THF
solution. Inset: Photographs of TPE-AC in THF solution and THF/water
mixture with 99% fw taken under 365 nm UV light irradiation from a hand-
held UV lamp. Concentration: 10 mM; lex = 450 nm.
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to 9.20, indicating that TPE-AC is stable under physiological
conditions.

We then investigated its capability to stain LDs in live cells by
using a fluorescence microscope. HeLa cells were first treated
with oleic acid, which is a fatty acid that can induce significant
amounts of neutral lipids in cells,7 and then co-stained with
TPE-AC (10 mM) and a commercial nuclei-specific probe,
namely DAPI (1.5 mg mL�1). As shown from the fluorescence
images of HeLa cells in Fig. 3A–C, red fluorescence from TPE-AC
and blue fluorescence from DAPI are clearly observed in LDs and
nucleus, respectively. It is of interest to note that TPE-AC emits a
bright NIR light in LDs with high contrast even when the polarity
of the local environment is low.33

In order to further assess the specificity of TPE-AC to LDs in live
HeLa cells, BODIPY 493/503, a commercially available LDs-
imaging agent, was used to co-stain the oleic acid-treated HeLa
cells. The similarity between the fluorescence images shown in
Fig. 3D and E suggests that both TPE-AC and BODIPY 493/503
stained the LDs in cells. The Pearson’s correlation coefficient of
the two fluorescence images is calculated to be 0.92, indicating
that TPE-AC is highly specific to LDs. Interestingly, a clear image of
LDs can be obtained with a considerable signal-to-noise ratio at a
staining time as short as 15 min (Fig. S12A–D, ESI†). Furthermore,
when the concentration of TPE-AC is increased to 100 mM, the
staining process can be shortened to 2 min (Fig. S13, ESI†). These
results suggest that TPE-AC can pass through the cell membrane
easily and stain the LDs in a fast and convenient fashion.

To further examine whether TPE-AC only applies for HeLa
cells we also used it to stain other cells, including LO2, LX2,
HepG2 and MCF7 cells. As depicted in Fig. S14 (ESI†), after being
treated with oleic acid and then stained with TPE-AC, all the cells
show red emission from LDs. These results further support that
TPE-AC is a universal fluorescent probe for LDs and is a potential
material for various biological research studies.

Photostability is one of the key criteria for evaluating
a fluorescent visualizer. To quantitatively investigate the

photo-bleaching resistance of TPE-AC and BODIPY 493/503, we
continuously scanned the dye-labelled HeLa cells with 0.3 mW
laser excitations from a confocal fluorescence microscope, and
recorded the corresponding fluorescence signal at each scan.
The plot of percentage of signal loss against the scan number is
shown in Fig. 4A. There was no significant signal loss in TPE-AC
after 80 scans at a total irradiation time of 30 min.

In contrast, more than half of the fluorescence of BODIPY
493/503 is lost after 40 scans. The NIR fluorescence of TPE-AC
can still be observed in LDs clearly after 80 scans, but the
BODIPY emission almost disappears under the same conditions
(Fig. 4B). Evidently, TPE-AC shows a much higher photostability
than BODIPY 493/503.

Due to its advantages of bright NIR emission, low cytotoxi-
city, high specificity and excellent photostability in LD imaging,
we further explored the application of TPE-AC in monitoring LD
accumulation in cells. We treated the live cells with oleic acid for
different incubation times and then used TPE-AC to stain the
oleic acid-treated cells. Upon increasing the incubation time,
more intense red fluorescence from HeLa cells was observed,
indicating that more LDs are induced to be produced in the
cytoplasm (Fig. 5A–D). We further studied the concentration
effect of oleic acid on the amount of LDs. The HeLa cells were
exposed to different oleic acid concentrations for 6 h followed by
staining with TPE-AC. In the absence of oleic acid, only weak red
fluorescence is observed (Fig. 5E). When the HeLa cells are
treated at a higher acid concentration, a more intense PL signal
is recorded, demonstrating that more LDs are visualized by TPE-
AC (Fig. 5E–H). Thus, TPE-AC indeed can be used as a fluorescent
probe to monitor the accumulation of LDs, making it potential
for the early diagnosis of liver diseases.

In addition to fast staining and easy operation in live cell
imaging, a versatile fluorescent probe should be capable of
staining fixed cells as well because cell fixation is a critical
step for sample preservation in biological research. As shown in
Fig. S15 (ESI†), the specificity of TPE-AC to LDs remains high in
fixed HeLa cells and COS-7 cells, demonstrating that it also
works well in fixed samples.

Fig. 3 (A and B) Fluorescence images of HeLa cells co-stained with
(A) TPE-AC and (B) DAPI. (C) Merged image of (A) and (B). (D and E)
Fluorescence images of HeLa cells co-stained with (D) TPE-AC and (E)
BODIPY 493/503. (F) Merged image of (D) and (E). Concentration: 10 mM
(TPE-AC), 1.5 mg mL�1 (DAPI) and 1 mg mL�1 (BODIPY 493/503); lex: 510–
550 nm (TPE-AC), 330–385 nm (DAPI), 460–490 nm (BODIPY 493/503);
scale bar: 30 mm.

Fig. 4 (A) Loss in fluorescence of HeLa cells stained with TPE-AC and
BODIPY 493/503 with the number of scans of laser irradiation. (B) Con-
focal images of HeLa cells stained with TPE-AC (upper panel) and BODIPY
493/503 (lower panel) before and after 80 scans of laser irradiation.
Concentration: 10 mM (TPE-AC) and 1 mg mL�1 (BODIPY 493/503); lex:
514 nm (TPE-AC) and 489 nm (BODIPY 493/503); laser power: 0.3 mW;
scale bar: 40 mm.
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In summary, in this work, a new NIR AIEgen is developed for
specific LD imaging and monitoring LDs in live cells with high
brightness, good biocompatibility and superior photostability.
The long-wavelength absorption and emission of TPE-AC make
it a promising material for in vivo deep tissue LD imaging, early
diagnosis of liver diseases, and real-time monitoring of the
macrophage foam cells.
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