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A Red-Emissive Fluorescent Probe with a Compact Single-
Benzene-Based Skeleton for Cell Imaging of Lipid Droplets

Ri Zhou, Yuanyuan Cui, Jianan Dai, Chenguang Wang,* Xishuang Liang, Xu Yan,
Fangmeng Liu, Xiaomin Liu, Peng Sun, Hongyu Zhang, Yue Wang, and Geyu Lu*

Lipid droplets (LDs) are important organelles associated with many physi-
ological processes as well as diseases. To visualize LDs and study their
versatile functions, the fluorescence imaging technique is one of the most
powerful tools. Thus, the development of fluorescent probes for LDs imaging
has attracted increased attention in recent years. Herein, a new LDs fluores-
cent probe Ph-Red is developed and its application in fluorescence imaging
is carefully demonstrated. The probe Ph-Red has a compact single-benzene-
based molecular structure and can be easily synthesized via a one-step
reaction. Impressively, the probe displays strong red emission based on a
very small 7=system consisting of only one benzene ring. Moreover, the probe
shows high LDs staining selectivity and good cellular viability, and is tolerant
for repeatedly fluorescence imaging. Given these advantages, the 3D confocal
imaging in fixed cells as well as multicolor confocal imaging in live cells are
successfully realized, highlighting the utility of the single-benzene-based fluo-
rescent probe Ph-Red for LDs imaging. In addition, the hydrophobicity of the
probe and the molecular size are revealed to play critical roles for efficiently
staining LDs, which are important insights for the development of new LDs

events including membrane trafficking,
protein storage,’! and inflammation./%
Moreover, LDs are strongly relative to
some diseases, such as neurodegenera-
tion,”! obesity,® and cancer.’!

To visualize LDs and study their versa-
tile functions, the fluorescence imaging
technique is one of the most powerful
tools. Currentlyy, BODIPY 493/503 and
Nile Red are commonly used fluorescent
probes for LDs fluorescence imaging
(Scheme 1a)."%! However, these two probes
have several weaknesses. For example,
BODIPY 493/503 displays a small Stokes
shift that causes cross-talk between the
excitation source and the fluorescence
emission; Nile Red stains LDs as well as
other hydrophobic structures resulting in
a low LDs selectivity and an unfavorable
signal-to-noise ratio.!’

In this context, the development of

fluorescent probes.

1. Introduction

Lipid droplets (LDs) are spherical organelles which consist of
a core of neutral lipids such as triglycerides and cholesterol
esters, and a surrounding membrane of phospholipid mon-
olayer anchored with proteins. LDs which exist in almost all
organisms from prokaryotes to humans play pivotal roles in not
only the storage of lipid,l'=*l but also in various other cellular
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superior fluorescent probes for LDs

imaging has attracted increased attention

in recent years.'?! For example, Tang
and co-workers reported a donor—acceptor type blue-emissive
probe TPA-BI which is capable for two-photon imaging of LDs
(Scheme 1b).™ Yamaguchi and co-workers developed a green-
emissive LDs probe LipiDye which has been successfully com-
mercialized.'>3 Collot and co-workers reported a series of
merocyanine-based probes SMCy which display yellow to the
near-infrared emissions with high brightness and fluorogenic
character.™ These works significantly advance the imaging and
study of LDs. Nonetheless, the species of LDs fluorescent probes
are still relatively limited. Moreover, the molecular structures
of these LDs probes are somewhat complicated and required
tedious chemical synthesis.

To develop new LDs fluorescent probe, we focus on the
m-conjugated skeleton with compact molecular structure, even
single-benzene s-system. Featuring with simple molecular
structure as well as simple synthetic procedure, several single-
benzene-based fluorophores have been developed by Katagiri’s
group,®®l Yuan’s group,?”! Fang’s group,’” our group,i33¢
and others.’’”l Dimethyl 2,5-bis(methylamino)terephthalate
(compound 1, Scheme 1c) is a representative single-benzene
fluorophore reported by us in 201731 With a very small single-
benzene m-system, this compound impressively displays
intense red emission in crystals. Employing the derivatives
of this compound, we subsequently developed the functional

(10f9) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Molecular structures of lipid droplets (LDs) fluorescent probes. The color of each probe indicates its emission color (blue, green, or red).

organic crystals which can be reversibly bent under mechanical
force and are potentially applied in flexible optical devices.?>33]
Herein, we explore the cell imaging application of this red-
emissive single-benzene fluorophore, and thus newly develop
a LDs fluorescent probe Ph-Red with two cyclohexyl substitu-
ents (Scheme 1c). Besides simple molecular structure and
synthesis, the single-benzene-based fluorescent probe Ph-Red
displays favorable absorption and emission properties for
LDs fluorescence imaging, such as strong red emission, large
Stokes shift, and capable for the commonly used 488 nm exci-
tation laser. Moreover, this probe displays higher LDs staining
selectivity in cells than the commonly used BODIPY 493/503
and Nile Red. Given these advantages of Ph-Red, we success-
fully realized 3D confocal imaging in fixed cells as well as
multicolor confocal imaging in live cells, highlighting utility of
this single-benzene-based fluorescent probe for LDs imaging.
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In addition, we reveal that both the hydrophobicity of probe
and the molecular size play critical roles for efficiently staining
LDs, which are important insights for development of new LDs
fluorescent probes.

2. Results and Discussion

2.1. Synthesis

The synthesis of probe Ph-Red is very easy (Scheme 2). One-
step condensation between dimethyl 1,4-cyclohexanedione-
2,5-dicarboxylate and cyclohexylamine under air atmosphere
readily produced Ph-Red in 54% yield. The molecular structure
of Ph-Red was characterized by 'H and *C NMR spectra, and
further confirmed by single-crystal X-ray diffraction analysis.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Synthesis of the single-benzene-based fluorescent probe Ph-Red.

In a similar manner, compounds 1-6 (Scheme 1c) with various
alkyl chains were also synthesized for comparison of cellular
staining property (Supporting Information).

2.2. Photophysical Properties

The photophysical properties of single-benzene-based fluo-
rescent probe Ph-Red were investigated in various solvents
(Figure 1 and Table 1). The absorption (4,,,) and emission
(Aem) maxima are around 490 and 600 nm, respectively, which
are insensitive to the solvent polarity. While featuring a large
Stokes shift of about 110 nm, this probe displays intense red
emission with a fluorescence quantum yield (@) of about 0.30
in solution. The fluorescence brightness of Ph-Red, as deter-
mined by & X @, is about 1500 M! cm™. This value is well
in comparison to the representative dyes with large Stokes,
e.g. Lucifer Yellow CH*?l and Star 470SXP.*}| The very small
single-benzene m-system displaying such long-wavelength
absorption and emission, large Stokes shift as well as good
brightness is really unusual. The unique photophysical prop-
erties endow Ph-Red with the following advantages for fluo-
rescence imaging: 1) the long-wavelength emission is highly
appreciated because the auto-fluorescence background signal
of cells which are generally in short-wavelength range can be
significantly diminished; 2) the large Stokes shift could effec-
tively avoid the cross-talk between the excitation source and
the detection of fluorescence; 3) the absorption of probe is
quite suitable for the commonly used 488 nm excitation laser
of fluorescence microscopy. Besides of solutions, the probe
Ph-Red also displays intense red emission (Ao, = 628 nm)

toluene
= CHCI3
———DMSO
—— CH3CN
solid

6000

4000

/M em™

2000

Normalized FL intensity / a.u.

400 500 600 700 800
Wavelength / nm

Figure 1. Absorption (dashed line) and fluorescence (solid line) spectra
of the probe Ph-Red in various organic solvents, and its fluorescence
spectrum in solid state. Inset: the photograph of its CHCl; solution under
UV light.
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with a @p of 0.27 in solid state (Figure 1). Thus, this probe
does not encounter the bottleneck of aggregation-caused fluo-
rescence quenching (ACQ), and can be used in high concen-
tration or even in solid state (nanoparticles) for fluorescence
imaging.

2.3. LDs Staining Properties

We first conducted co-staining experiments of LDs in living
HelLa cells (Figure 2). The cells were stained with BODIPY
493/503 (2 x 10 m) and Ph-Red (500 x 10 m) for 1 h, and
were imaged in green channel (4, = 488 nm, A., = 500—
540 nm) and red channel (A, = 488 nm; A, = 600-640 nm),
respectively. The two channels are well overlapped with each
other, and a high Pearson’s R value of 0.85 is observed (Figure S2,
Supporting Information). This result indicates the well LDs
selectivity of the single-benzene-based fluorescent probe
Ph-Red.

We next carefully studied the cellular staining property of
probe Ph-Red. The live HeLa cells were stained with Ph-Red,
BODIPY 493/503, or Nile Red in various concentrations
(200 x 10 M, 1 x 107° M, and 5 x 107° M) for 1 h. It was found
that Ph-Red could efficiently stain LDs with high selectivity
in all of these concentrations (Figure 3). In contrast, BODIPY
493/503 and Nile Red displayed much lower LDs selectivity,
staining other cellular structures as well. This comparison
strongly highlights the advantage of Ph-Red. The cell viability
of Ph-Red was also evaluated by MTT assay (Figure S3, Sup-
porting Information). With a concentration up to 5 x 107 m, the
probe did not affect the cell viability within 24 h. These results

Table 1. Photophysical data for the probe Ph-Red.

Probe Solution Ay [nm)  e[M'em™] Aoy [nm] @ Brightness
or solid M em

Ph-Red Toluene 496 5800 594 0.29 1700
CHCls 494 4870 610 0.31 1500
DMSO 493 5310 605 0.31 1600
CH;CN 487 5130 600 0.31 1600

Solid - - 628 0.27 -

Lucifer H,0 428 11 300 540 0.21 2400

Yellow CH

Star 470SXP PBS buffer 472 29 000 624 0.12 3500

?The longest wavelength absorption maximum.; ®Absolute fluorescence quantum
yield determined by a calibrated integrating sphere system.; 9The brightness was
determined as £x @.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Colocalization confocal imaging of living Hela cells stained with Rh-Red and BODIPY 493/503: a) imaging channel of BODIPY 493/503
(Aex = 488 nM; Ao, = 500-540 nm); b) imaging channel of Rh-Red (A = 488 nm; A, = 600-640 nm); c) merged image; d) bright field image. Scale

bar: 10 um.

demonstrate that a wide working concentration range of 200 x
107°-5 x 107® M can be adopted for the probe.

For the practical use of probe Ph-Red, a low concentration
of 200 x 10~ m is enough to get sufficient and persistent fluo-
rescence signals even for repeatedly imaging. In fact, the LDs
stained with 200 x 10~ M of Ph-Red for 1 h provide comparable
or even higher brightness than those stained with BODIPY
493/503 or Nile Red (200 x 10 M, 1 h) under the identical
imaging condition (Figure S4, Supporting Information). The
photostability of probe Ph-Red was evaluated by repeatedly
recording confocal images in the same area (Figure 4, Movie
S1in Supporting Information). In this experiment, the HeLa
cells were stained with probe Ph-Red in a low concentration
of 200 x 10~ m for 1 h. After washing out the free probe, the
confocal images were recorded by a Nikon AIRMP micro-
scope. Under the excitation of 488 nm laser, the probe Ph-Red
displayed good photostability. After repeatedly recording 100
images, the fluorescence signal of probe still maintains above
80% of its initial value. Notably, the observed weak photo-
bleaching can be significantly suppressed by increasing the
probe concentration and accordingly decreasing the power of
excitation laser.

Adv. Optical Mater. 2020, 8, 1902123
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The chemical stability of probe Ph-Red was evaluated in
the aqueous mixture of PBS/DMSO (V/V = 3/7). As shown in
Figure S5 (Supporting Information), the absorption spectra of
probe Ph-Red almost did not change within 24 h in the mix-
ture of PBS-DMSO, demonstrating the good chemical sta-
bility of this probe. The good photo- and chemical-stability of
probe Ph-Red are highly desired for long-term fluorescence
imaging.

The comparison of cellular staining property between
Ph-Red and its analogous compounds 1-6 with various alkyl
chains provides important insights for development of new
LDs fluorescent probes. The live HelLa cells stained with these
dyes (1 x 107° m, 1 h) were imaged under the identical excita-
tion and detection (Figure 5). Compounds 1-2 did not provide
any detectable fluorescence signal, and compound 3 could give
very weak signal. For compounds 4-5, dramatically increased
fluorescence signals were observed. However, for further elon-
gation of alkyl chains to compound 6, the fluorescence signal
was decreased. The intensity variation of fluorescence signals
of compounds 1-6 strongly reveals that the alkyl chains which
control the hydrophobicity of compounds largely affect the LDs
staining property. To quantitatively evaluate the hydrophobicity,

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Comparison of the cellular staining selectivity of Ph-Red, BODIPY 493/503, and Nile Red (200 x 10° M, 1x 107¢ M, or 5x 107 m for 1 h) in

living HelLa cells. Scale bar: 10 um.

the CLogP which means the n-octanol-water partition coef-
ficient calculated by ChemDraw is employed. Because com-
pounds 1-6 have the identical skeleton and the only difference
between them is the alkyl chain, the change in tendency of
CLogP values of these compounds can be predicted by Chem-
Draw. On the other hand, the calculated CLogP that is usually
far away from the experimental value, may be not reliable for
the comparison of the compounds with different skeletons. The
CLogP values of compounds 1-6 are 2.5, 3.6, 4.7, 5.7, 6.8, and
78, respectively. Therefore, a CLogP value of about 6 should be
desired for staining LDs. Lower hydrophobicity may decrease
the driving force to stain LDs, while higher hydrophobicity
may decrease the cell permeability. In terms of hydrophobicity,
Ph-Red which has a CLogP value of 6.6 is very reasonable for
efficiently staining LDs. Moreover, Ph-Red provides much

Adv. Optical Mater. 2020, 8, 1902123
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stronger fluorescence signal than compound 5 although their
hydrophobicity is very similar. This result reveals that the
cycloalkyl group which has a smaller spatial size than the
linear alkyl group provides better cell permeability.

2.4. 3D Confocal Imaging

The 3D confocal imaging is a powerful tool to directly visu-
alize the spatial distribution of subcellular structures. In
general, the 3D image is obtained by reconstruction of
Z-stack slices which involve multiple imaging scans of the
sample and lead to significant photo-bleaching of the fluo-
rescent probe. Therefore, the high brightness and the good
photostability of probe are highly appreciated for 3D imaging.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

a) K

www.advopticalmat.de

8) 18 \-‘
0.8

S
P L
2
o 06}
=
-
s
2 04
©
2
021
0.0 . L - L
0 20 40

L 1]
60 80 100

Number of confocal images

Figure 4. Repeatedly recorded confocal images of lipid droplets (LDs) stained with probe Ph-Red (200 x 10°M, 1 h) in the same area: a) the confocal
images of number 1, 50, and 100; b) the fluorescence intensity of each image (/) relative to the initial value (lo) plotted as a function of the recorded

number. Scale bar: 10 um.

We herein demonstrate the probe Ph-Red for this application.
In consideration of that the quick movement of LDs in living
cells would dramatically decrease the resolution of 3D image
during recording Z-stack slices, we employed fixed cells for 3D
imaging. The live HeLa cells were stained with 200 x 10~ m
Ph-Red for 1 h followed by fixing with 4% paraformaldehyde.
The cell nuclei were then stained with Hoechst 33 342. The
LDs and nuclei could be imaged in two channels separately.
In order to get high spatial resolution as well as high con-
trast of 3D image, the Z-stack slices were recorded under a
quite precise condition: a high xy pixel resolution of 67 nm, a
small z-step of 100 nm, and a line average of 3 times per slice.
Based on the 71 slices (in total 213 scans) in a z-depth of 7 um,
the two-color 3D image was successfully reconstructed with
high quality (Figure 6, Movie S2, Supporting Information).
The spatial distribution of LDs relative to the nucleus can be
clearly visualized. Moreover, the full width at half maximum
(FWHM) resolution of the 3D image is about 230 nm in xy
plane and 420 nm in z-axis (Figures S6 and S7, Supporting
Information), which is almost the limitation of confocal
microscopy, strongly highlighting the quality of the 3D image.

2.5. Multicolor Confocal Imaging

The multicolor confocal imaging allows revealing different cel-
lular processes on the same image and thus provides important

Adv. Optical Mater. 2020, 8, 1902123
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information. We herein demonstrate the utility of probe Ph-Red
in four-color confocal imaging. The nucleus, lysosomes, LDs,
and mitochondria of living HelLa cells were stained with Hoe-
chst 33 342 (blue-emissive), LysoTracker Green, Ph-Red, and
MitoTracker Deep Red FM, respectively. Based on the differ-
ences of their absorption and emission spectra, the probes
could be selectively detected via a line-by-line sequential scan-
ning of four channels without cross-talk (Figure 7, Figure S8,
Supporting Information). Thus, the four-color confocal image
was successfully obtained.

3. Conclusion

We have developed a new LDs fluorescent probe Ph-Red
with a compact single-benzene-based skeleton. Besides
of simple molecular structure as well as simple synthetic
procedure, this probe displays favorable properties for LDs
fluorescence imaging, such as strong red emission, large
Stokes shift, high LDs staining selectivity, good cellular
viability, and tolerant for repeatedly fluorescence imaging.
Given these advantages, the 3D confocal imaging in fixed
cells as well as multicolor confocal imaging in live cells
have been successfully realized, highlighting utility of the
probe Ph-Red for LDs imaging. Further development of new
single-benzene-based fluorescent probes for other cellular
organelles is ongoing in our lab.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Comparison of the cellular staining properties of Ph-Red and compounds 3-6 in living Hela cells under the same staining (1 x 10 m, 1 h)
and imaging condition. Calibration bar: 0-100 for compound 3, 04000 for others. Scale bar: 10 um.
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Figure 6. 3D confocal imaging of fixed Hela cells stained with lipid droplets (LDs) probe Ph-Red and nuclei probe Hoechst 33 342: a,b) top and side
views of LDs together with nuclei. The variation of color from blue to red means the different z-depth.

Figure 7. Multicolor confocal imaging of living HeLa cells: a) nucleus stained with Hoechst 33 342; b) lysosomes stained with LysoTracker Green; c) lipid
droplets (LDs) stained with Ph-Red; d) mitochondria stained with MitoTracker Deep Red FM; and e) merged image of four channels. Scale bar: 10 um.
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