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Lipid droplets (LDs) participate in many physiological processes, the abnormality of which will
cause chronic diseases and pathologies such as diabetes and obesity. It is crucial to monitor the
distribution of LDs at high spatial resolution and large depth. Herein, we carried three-photon
imaging of LDs in fat liver. Owing to the large three-photon absorption cross-section of the
luminogen named NAP-CF; (1.67 x 10~ cm® s?), three-photon fluorescence fat liver imaging
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reached the largest depth of 80 um. Fat liver diagnosis was successfully carried out with excellent
performance, providing great potential for LDs-associated pathologies research.
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1. Introduction

Lipid droplets (LDs) are intracellular organelles for
storing neutral lipids, including triglycerides and
cholesterol esters, which are widely present in adi-
pocytes, hepatocytes, and the adrenal cortex.! LDs
are involved in many physiological processes, in-
cluding membrane synthesis and trafficking,” in-
flammation,” and protein degradation,* and are
associated with chronic diseases pathologies such as
diabetes, obesity, atherosclerosis, and viral replica-
tion.” Thus, it is critically important to image LDs
for localization and analysis in biomedical research
and clinical diagnosis.

Optical imaging is preferred for the location and
analysis of LDs due to its high spatial resolution,
real-time performance, and specifically staining
ability. Many optical imaging technologies have
been applied to LDs imaging, including confocal
laser scanning microscopy (CLSM), ¥ Raman mi-
croscopy,'’ and multi-photon microscopy.''!”
CLSM enables high spatial-resolution performance
of LD imaging, while super-resolution microscopy
including stimulated emission depletion (STED)
and structured illumination microscopy (SIM),
further improves the spatial resolution of LDs’ im-
aging.'1'%19 However, they were constrained within
shallow imaging depth due to large scattering effect
of short wavelength. As a solution, multi-photon
microscopy is an effective way to improve penetra-
tion depth owing to its long-wavelength excitation
and nonlinear confinement. Two-photon microsco-
py (2PM) to LDs has been successfully used in cells,
mouse tissues, and living zebrafish with good per-
formance.'®'9"17 Moreover, three-photon microsco-
py (3PM) holds an even larger penetration depth
than 2PM, maintaining high contrast in turbid
tissue including mouse brain®’?* and liver.?” How-
ever, few three-photon fluorescence imaging of LDs
were reported,”” where the imaging depth as well as
resolution could be further improved.

In this study, we employed a luminogen named
NAP-CF; with enhanced fluorescence in oleic acid
(OA) for LDs imaging in fatty liver through con-
focal and three-photon microscopy. Moreover,

three-photon fluorescence imaging of LDs in the
fatty liver was conducted and reached the largest
depth ever reported,'®?* which would be significant
for fatty liver diagnosis and obesity research. The
primary objective of this study was to improve the
imaging depth of LDs at the tissue level.

2. Methods

2.1. Materials

Chemicals and reagents were purchased from qual-
ified chemical sources. NAP-CF3; was synthesized
according to a previously published literature.? OA
was bought from Sigma-Aldrich (USA). The mouse
(C57BL/6JGpt DIO) was purchased from Gem
Pharmatech Company.

2.2. Characterization of NAP-CFg

The synthetic process of NAP-CF; was referred to
our previous work.?® The absorption spectra of
NAP-CF; were recorded by a UV-vis—NIR scan-
ning spectrophotometer (UV-2550, Shimadzu,
Japan), while photoluminescence spectra of the
NAP-CF; were measured by a HITACHI F-2500
fluorescence spectrophotometer with an excitation
wavelength of 405 nm. To measure the fluorescence
of the NAP-CF3 mixture in OA, the same concen-
tration of NAP-CFj3 in dimethyl sulfoxide (DMSO)
and OA was illuminated by a Xenon lamp at
405 nm.

2.3.

Confocal fluorescence imaging was conducted on a
Zeiss LSM 800 laser confocal microscope. HeLa cells
were cultured in standard 5%CO,/air 37°C envir-
onments. NAP-CF; (50 nM) and Nile Red (100 nM)
were both dispersed in Dulbecco’s modified eagle
medium (DMEM). HeLa cells were further incu-
bated with these compounds. After incubation, the
cells were washed three times with phosphate-
buffered saline (PBS, pH = 7.4). To obtain co-stain
imaging, NAP-CF3 was excited by 405-nm laser and
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we collected the fluorescence in the 400-500nm
range, while Nile Red was excited by 488 nm laser
and its fluorescence was collected in 540-700 nm
range.

2.4. Guinea pig tissue preparation

The high-fat fed and normal guinea pig tissue
samples were obtained from the Experimental An-
imal Center of Guangzhou University of Chinese
Medicine (SYXK (Yue) 2018-0085). 30 Male Hart-
ley guinea pigs were obtained from the Guangdong
Experimental Animal Center. The living condition
of guinea pigs were at constant temperature
(20-25°C) and 65-70% humidity with a 12-h light/
dark cycle in independent ventilation cage. After
one week of adaptive feeding, all guinea pigs were
randomly divided into control group (5 guinea pigs)
and experimental group (25 guinea pigs). The con-
trol group was under normal diet whereas the ex-
perimental group was under high-fat diet. The
guinea pigs were anesthetized with 10% chloral
hydrate (0.3mL/100g), and the whole livers were
taken every week for five weeks.

The frozen liver tissue was embedded with opti-
cal cutting temperature (OCT) agent in a cryostat
(Thermo Scientific, USA) and sectioned with the
thickness of 10 um. Tissue samples were stained
with the culture medium containing 1 uM of NAP-
CF3 in 5% COs/air humidified incubator at 37°C
for 1h. The tissues were washed three times with
PBS (pH =7.4) prior to imaging. Fluorescent
images were obtained on Zeiss LSM 800 confocal
scanning microscope (excitation = 405nm and
emission collection = 480-560 nm for NAP-CFj).

2.5. Three-photon fluorescence
characterization of NAP-CF

The glass capillaries contained NAP-CF3 in DMSO,
and OA were imaged under a 3PF microscopy.
The 3PF images were recorded under different ex-
citation powers to get the P-I relationship of
NAP-CFs;.

The comparison method was applied to measure
o5 of NAP-CF; according to our previous work.?”
Fluorescein in saline solution at 1300 nm was se-
lected as the reference.”® NAP-CF3 in DMSO and
fluorescein in saline solution were excited by the
1300nm fs laser, and their 3PF signals were

Lipid droplets imaging with three-photon microscopy

collected by a photomultiplier tube (PMT). The
mean 3PF intensities were calculated by Imagel.
The o3 value of NAP-CF3 was calculated by the
following equation:

Finycony

= —_ 1
73 = %3 F077101n1’ ( )

where F' is the 3PF intensity, n is the fluorescence
quantum yield, ¢ is the molar concentration of
sample, n is the refractive index of the solvent, and
the subscripts 1 and 0 represent NAP-CF3; and
fluorescein, respectively.

o3 of NAP-CF; at other excitation wavelengths
were referenced to the value at 1300 nm measured
above and calculated by the following equation:

I 133007'?\13 AN
= 2
O3\ = 031300 Pj\3 D) 1300 ) (2)

T 1300F1300

where o3, is the wavelength dependent three-
photon absorption cross-section, 03139 is o3 of
NAP-CF;3 at 1300nm, P53y, and P, are the time-
averaged excitation photon flux (photons/s) on the
sample, 71390 and 7, are the measured pulse widths
on the sample, and Fj35 and F are the measured
3PF intensities with excitation at 1300nm and
other wavelengths, respectively.

The 3PF photostability of NAP-CF; was tested
as following. 0.1 mg/mL NAP-CF3 in OA was con-
tained in a tube capillary and imaged for 24 min
continuously under the 1300-nn-fs excitation (av-
erage power: 10mW). The fluorescence intensity
was taken from the average intensity of the pixel
counts on tube capillary in the field of view
(Zoom =1). Dwell time = 2.2 us/pixel; field of
view: 480 x 480 um; frame rate: 4 frame/slice.

2.6. Three-photon fluorescence
imaging of mice liver tissue

The adult model mouse (C57BL/6JGpt DIO) was
sacrificed to obtain the fresh mice liver tissues.
Immediately, the tissues were incubated with NAP-
CF;3 (100 nM) at room temperature in culture me-
dium (DMEM) for 2 h. Afterwards, the tissues were
washed with PBS (pH = 7.4) before three-photon
fluorescence imaging. The 3PM used a non-collinear
optical ~parametric amplifier (NOPA) with
wavelength-tunable femtosecond (fs) laser output
and a commercial Bruker scanning microscope. The
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NOPA part consisted of a 1030-nm fs pump laser
(Spectra-Physics, Spirit) and an optical parametric
amplifier system (Spectra-Physics, NOPA-VISIR).
1300-nm fs laser beam was selected as the excitation
source and a 60X oil objective (Filling factor = 1;
effective NA = 1.35, UPlanSApo60X, Olympus)
was applied for high-magnified fluorescence imag-
ing. The full width at half maximum of 1300-nm fs
laser beam was measured as 115 fs after the objec-
tive. Laser power before objective: 15mW for
0-30 pm imaging, 30mW for 31-45pm imaging,
60mW for 46-60 um imaging, and 90mW for
61-80 ym imaging. The experiments above were
performed in compliance with the ethical standards
of the Institutional Ethical Committee of Animal
Experimentation of Zhejiang University (ZJU-
TIACUC: ZJU20210222).

3. Results and Discussions

The structure of NAP-CF; is shown in Fig. 1(a).
The normalized extinction and FL spectra of NAP-
CF3; have been demonstrated in our previous
work.?0 We first testified the fluorescent enhance-
ment of NAP-CF3; when bound to LDs. Figure 1(a)
showed the extinction spectra of NAP-CFj3 in
DMSO and OA. NAP-CF5; showed an absorption
peak at around 420nm both in DMSO and OA.
There is little difference in the extinction spectral
shape. However, the fluorescence of NAP-CF5 in
OA showed a strongly enhanced intensity compared
with that of NAP-CF3; in DMSO [Fig. 1(b)]. The

0.8
——NAP-CF: in DMSO
——NAP-CF: in OA
— 0.6 CF3
= ~,
: o
S 0.4 N U 3
5 ‘ NAP-CF;
.
X 0.2
w
0.0+ T T T T
350 400 450 500 550 600

Wavelength (nm)
(a)
Fig. 1.

blue-shifted and enhanced fluorescence of NAP-CF5
in OA is attributed to the nonpolar character of OA
and solvatochromic property of NAP-CFs3.

With enhanced emission in OA, NAP-CF; could
possibly target to LDs specifically, since the vis-
cosity inside LD is very high. Our previous work
have confirmed a high clog P value of NAP-CF3.%¢
Therefore, NAP-CFs-labeled LDs possibly have
extremely high contrast in imaging.?® To illustrate
it, we performed the co-staining LD imaging with
commercially available LD-labeled probe, Nile Red
(Fig. 2). As shown in Figs. 2(a) and 2(b), LDs were
clearly stained with NAP-CF3; and Nile Red. The
merged imaging in Fig. 2(c) demonstrated that the
fluorescence of NAP-CF3 and Nile Red were over-
lapped well, confirming the high staining specificity
of NAP-CF3 to LDs. The enlarged images in
Figs. 2(d)-2(f) showed LDs with high spatial reso-
lution. In Fig. 2(d), other parts which were out
of LDs emitted little fluorescence. As shown in
Fig. 2(h), NAP-CF; displayed clear background,
whereas Nile-Red showed partly nonspecific fluo-
rescence from cells that are stained with LDs. The
case above verified the enhanced fluorescence of
NAP-CF;3 when binding to LDs.

Sequentially, we monitored the development
process of fatty liver through confocal microscopy.
As shown in Fig. 3, small LDs could be discrimi-
nated at an early stage (Week 1). Over time, the
size and density of LDs grew bigger and higher.
Finally, the fatty liver was full of large LDs, indi-
cating that the fatty liver was mature. High-
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>
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Optical characterization of NAP-CF;. (a) The extinction spectra of NAP-CF5; in DMSO and oleic acid (OA). The

concentration of NAP-CFj; is 10 pug/mL, optical length = 1 mm. Insert: The structure of NAP-CF;3. (b) The fluorescence spectra of
NAP-CF; (10 pg/mL) in DMSO and OA (Excitation wavelength is 420 nm).
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Colocalized and zoomed-in confocal laser scanning microscope images (Ao, = 405 nm for NAP-CF; and )., = 488 nm for

Nile-Red) of HeLa cells stained with (a, d) NAP-CF3 (50 nM) and (b, ) Nile Red (100 nM). (c, f) merged images obtained from two
different fluorescent panels and (g) image obtained from the bright field. (h) Fluorescent intensity obtained from NAP-CF; and

Nile-Red.

contrast LDs imaging labeled by NAP-CF; success-
fully monitored the fatty liver at different stages,
ensuring the high efficiency of fatty liver diagnosis.
Although confocal imaging of LDs could realize
fatty liver diagnosis, the imaging was constricted
within shallow slices (within 10-pum thickness).
However, multi-photon imaging allows imaging
with larger depth. Therefore, we tested multi-
photon absorption performance of NAP-CF;. First,
we measured the power dependence relationship
between the fluorescence intensity of NAP-CF3 and
the excitation intensity. The fitted curve between
logarithm of the fluorescence intensity and the ex-
citation intensity was measured with a slope of 2.91
in Fig. 4(a), which indicated that a major three-

photon absorption process happened under 1300-
nm fs excitation. We then measured three-photon
absorption cross-section (o3) spectrum of NAP-CF3
through comparison method reported previously.?”
The results showed that NAP-CF3 had peak o3 at
1300 nm. The o5 at 1300 nm was calculated to be
1.67 x 107" cm®s?, which is larger than most of
commercial fluorophores.??> Moreover, we compared
three-photon fluorescence imaging of NAP-CF3 in
DMSO and OA. The three-photon fluorescence of
NAP-CF3 in OA was brighter than it in DMSO.
Fluorescence intensity of NAP-CF3; in OA in
Fig. 4(c) was 2.2 times as high as the fluorescence
intensity of NAP-CF3 in DMSO. The NAP-CF; in
OA also showed excellent photostability under
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Fig. 3.

Week 3 Week 4 Week 5

Confocal laser scanning microscopic images (Aox = 405 nm) of high-fat feeding control (Week 0) and experimental (Week 1

to Week 5) guinea pig liver tissues stained with NAP-CF;3 (50 nM) within 10-pm depth.

continuous 1300 nm fs excitation for more than
20min in Fig. 4(d), where a power intensity of
10mW is enough for three-photon imaging of LDs
in liver tissues. The three-photon fluorescence had
only been bleached by less than 15%. The remark-
able three-photon performance of NAP-CF3 guar-
antees its potential for 3PF LDs imaging.

4.0
3.0+
-
o
g
= 2.0+ Slope: 2.91
1.0
1 I I N I
2.7 3.0 3.3 3.6 3.9
Log P,

(a)
Fig. 4.

Given its remarkable 3PF imaging performance,
we further performed three-photon fluorescence
imaging of LDs in liver tissues. The intensity of 3PF
mainly constrains the imaging depth, while the
emission wavelength plays a small role because the
emission wavelength from green to red in 3PM does
not significantly influence the fluorescence collection
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(a) The logarithm of the fluorescence intensity of NAP-CF3 against that of the 1300-nm fs excitation intensity curve.

(b) The three-photon absorption cross-section spectrum of NAP-CF3 in DMSO. (c) Quantitative analysis of fluorescence intensity of
NAP-CF;3 (10 ug/mL) in DMSO and OA. Insert: three-photon fluorescence imaging of NAP-CF; (10 ug/mL) in DMSO and OA
under 1300-nm fs excitation. (d) Photostability of NAP-CF3 (10 pg/mL) in OA under the continuous irradiation of 1300 nm fs laser

(Average power: 10 mW).
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Fig. 5. Ez vivo three-photon fluorescence imaging of LDs in live mice fatty liver tissues. (a—i) Three-photon fluorescence micro-
scopic imaging of LDs from 0 to 80 um depth. (j) Reconstructed 3D three-photon fluorescence imaging of LDs (0-80 ym). (k-m)
Gaussian analysis of arrow-pointed LD at imaging depth of 10 ym (b), 40 ym (e), and 80 um (i).
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efficiency.?” Thus, the blue shift of NAP-CF3 in OA
would not hinder the 3PF imaging depth. Due to the
enhanced three-photon fluorescence intensity of
NAP-CF; in OA, deep LDs imaging was carried out
in Fig. 5. The high nonlinear effect of 3PM guarantees
good optical tomographic capability. Three-photon
fluorescence imaging of LDs at different depths from
0 to 80 pm was shown with high contrast in Figs. 5
(a)-5(i). Single LD as small as 1.1 ym was shown with
high SBR [Fig. 5(k)]. Big LD at depth of 40 ym was
also analyzed and was measured to be 11.7 um [Fig. 5
(1)]. Even small LD at depth of 80 um was distin-
guishable with large SBR around 12 [Fig. 5(m)]. Fi-
nally, the reconstructed 3D images of LDs in Fig. 5(j)
clearly showed the distribution of LDs. The effective
attenuation length of 3PF imaging in liver was
measured as around 15.0 ym, which demonstrated
very high turbidity of liver tissue. In wvivo, three-
photon fluorescence imaging of LDs in our work was
not achieved due to the fast jitter caused by mouse’s
breathing. Three-photon fluorescence imaging of LDs
demonstrated lots of advantages, including high
contrast, high resolution, and large imaging depth.

4. Conclusion

Our study demonstrated excellent imaging perfor-
mances of NAP-CF3 in precise high-resolution
confocal imaging in wvitro, and three-photon fluo-
rescence imaging of LDs ex vivo. Due to the high
specificity of this marker for LDs staining, the
background fluorescence interference in imaging is
dramatically reduced compared with commercial
Nile Red. Meanwhile, the high specificity of NAP-
CF3 to LDs guarantees the diagnosis of fatty liver at
an early stage. Three-photon fluorescence imaging
promotes LDs imaging to a large depth. The high
resolution and deep-tissue imaging of LDs achieved
using NAP-CF; are important for future LDs-
assisted pathologies research.
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