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In situ visualization of peroxisomal viscosity in the
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imaging
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Non-alcoholic fatty liver disease (NAFLD) can gradually develop into hepatic failure, and early diagnosis is
crucial to improve treatment efficiency. The occurrence of NAFLD is closely related to lipid metabolism.
Peroxisomes act as the first and main site for lipid metabolism in the hepatocytes, so abnormal lipid
metabolism might directly affect peroxisomal viscosity. Herein, we developed a new near-infrared
fluorescence (NIRF) and photoacoustic (PA) imaging probe (PV-1) for the real-time visualization of
peroxisomal viscosity in vivo. This PV-1 encompasses the malononitrile group as the rotor, which emits
strong NIRF (at 705 nm) and PA (at 680 nm) signals when rotation is hindered as viscosity increases.
Through dual-mode imaging, we discovered distinctly higher viscosity in the liver of NAFLD mice for the
first time. We further found the remarkable amelioration of NAFLD upon treatment with N-acetylcysteine
(NAC). Therefore, we anticipate that the PV-1 imaging method is promising for the early diagnosis and

rsc.li/chemical-science prognostic evaluation of NAFLD.

Introduction

Non-alcoholic fatty liver disease (NAFLD) is one of the most
common causes of abnormal liver function. The prevalence of
NAFLD is gradually increasing, with serious consequences to
health."” If the condition is not diagnosed and treated
promptly, NAFLD can gradually develop into non-alcoholic
steatohepatitis, cirrhosis, and even hepatocellular carcinoma,
resulting in liver death.** Therefore, timely and accurate diag-
nosis is crucial to prevent the deterioration of NAFLD. At
present, the existing methods of diagnosing NAFLD mainly
include liver biopsy,” serum biochemistry,® histopathological
examination,® and ultrasonic examination.'® However, most of
these technologies have drawbacks, such as a high risk, false
positives, and complicated operation steps.'>** Therefore, the
development of a real-time, reliable, and non-destructive
method of early detection may help the timely treatment of
NAFLD, and prevent further development.

Peroxisomes, as the main site of lipid metabolism, play
essential roles in maintaining intracellular morphology and
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hepatocellular function.'®** Excessive free fatty acids accumu-
late in the peroxisomes when the peroxisomal fatty acid B-
oxidation is disordered.*>'® These events can cause a disequi-
librium in lipid homeostasis, eventually resulting in NAFLD."”*®
Notably, along with lipid accumulation, the peroxisomal
microenvironment (including viscosity) can change.'** It is
speculated that the peroxisomal viscosity in liver tissues with
NAFLD might be different from that in normal liver tissues.”>>*
Therefore, establishing a method of accurately monitoring
peroxisomal viscosity may help the early identification of the
possible onset of NAFLD.

Near-infrared fluorescence (NIRF) imaging technology has
inherent advantages such as high resolution and a non-invasive
nature, and has been widely used in the monitoring of bioactive
molecules and the intracellular microenvironment.>** NIRF
probes based on molecular motors have been developed to
detect viscosity changes inside cells and organelles.**
However, limited by their penetration depth, most NIRF probes
fail to detect changes of viscosity in the deep tissue. Photo-
acoustic (PA) imaging can successfully overcome this short-
coming, owing to its greater tissue penetration depth (up to 10.0
c¢m).*>**® In recent years, PA probes have been used for the in situ
and non-destructive visualization of various active molecules in
deep tissues of animals.*”** Therefore, NIRF and PA dual-mode
imaging may accurately detect peroxisomal viscosity in liver
deep tissue, promoting the early diagnosis of NAFLD. To date,
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no PA probes have been reported for the detection of viscosity in
living animals.

For this purpose, we designed a two-mode (NIRF/PA) small
molecule probe (PV-1) for peroxisomal viscosity detection. As
shown in Scheme 1, PV-1 is composed of a malononitrile group
as a rotor, a HLKPLQSKL peptide chain as a peroxisomal-
targeting group,’®*® and a merocyanine dye as a fluorophore.
In the non-viscous or low viscosity environment, the rotor
rotates freely around the large conjugate structure of the mer-
ocyanine dye, which dissipates the excited state energy of the
dye by non-radiation.**** This process could quench fluores-
cence of PV-1. As the viscosity increases, the free rotation of the
rotor is specifically restricted, thereby reducing the possibility
of non-radiative. Therefore, fluorescence of PV-1 rises at
705 nm. At the same time, with the enhanced viscosity, the near-
infrared absorbance of PV-1 at about 680 nm is also gradually
elevated. Moreover, PV-1 exhibits a high extinction coefficient
and low fluorescence quantum yield in glycerol.** Based on
these properties, PV-1 could be responsive to viscosity via
changes in PA signals. Therefore, PV-1 could emit strong NIRF
and PA signals when the viscosity increases. Given that the
PAS8P receptor binds and transports HLKPLQSKL on the
peroxisomal membrane surface, PV-1 could accumulate in the
peroxisomes. Our experimental results show that PV-1
possesses good specificity and sensitivity for viscosity by dual
modes. Fluorescence imaging proves that PV-1 could accurately
locate in the peroxisomes and indicate changes in viscosity.
More importantly, by using PV-1, we observed a significant
increase in peroxisomal viscosity in the liver of NAFLD mouse
models.

Results and discussion
Preparation and optical properties of PV-1

The synthesis and characterization of PV-1 are described in the
ESI.7 First, we studied the photophysical properties of PV-1
under various environmental viscosities. As shown in the
absorption spectra (Fig. 1a and S17), it could be seen that PV-1
exhibited different NIR absorption peaks in different solvents.
Further, PV-1 (5.0 uM) exhibited bright fluorescence in glycerol
(Fig. S27). To precisely evaluate the relationship between fluo-
rescence intensity of PV-1 and environmental viscosity, we
gradually increased the media viscosity by adding glycerin into
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Fig. 1 Ultraviolet spectra (a) and fluorescence spectra (b) of PV-1 (5.0
uM) in different solvents, respectively. Aex = 650 nm.

the methanol-glycerol system, and recorded the fluorescence
responses of PV-1 in different viscosities. As shown in Fig. S3,T
the main absorption peak of PV-1 at about 680 nm gradually
increased with increasing viscosity. As shown in Fig. 2a, the
fluorescence intensity of PV-1 at 705 nm enhanced continually
as the ratio of glycerin increased, and reached the highest value
(about 25 times) in pure glycerol. There was a good linear
relationship (R* = 0.994) between log I54s and log n according to
the Forster-Hoffmann equation (Fig. 2b).*° In addition, the
fluorescence quantum yield of PV-1 also increased gradually
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Fig. 2 (a) Solvent viscosity-dependent fluorescence changes of PV-1
(5.0 uM) in a methanol-glycerol system. (b) Linear relationship
between log l795 and log n of PV-1, (c) fluorescence lifetime changes
of PV-1 (5.0 uM) in a methanol-glycerol system, (d) linear relationship
between log t and log 7. Aex = 650 Nm, A, = 705 Nnm.
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Scheme 1 Structure of PV-1 and the proposed response mechanism to viscosity.
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from 0.007 to 0.13 (Table S1}), according to fluorescence
quantum yield equation.”* Considering that fluorescence life-
time is an important parameter to study the fluorescence profile
of PV-1, the fluorescence lifetimes of PV-1 in different viscosity
media were measured. Fig. 2c shows that the fluorescence
lifetime of PV-1 has a similar growth tendency to that of solvent
viscosity. Furthermore, PV-1 possessed an excellent linear rela-
tionship (R* = 0.999) between log t and log 7, increasing from
2.0 cp to 643.0 cp (Fig. 2d). Moreover, compared with the strong
fluorescence of PV-1 in glycerol, its fluorescence in solvents with
different polarities was negligible. Therefore, the fluorescence
intensity of PV-1 was insensitive to polarity changes. These
results suggest that PV-1 can detect viscosity with outstanding
sensitivity. To further prove the detection mechanism, we also
confirmed that the fluorescence responses of precursor 3 were
also susceptible to viscosity (Fig. S47).

To clarify the selectivity of PV-1, we studied its fluorescence
response to peroxisomal substrates. We first tested the PV-1
fluorescence response to viscosity in the presence of constitu-
ents, including reactive oxygen species (ROS), reactive nitrogen
species (RNS), reactive sulfur species (RSS), metal ions, and
proteins. Experimental results showed that competing species
and proteins had a negligible impact on the fluorescence
response of PV-1 (Fig. S51). The fluorescence intensity of PV-1
was investigated in different pH conditions. As demonstrated
in Fig. S6, the fluorescence intensity of PV-1 remained almost
unchanged in 30% glycerol solution under pH 5.0 to 9.0. To
examine the photostability of PV-1, we recorded the fluores-
cence spectra of PV-1 in 30% glycerol and phosphate-buffered
saline (PBS) for 1.0 h. Fig. S71 suggested that the fluorescence
intensity of PV-1 in 30% glycerol was significantly stronger than
that in PBS. These results indicate that the fluorescence
response of PV-1 remains stable in a complex and varied
viscosity environment. Furthermore, these results confirm that
PV-1 has potential applications in sensing viscosity changes
within a multicomponent biological environment.

PA properties of PV-1

To study the PA imaging properties of the PV-1, the PA signals of
PV-1 in a series of methanol-glycerol mixed solvents were
measured subsequently. As Fig. 3a suggested, with increasing
glycerol ratio, the PA intensity gradually strengthened at about
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Fig. 3 (a) Linear relationship between log PAggo intensity of PV-1 (5.0
pM) in a methanol-glycerol system, (b) PAggo intensity of PV-1 (5.0 uM)
into various relevant analytes in PBS (pH = 8.2, 10.0 mM). (1) ONOO~;
(2) ClO™; (3) H20,; (4) K*; (5) Na*; (6) Fe®*; (7) Cu®*; (8) Zn®"; (9) Ca**;
(10) Mg?*; (11) Fe®*; (12) Al**; (13) blank; (14) glycerol.
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680 nm, and a good linear relationship (R* = 0.991) was
revealed by fitting the Forster-Hoffmann equation. Moreover,
we investigated the PA intensity of PV-1 in the presence of some
reactive species under physiological conditions. Our results also
revealed that Pv-1 displayed a specific PA signal in glycerol at
680 nm compared with other species (Fig. 3b). Altogether, these
results prove that PV-1 is capable of PA detection of viscosity
changes in complex conditions.

Subcellular localization of PV-1

To determine the applicability of PV-1 in a bioimaging experi-
ment, we first tested the cytotoxicity of PV-1 in HL-7702 cells
using standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT) assay.*® Fig. S8t showed that the ICs,
value of PV-1 was 45 uM, which demonstrates its minimal
cytotoxicity and good biocompatibility. Next, we tested its
toxicity in C57 mice.**** Mice experiments suggested no obvious
depilation or inflammation in two mice groups treated with
different concentrations of PV-1, proving a low toxicity of PV-1
(Fig. S91). These results indicate that PV-1 has fascinating
biocompatibility, and is suitable for biological imaging. Then,
we validated the peroxisomal localization ability of PV-1 in HL-
7702 cells and SMMC-7721 cells.*>*® In Fig. 4, the red fluores-
cence of PV-1 significantly coincident with the green fluores-
cence of peroxisome-GFP was observed. The Pearson's
colocalization coefficient between PV-1 and peroxisome-GFP
was 0.91. We also obtained similar results in HL-7702 cells,
with a Pearson's colocalization coefficient of 0.90. Further, the
PV-1 hardly accumulated in the Golgi apparatus, endoplasmic
reticulum, mitochondria, or lysosomes (Fig. S10t). The above
results indicate that PV-1 can precisely target and tune in on the
peroxisomes of living cells.

Fluorescence imaging of peroxisomal viscosity during lipid
abnormal metabolism in living cells

Previous studies have shown that when long free fatty acids are
in excess, they impair peroxisomal B-oxidation capacity, causing
lipid accumulation.”””*® Thus, we evaluated the viscosity
detecting capability of PV-1 during abnormal lipid metabolism
in living cells. Oleic acid (OA), a long chain fatty acid which
metabolizes in cells, especially in liver cells, was chosen as an
initiator of lipid abnormal metabolism in HL-7702 cells.”>*® As
shown in Fig. 5, compared with control cells, the OA-simulated
cells exhibited brighter fluorescence in peroxisomes shaped like
droplet-sized dots. These data verify that PV-1 can respond to
peroxisomal viscosity increments in living cells during
abnormal lipid metabolism. Moreover, we found that unhealthy
cells evoked bright fluorescence due to a higher uptake of the
probe. However, unlike droplet-size dots, the fluorescence
signals were located in the entire cytoplasm rather than the
peroxisomes.®* Therefore, these results demonstrated that the
increased fluorescence in the peroxisomes of OA-simulated cells
was caused by the higher viscosity in cells under abnormal lipid
metabolism. Subsequently, time-dependent fluorescence
imaging (from 0-60.0 min) of HL-7702 cells treated with OA was
carried out after the addition of PV-1. It was found that the
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Fig. 4
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(a—c) Confocal fluorescence images of the SMMC-7721 cells incubated with PV-1 and peroxisome-GFP. First, SMMC-7721 cells were

incubated with in peroxisome-GFP (3.0 pL, 108 particle per ml, 28 h), then stained with PV-1 (5.0 uM) after being treated with OA (5.0 uM, 30 min).
(a) Fluorescence image from PV-1 (Aex = 633 nm, Aemn = 650-750 nm); (b) fluorescence image from peroxisome-GFP (Aex = 488 nm, Aem = 495—
550 nm); (c) merged images; (d) intensity profile of ROI lines of the white circle. Scale bar = 75 pm.
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(a—c) Confocal fluorescence images of the HL-7702 cells incubated with PV-1 (5.0 uM) for 30 min; (d—f) confocal fluorescence images of

the cells incubated with PV-1 (5.0 pM) after treated with OA (5.0 uM) for 30 min. (g—i) Living HL-7702 cell were first incubated with PBS solution
for 2.0 h, then added PV-1 (5.0 uM) to cells for confocal fluorescence images. (j) Relative fluorescence intensity to the control cells. Scale bar = 25
pm. The values are the mean =+ s.d. for n = 3, Aex = 633 NM, Aery = 650-750 Nnm.

fluorescence intensity of PV-1 could remain stable for as long as
60.0 min (Fig. S117). Taken together, these results certify that
a PV-1-based viscosity detection method can distinguish liver
cells with abnormal lipid metabolism from normal cells.

NIRF imaging in livers of mice with NAFLD

With this viscosity-sensitive tool, we next investigated whether
PV-1 could distinguish NAFLD mice from normal mice.
Considering that NAFLD is caused by abnormal lipid accumu-
lation, NAFLD mice models were constructed by introducing
a high-fat diet (60 kcal% fat) for 6 weeks.®*** Excess lipid
accumulation can trigger a series of stress responses and
produce excessive amounts of ROS, which result in serious
secondary liver damage in the process of NAFLD.**** Therefore,
we used NAC (10 mg kg™') to reduce ROS and alleviate the
NAFLD of mice.***” Fig. S121 shows that the body weight of mice

12152 | Chem. Sci., 2020, 11, 12149-12156

with NAFLD was significantly higher than that of the other
group mice. Hematoxylin and eosin staining experiments
demonstrated that the liver of NAFLD mice showed massive
hepatic steatosis compared with that of the treatment group
and normal group (Fig. S131). NIRF imaging was performed
after intravenous injection of PV-1, (100 pL, 10~* M). As shown
in Fig. 6 and S14,T the livers of normal mice evoked dim fluo-
rescence, while the livers of NAFLD mice emitted a conspicuous
fluorescence signal. This shows that the mice with NAFLD had
a higher viscosity (about 3.4-times) than the normal mice. In
contrast, the fluorescence intensity of livers in the NAC-treated
mice was clearly weaker compared with that of the NAFLD mice.
Fascinatingly, NAC, as a mucolytic reagent, could also reduce
viscosity in vivo due to a mucolytic effect (Fig. S15+).5%°
Therefore, we further investigated whether NAFLD can be
treated by scavenging ROS. We used antioxidants and drugs to

This journal is © The Royal Society of Chemistry 2020
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(A) Fluorescence imaging of in liver of mice with NAFLD models ((a) normal mice + PV-1; (b) NAFLD + PV-1; (c) NAFLD + PV-1 + vitamins E;

(d) NAFLD + PV-1 + pioglitazone; (e) NAFLD + PV-1 + NAC). The blue circle is roughly the liver. (B) Relative fluorescence intensity to the normal
mice. dex = 660 NM, ey = 710 Nm. The values are the mean + s.d. forn = 3.

treat and alleviate mice with NAFLD. Vitamin E as an antioxi-
dant protected against scavenging ROS to alleviate NAFLD.”*7>
To better evaluate the therapeutic effect of NAC, we also used
the pioglitazone drug for treating NAFLD.”*® Pioglitazone is
a highly selective peroxisomal proliferative receptor (PPAR)
agonist that regulates lipid metabolism and transport by acti-
vating PPAR, thereby reducing fat storage in the liver, ultimately
alleviating NAFLD. The fluorescence intensity of livers in the
antioxidant- and drug-treated mice was clearly weaker
compared with that of NAFLD mice. These results further
confirm that the enhanced liver fluorescence is induced from

elevated peroxisomal viscosity in the NAFLD mice, and that the
NAC can alleviate the NAFLD with mice as well as pioglitazone
and vitamin E. Altogether, these results highlight the fact that
scavenging ROS can alleviate NAFLD. Moreover, as shown in
Fig. S16,T we observed that organs such as the heart, spleen,
lung, and kidney showed almost no obvious fluorescence,
whereas the liver emitted obvious fluorescence. Therefore, we
believe that PV-1 mostly gathers in the mouse liver. Overall, this
method of peroxisomal viscosity imaging can be used not only
for the early diagnosis of NAFLD, but also for screening drugs
for NAFLD.

©

2
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o

Fig. 7 PAggo nm imaging of in liver of mice with NAFLD models. (a) Normal mice + PV-1; (b) NAFLD mice + PV-1; (c) NAFLD mice + PV-1 +
vitamins E; (d) NAFLD mice + PV-1 + pioglitazone; (e) high-fat diet mice + PV-1 + NAC. (f) Relative PAggo nm intensity to the normal mice. The

values are the mean + s.d. for n = 3.
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PA imaging in livers of mice with NAFLD

Since the liver is located deep in the body, NIRF imaging has
insufficient penetration depth for the liver in vivo. Fortunately,
with favorable near-infrared absorbance/emission, PV-1 might
be appropriate for peroxisomal viscosity detection in mouse liver
by a PA imaging technique. In an PA experiment, we discovered
stronger PA signals (about 4.4-fold) at 680 nm in NAFLD mice
livers compared with normal mice. In contrast, after intragastric
administration of a dose of therapeutic reagents in NAFLD mice,
such as pioglitazone, vitamins E and NAC, the intensity of the PA
signals decreased. These results revealed that the peroxisomal
viscosity was enhanced in mice with NAFLD, and could be
reduced by NAC treatment (Fig. 7 and S171). The above results
suggest that the PA signal variation tendency is consistent with
that of in vivo fluorescence imaging. Thus, the PV-1-based PA
imaging technique can accurately reflect the peroxisomal
viscosity changes and indicate the occurrence of NAFLD.
Furthermore, the content of alanine aminotransferase (ALT) is
an important index to measure the degree of liver lesions in
NAFLD.”””® To further make sure of the accuracy of the NIRF and
PA imaging results, the liver ALT levels of five mice groups were
determined by enzyme-linked immunosorbent assay (ELISA).
The ELISA results showed that the ALT in NAFLD mice liver was
higher than that of normal mice (Fig. S187). All the data further
illustrate that the imaging method can effectively realize the
early diagnosis of NAFLD by monitoring liver viscosity change in
NAFLD mice. Currently, the reported fluorescence viscosity
probes are mostly applied to superficial tissue imaging, while
single-channel optical imaging is not reliable for tracking
viscosity fluctuations. Hence, PV-1 can monitor viscosity in the
deep liver tissue by superior PA imaging. Importantly, the dual
model imaging viscosity method is used for the early accurate
diagnosis and clinical drug evaluation of NAFLD.

Conclusions

In summary, we designed and synthesized the first dual-mode
(NIRF/PA) peroxisomal viscosity probe PV-1. The PV-1 exhibi-
ted high specificity and selectivity to viscosity. By HLKPLQSKL
peptide chain, PV-1 can solely gather in peroxisomes. Moreover,
the detection method of PV-1 could indicate the peroxisomal
viscosity differences in OA stimulated and normal cells. Using
this PV-1, we found that the liver viscosities of NAFLD mice were
significantly higher than those of normal mice and three groups
of treated NAFLD mice. Therefore, the PV-1-based dual-mode
detection viscosity method can not only be utilized for indi-
cating the occurrence and development of NAFLD, but can also
be used for evaluating the efficacy of drugs for NAFLD.
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