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detection of mitochondrial viscosity in hepatic
ischemia reperfusion injury modelsT
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Acute liver failure caused by hepatic ischemia reperfusion injury (HIRI) poses a severe threat to life,
emphasizing the urgent need for precise and timely early diagnosis. Viscosity, a key parameter reflecting
active analyte levels at the cellular level, remains underexplored in relation to HIRI. To address this gap,
we have developed a groundbreaking near-infrared molecule rotator, PN, exhibiting exceptional
characteristics. PN demonstrates remarkable sensitivity, with a 32-fold change in response to viscosity,
ranging from PBS to glycerol solution. PN's distinctive features include maximum emission wavelength
790 nm, as well as an impressive Stokes shift 190 nm. Moreover, PN exhibits the ability to sensitively and
selectively differentiate nystatin-induced viscosity changes within living cells, and can be used for the
detection of viscosity changes in the HIRI mouse model. This capability enhances our understanding of
cellular responses, opening avenues for potential applications within disease models. The versatility of
PN extends to its potential role in guiding timely monitoring and imaging of viscosity, offering valuable

rsc.li/rsc-advances insights into disease progression.

Viscosity stands as a pivotal parameter within the intracellular
microenvironment, wielding significant influence over biomo-
lecular interactions, chemical signal propagation, and metabolite
diffusion.” Alterations in viscosity from standard values are
closely linked with various cellular dysfunctions, as well as
initiation of conditions including Alzheimer's disease, hyper-
tension, diabetes, even cancer.*® Hepatic ischemia-reperfusion
injury (HIRI) serves as commonly encountered and almost inev-
itable alteration in pathophysiology, happening in the trans-
plantation and resection of partial liver, necessitating blood flow
temporary cessation to liver.*” HIRI can induce a range of intra-
cellular stress responses, comprising endoplasmic reticulum/
oxidative/metabolic stresses.>* These reactions heighten liver
cells susceptibility, increasing the risk of injury and death,
contributing to liver diseases including inflammatory and
fibrosis alterations.'®** In this context, HIRI early diagnosis can
help to accomplish comprehensive prevention, treatment, and
further reduction liver damage. Mitochondria, serving as the
primary powerhouse within cells, holds a crucial responsibility in
energy production.”®* Mitochondrial dysfunction results in
aberrant metabolism and macromolecular malfunction,
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culminating in heightened mitochondrial viscosity.'®” There-
fore, understanding the connection between mitochondrial
viscosity involved in HIRI occurrence and progression is
contributive for clinical research and treatment.

Currently, fluorescent imaging has garnered notable interest
owing to its capability for relatively straightforward operation,
high sensitivity, and real-time visualization."*** Therefore, the
detection of intracellular viscosity with the aid of a fluorescence
spectrometer may become a new-established method, potentially
being used for HIRI early diagnosis. To date, considerable and
outstanding results have been achieved in imaging viscosity
alteration in vivo.”>?¢ In 2023, Zhang group reported a near-
infrared fluorescence probe, designated as DPXBI. The probe
demonstrated a significant increase about 10-fold in response to
changes in viscosity from 1.7 cP to 965 cP.*” In 2022, Huo group
reported a series of viscosity probe based on benzopyrylium unit.
The Stokes shift of probe BP-11I is not long as 100 nm.** However,
these probes have some limitations, such as shorter wavelengths
in ultraviolet or visible light ranges, shorter stoke shift, thus
could not meet the need for monitoring viscosity in living
organisms. Significantly, a near-infrared probe sensitive to
viscosity, featuring a substantial Stokes shift, offers the benefits
of minimal background interference and negligible light damage
to biological samples, making it exceptionally desirable.

In this study, we developed a highly-sensitive near-infrared
probe denoted as PN, by utilizing 1,8-naphthalimide derivative
to serve as strong donor and rotor simultaneously, with benzo
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Scheme 1 The structure of probes used in previous work and this
work.

[c,d] indolium salt acting as electron acceptor (Scheme 1). PN
showcases an impressive Stokes shift of 190 nm and displays
remarkably sensitive turn-on signal responses (32-fold at 790
nm) in reaction to viscosity variations. It proves adept at accu-
rately detecting viscosity changes even in other interfering ions.
Employing PN as chemical helper, viscosity fluctuations were
successfully monitored in HepG2 cells. Moreover, we validated
PN practical applicability in mouse liver tissue within HIRI
model. These findings indicate that PN could present a conve-
nient and effective method with promising clinical applications.

Experimental section
Materials and apparatus

The materials and instruments utilized in this study are
detailed in the ESL}

Synthesis of PN

The synthetic route of probe PN shows in Scheme S1,{ the final
steps are as follows: compound 1 and compound 2 were
synthesized according to the previous methods.>*** The detailed
information of instruments used in this work were provided in
ESLT

Compound 1 (196 mg, 1 mmol), compound 2 (297 mg, 1
mmol) and EtOH (5 mL) refluxed for 6 h at 80 °C in a 25 mL
round bottomed flask with a few drops of piperidine. After
cooling to room temperature, the solvent was removed under
reduced pressure. Then, the crude product was purified by
column chromatography using CH,Cl,/MeOH (v/v = 8:1) to
obtain PN, a purple solid (175 mg, yield 37%). "H NMR (400 MHz,
DMSO-de): 6 10.39 (s, 1H), 8.71 (d,J = 7.3 Hz, 1H), 8.58-8.46 (m,
2H), 8.35 (d,J = 9.4 Hz, 1H), 8.17-8.04 (m, 3H), 7.84 (t,/ = 7.8 Hz,
1H), 7.63 (d,J = 15.3 Hz, 1H), 6.85 (d,J = 9.3 Hz, 1H), 6.74 (s, 1H),
5.78 (s, 1H), 4.71 (d, ] = 7.2 Hz, 2H), 3.57 (d, ] = 7.1 Hz, 2H), 3.07
(d,J = 2.8 Hz, 7H), 1.46 (t, ] = 7.1 Hz, 3H). "*C NMR (101 MHz,
DMSO-dg): 6 169.46, 159.88, 154.62, 154.15, 146.59, 139.61,
135.10, 132.97, 132.35, 131.21, 130.26, 129.52, 128.56, 127.61,
124.03,116.30, 116.02, 111.30, 108.78, 106.39, 55.45, 45.77, 45.38,
21.67, 21.58, 15.30, 13.16, 8.90. HRMS (ESI, positive ion mode)
caled for C;;H,,N,0;": 475.2016, found: 475.2017.

Fluorescence (FL) intensity imaging of viscosity in HepG2
cells

The culture of HepG2 cells relied on RPMI 1640 medium
combined with fetal bovine serum (FBS, 10%), as well as 1% (v/
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v) penicillin-streptomycin within humidified atmosphere (37 ©
C, 5% CO,). Subsequently, cells were plated within culture
dishes at 2.0 x 10" cells per dish in growth medium. For stim-
ulation experiments, the cells were pre-treated with nystatin at
varying concentration, followed by incubation with PN (5 pM)
for 30 minutes at 37 °C, respectively. Finally, the cells were
washed twice with PBS, and FL imaging was captured using
a confocal fluorescence microscope.

Live subject statement

All experiments conducted adhered to pertinent laws and
institutional protocols. Animal procedures were executed
following Guidelines for Care and Use of Laboratory Animals of
Taizhou University and were approved by Animal Ethics
Committee of Taizhou University. Throughout all the experi-
mental processes, diligent measures were taken to minimize
any distress or suffering experienced by the animals.

Results and discussion
Design strategy of PN

Probe designed for sensitivity to viscosity typically encompassed
fluorophore and a rotor connected by a C=C bond, utilizing the
Twisted Intramolecular Charge Transfer (TICT) mechanism. In
this particular case, we expanded conjugated system to induce
a red-shift in the fluorescence wavelength. Benzo[c,d|indolium
was used to construct 1-ethyl-2-methylbenzo[c,d]indol-1-ium
(compound 2 in Scheme S1t).***> Vinyl linked to naph-
thalimide derivatives through o-bonds, functions as a viscosity-
dependent cohort, allowing PN to signal variations in
viscosity.>*** A near-infrared with a large stroke shift (190 nm)
fluorescent probe, PN, was successfully prepared and applied
for bioimaging. In settings with low or non-viscous character-
istics, donor cohort freely rotates around C-C bond, leading to
excited state non-radiative quenching. As the solution viscosity
rises, rotation becomes restricted, triggering fluorescence
activation.

The response of PN to viscosity

Probe PN, possessing molecular rotor characteristics indicative
of viscosity sensitivity, was investigated for its spectral behavior
within PBS-glycerol mixtures. PN absorption maxima (Aaps) at
600 nm exhibited gradual increase depending on glycerol
addition (Fig. 1a). Excitation at 600 nm resulted in a turn-on
fluorescence emission peak (A.n) at approximately 790 nm as
illustrated in Fig. 1b. Notably, PN displayed a significant
viscosity-dependent response spanning from PBS (~0.893 cP) to
glycerol (~945 cP). Fluorescent intensity at longwave of 790 nm
experienced a remarkable ~32-fold increase (upon excitation at
600 nm). Utilizing a logarithmic scale for both fluorescence
intensity (log(I90nm)) and viscosity, a linear relationship (R* =
0.9872) emerged across viscosity range of 1-458 cP (glycerol
content 0-60%), as depicted in Fig. 1c. In terms of fluorescence
quantum yield, a remarkable enhancement of approximately
41-fold was observed in glycerol (@ = 0.084) in comparison with
PBS (® = 0.002), utilizing reference rhodamine B. The
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Fig.1 (a) and (b) The absorption and emission spectra of probe PN (10
uM) in different ratios of PBS/glycerol mixtures. (c) The linear rela-
tionship among log(l790) and log(viscosity) plot (glycerol content 0—
60%). R = 0.9872. (d) The fluorescence spectra of probe PN (10 pM) in
various solvents with different polarities. Ex = 600 nm.

enhancement augments the probe's applicability owing to its
low background fluorescence. In summary, as evidenced by the
data presented, PN exhibits strong and reliable response to
variations within viscosity.

Evaluating the selectivity of PN towards viscosity

Selectivity evaluation is imperative for assessing fluorescent
probe performance, addressing both probe specificity and
potential interference from diverse cellular parts. Subsequently,
researchers tested solvent polarity impact on PN probe using
different solvents (glycerol, DMF, DCM, THF, ACN, dioxane,
MeOH, DMSO). As depicted in Fig. 1d, fluorescence intensity of
PN significantly surpassed glycerol at 790 nm compared to
lower-polarity solvents, such as DCM. These results underscore
solvent polarity's negligible influence on probe PN's fluores-
cence properties.

To ascertain probe PN selectivity for viscosity detection, we
systematically explored its response at varying pH levels. The
probe was introduced into PBS buffer in pH 4.1-10.2, and the
resulting fluorescence intensity changes were illustrated in
Fig. S1t (with 600 nm excitation and 790 nm emission). Notably,
fluorescence intensity remained nearly constant across entire
PH spectrum, signifying the robust photostability of PN in the
face of pH fluctuations. Furthermore, photobleaching behavior
of PN in glycerol was investigated under continuous irradiation
with 660 nm (300 mW cm™?) for 1200 s (Fig. S21). Even after
continuous exposure to 660 nm laser irradiation, PN showed no
significant  photobleaching, indicating its excellent
photostability.

Further investigations were conducted to evaluate the
probe's response to high concentrations of interfering ions and
disruptors, encompassing biological reactive sulfur species
(RSS) such as Hcy, Cys, SO;>~, GSH, and reactive oxygen species
(ROS), such as HOCI, H,0, (concentration at 1 mM), along with

various anions. Fig. S3f demonstrates that probe PN
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fluorescence intensity within PBS solution remained consistent,
even in increased concentrations of interfering ions, suggesting
minimal interference with the probe's performance. Remark-
ably, within PBS/glycerol (v:v = 1:1) mixture, probe PN
exhibited remarkable stability to corresponding ions. This
suggests the potential of probe PN for monitoring viscosity
changes in complex cellular environments, thereby broadening
its applicability.

Intracellular fluorescence imaging

To evaluate PN biological safety, we conducted 2,5-diphenyl-2H-
tetrazolium bromide (MTT) test initially to assess HepG2 cells
cytotoxicity. As depicted in Fig. S4,f HepG2 cells exhibited
sustained higher viability even after 24 hours of exposure to PN
at varying densities (0, 1, 2, 5, 10, and 20 uM). This result
underscores the outstanding biocompatibility of the PN probe,
making it well-suited for applications in live cell imaging.

Considering the remarkable properties of PN outlined above,
we explored fluorescence imaging utility for detecting subcel-
lular viscosity alterations. HepG2 cells were co-stained with PN
and mitochondrial tracking green/lysosomal tracking green,
respectively (Fig. 2a). The fluorescence spectrum of PN exhibi-
ted a notable overlap with that of MitoTracker Green, demon-
strating a high Pearson's correlation coefficient of 0.97 (Fig. 2d).
In contrast, the correlation coefficient between PN and Lyso-
Tracker Green was comparatively lower at 0.24. This enhanced
specificity towards mitochondria renders PN particularly
appealing for imaging applications aimed at comprehending
HIRI-associated mitochondrial dysfunction.

To further elucidate the capability of probe PN in monitoring
intracellular viscosity changes, nystatin, being recognized as an
ionophore inducing mitochondrial malfunction and subse-
quent increase in intracellular viscosity, was employed.*>?*
HepG2 cells were segregated into 2 distinct cohorts: control and
nystatin-induced group. As depicted in Fig. 3a, control group,
treated exclusively with PN probe (5 pM), displayed minimal
background fluorescence within red channel (700-800 nm).

Merged

Mito-tracker Correlation plot

-.

Lyso-tracker Merged

[ B

Fig. 2 Subcellular localization in HepG2 cells using PN is depicted as
follows: (a) organelle targeting dyes for the green channel (Mito-
Tracker Green, 200 nM; Lyso-Tracker Green, 200 nM, Ex = 488 nm,
Em = 500-550 nm), (b) co-localization images of HepG2 cells incu-
bated with PN for the red channel (5 uM, Ex =588 nm, Em =700-800
nm), (c) merged images of (a) and (b). (d) Correlation plot of PN and the
corresponding organelle targeting dyes. Scale bar: 20 pm.

Correlation plot
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Fig. 3 Imaging of viscosity respectively using HepG2 cells. (a) As
control group, the cells are only dyed with PN (5 pM) for 30 min. (b) The
cells were treated with nystatin (20 pM) for 30 min, then dyed with PN
(5 uM). (c) The cells were treated with nystatin (100 uM) for 30 min,
then dyed with PN (5 uM). (1) Red channel (Ex = 588 nm, Em = 700-
800 nm); (2) bright field; (3) merged images of (1) and (2). Scale bar: 20
pwm.

Oppositely, upon exposure to nystatin for 30 minutes, followed
by additional 30-minute incubation with PN probe, a notable
escalation in fluorescence intensity within red channel was
observed. Furthermore, the quantification of mean fluorescence
intensity in cell regions within red channel (Fig. 3) was con-
ducted through Region of Interest (ROI) measurements.
Nystatin-treated (20 uM) cells displayed a 1.9-fold higher fluo-
rescence compared to non-treated cells. When the content of
nystatin increased to 100 uM, the intensity of red fluorescence
increased 2.68-fold. These findings unequivocally indicate that
probe PN can effectively respond to viscosity alterations
induced by nystatin within living cells.

Intracellular fluorescence imaging in cell model of HIRI

Inspired by the remarkable intracellular imaging prowess of PN,
we delved into exploration of dynamic fluctuations in mito-
chondrial viscosity throughout HIRI progression. To establish
the HIRI cell model, we employed a previously reported method,
which involved subjecting the cells to oxygen-glucose-serum
deprivation for 0-30 minutes followed by reperfusion for 41-60
minutes. As shown in Fig. 4, control group, labeled with PN,
displayed minimal intensity in the red fluorescence signal with
no apparent alterations. In contrast, the HIRI cohort revealed
a time-dependent escalation in the red fluorescence signal,
signifying an increase in mitochondrial viscosity. Particularly,
cells were sent for ischemia 30 min and a subsequent 30-min
reperfusion exhibited a noteworthy 2.05-fold rise in fluores-
cence signal compared to the control cohort. This finding
indicates a significantly higher mitochondrial viscosity in HIRI
hepatocytes compared to normal hepatocytes. Our observations
aligned with previous reports linking hepatic oxidative stress to
mitochondrial degradation dysfunction, as well as consequent
hepatocellular damage. Additionally, the sensitivity of mito-
chondrial microenvironmental viscosity to biomacromolecule
accumulation in mitochondria has been highlighted. Our
results propose mitochondrial viscosity as a crucial parameter
in distinguishing normal liver cells from those undergoing
HIRI. PN emerges as a valuable tool for viscosity alterations real-
time visual detection within HIRI, offering potential applica-
tions in clinical assessments.
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Fig. 4 Real-time fluorescence imaging of mitochondrial viscosity in
HepG2 cells during the HIRI process. (a) Fluorescence images of
mitochondrial viscosity in the 5 uM PN loaded control group and the
HIRI group at 10, 20, 30, 40, 50 and 60 min. Ex =588 nm, Em = 700-
800 nm. Scale bar: 20 mm. (b) Mean FL intensity output of the control
group. (c) Mean FL intensity output of the HIRI group. Scale bar: 20 pm.

Intracellular fluorescence imaging in mouse model of HIRI

To validate mitochondrial viscosity as HIRI diagnosis indicator,
PN application for in vivo imaging and lesion localization was
basing on viscosity alterations. Mice that received intravenous
injections of PN were randomly assigned to HIRI and normal
cohorts. Establishment of HIRI models relied on clamping
hepatic arteries and portal veins with hemostatic clips for
ischemia 1 h, 1 h subsequent reperfusion upon clip release.*”
Both cohorts underwent NIR fluorescence in vivo imaging.
Fluorescence imaging revealed a significant increase in NIR
fluorescence intensity within HIRI cohort's livers compared to
control cohort (Fig. 5a). Viscosity imaging allowed for differ-
entiation of HIRI mice from normal mice based on significant
fluorescence differences. H&E staining illustrated no patho-
logical alterations within lungs, intensity notably surpassed
HIRI cohort in comparison with PBS-treated mice (control
cohort), indicating heightened liver viscosity in kidneys, tissues
within control mice (Fig. 5b). Furthermore, fluorescence, heart,

a Control mice HIRI mice

Fig. 5 (a) H&E staining and fluorescence imaging of normal and HIRI
model in mice. (b) H&E staining of lungs, spleen, kidneys, and heart
tissues in HIRI mice. Scale bar: 100 pm. Red channel (Ex = 588 nm, Em
= 700-800 nm). Scale bar: 100 um.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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spleen, while hepatocytes of HIRI mice were significantly
swollen compared to aligned PBS-treated normal liver the HIRI
model cohort, correlating with severe liver damage. These
findings affirm PN's capability to detect viscosity in imaging
mouse HIRI model, highlighting its promising clinical potential
for accurately navigating HIRI liver lesions and distinguishing
HIRI tissues from normal tissues.

Conclusion

In summary, PN, a viscosity-activated near-infrared fluorescent
probe, has been designed for viscosity monitoring. PN presents
significant benefits, featuring a 32-fold fluorescence sensitivity
to viscosity, strong NIR emission, precise mitochondrial tar-
geting, as well as outstanding biocompatibility. Its superior
brightness makes PN well-suited for meticulous HIRI liver
lesions resection and navigation in vivo, as supported by
histopathological examination. The proposed strategy based on
mitochondrial viscosity holds promise for broader applications
in hepatology research, providing insights into HIRI occurrence
and progression. Furthermore, PN is envisioned to work pivot-
ally in evaluating the in vivo therapeutic efficacy of HIRI drugs.
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