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Golgi-Targeted Viscosity Fluorescent Probe for Monitoring

Acute Lung Injury

Yagian Li,®! Zi Yang, Jieni Lei,’?! Qiuzi Dai,!?! Guangyi Li,!?! Hai Xu,*™! Jiaoyang Lu,*!

and Juyoung Yoon*[ d

Acute lung injury (ALIl) is a severe respiratory disorder driven
by uncontrolled inflammation, where early diagnosis and inter-
vention are critical. Recent evidence implicates Golgi apparatus
dysfunction in ALl progression, but its biophysical changes
remain unexplored. Here, we report GV, a novel Golgi-targeted
fluorescent probe with high photostability, low cytotoxicity,
and excellent specificity, enabling sensitive imaging of viscos-

1. Introduction

Acute lung injury (ALl) is a severe and common clinical syn-
drome, primarily characterized by damage to the capillary
endothelium and disruption of the alveolar-capillary barrier, ulti-
mately leading to acute hypoxemic respiratory failure.'3 ALl
can be triggered by a variety of pulmonary and extrapulmonary
insults. Despite its heterogeneous etiology, increasing evidence
suggests that an uncontrolled acute inflammatory response is
a central pathological mechanism driving its development. ALI
remains associated with high incidence and mortality, with fatal-
ity rates ranging from 30% to 50%./**! Even among survivors,
long-term quality of life is often significantly impaired, impos-
ing a considerable medical and economic burden on patients
and society. Therefore, the ability to visualize and accurately
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ity changes under stress. Using both cellular and mouse models
of ALl, we demonstrated a significant increase in Golgi vis-
cosity during disease progression. These findings suggest that
Golgi viscosity may serve as a potential biomarker for ALl and
establish GV as a powerful tool for investigating organelle-level
biophysical alterations in inflammatory diseases.

assess inflammatory processes is critical to understanding the
mechanisms underlying ALl onset and progression.

Viscosity is a fundamental biophysical property of the cel-
lular microenvironment, essential for maintaining homeosta-
sis and supporting normal physiological functions. It plays a
crucial role in key biological processes such as membrane
fusion, protein folding and conformational transitions, and pep-
tide aggregation.®®] Emerging evidence indicates that dys-
regulated intracellular viscosity is closely associated with var-
ious metabolic and inflammatory diseases, including inflam-
mation, ALl, nonalcoholic fatty liver disease (NAFLD), and cer-
tain cancers.”’®! Moreover, the viscosity of many organelles
increases during inflammatory pathological states.™! These
findings highlight the urgent need for precise, real-time mon-
itoring of viscosity dynamics in living systems, which is cru-
cial for elucidating disease-related biophysical changes and
developing responsive molecular imaging tools and therapeutic
strategies.

However, accurately detecting viscosity in complex patholog-
ical conditions like ALI remains technically challenging, primarily
due to the highly dynamic and intricate nature of the in
vivo microenvironment.!> ! Against this backdrop, the Golgi
apparatus has emerged as a promising research focus. As a cen-
tral trafficking hub of the endomembrane system, the Golgi
is responsible for processing, sorting, and transporting newly
synthesized and recycled proteins and lipids to their correct sub-
cellular destinations. Dysfunction of the Golgi can disrupt macro-
molecular trafficking and cause abnormal accumulation, poten-
tially altering its local physicochemical properties—particularly
viscosity.”2%] We therefore hypothesize that Golgi-specific vis-
cosity changes not only reflect disturbances in its functional
state but may also serve as a sensitive biophysical indicator of
early stress responses in ALl Nevertheless, no direct experimen-
tal evidence currently links Golgi viscosity to ALl progression,
largely because of the lack of molecular probes or imaging tools
capable of in situ visualization of viscosity at the sub-organelle
level under physiological conditions.
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Figure 1. Design and application concept of Golgi specific fluorescent
probe GV for ALI.

Fluorescent molecular probes, owing to their tunable chem-
ical structures, high spatiotemporal resolution, and noninvasive
imaging capabilities, have become indispensable tools for study-
ing dynamic biological processes in living systems./?-%6! |In recent
years, various viscosity-responsive probes have been developed
and successfully applied in live-cell and in vivo imaging.[?-3%]
However, most of these probes lack organelle specificity, lim-
iting their ability to accurately measure viscosity at the sub-
cellular level.®! To address this limitation, organelle-targeted
viscosity probes for mitochondria, lysosomes, and the endo-
plasmic reticulum have been reported.?*38 Nonetheless, probes
specifically designed for Golgi-localized viscosity sensing remain
extremely limited. Although a few viscosity-sensitive probes with
Golgi-targeting capability have been described, none have been
explicitly developed to monitor viscosity changes under stress
conditions associated with ALLIZ This gap underscores the
urgent need for novel Golgi-targeted viscosity probes capa-
ble of real-time, dynamic monitoring of subcellular biophysical
changes during ALl progression.

In this study, we report a structurally simple and readily syn-
thesized fluorescent probe (GV) for the sensitive detection of
Golgi viscosity (Figure 1). GV exhibits excellent Golgi-targeting
specificity, reliable viscosity responsiveness, and low cytotoxic-
ity, enabling real-time imaging of Golgi viscosity changes under
pathophysiological conditions. Notably, this work presents in
situ fluorescence imaging evidence of elevated Golgi viscosity

in lung tissues from ALl mouse models. This breakthrough not
only establishes a direct correlation between Golgi viscosity and
ALI progression, but also highlights its potential as a novel diag-
nostic biomarker. Collectively, our findings demonstrate that GV
provides a powerful platform for probing subcellular biophysi-
cal alterations and opens new avenues for the investigation and
clinical evaluation of ALl and other viscosity-related diseases.

2. Results and Discussion
2.1. Materials and Instruments

All chemical reagents used in this study were purchased from
commercial suppliers and used without further purification. The
commercially available fluorescent tracker was obtained from
Beyotime Biotechnology.

'H and C nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker NMR spectrometer. High-resolution mass
spectrometry (HRMS) data were acquired using a Bruker Maxis
ultra-high-resolution time-of-flight (UHR-TOF) mass spectrom-
eter. Fluorescence emission spectra were collected using an
Edinburgh Instruments FLS-920 spectrofluorometer. Cellular flu-
orescence imaging was performed on a Carl Zeiss LSM900
confocal laser scanning microscope. Fluorescence imaging of tis-
sue sections was performed using the 3DHISTECH Pannoramic
MIDI digital pathology scanning and analysis system.

2.2. Synthesis Procedures

The synthetic route of probe GV was shown in Scheme 1. Struc-
tural identification of GV was confirmed by 'H, ®C NMR and
HR-MS spectrometry (Figures S1-S3).

Synthesis of compound 1. Compound 1 was synthesized
following a previously reported method as described in the
literature.l*”!  Maleimide (033 g, 5 mmol) and isophorone
(0.75 mL, 5 mmol) were added to a 25 mL two-necked round-
bottom flask, followed by the addition of 10 mL anhydrous
ethanol as the reaction solvent. A catalytic amount of pyridine
was added dropwise. The reaction mixture was stirred at 60 °C

NC CN
i |
. NCvCN Ethanol, pyridine -
60 °C
1
NC CN
| (0]
//—©—§—NH2 Acetonitrile, piperidine
=+ 1" :
° ° 50 °C
1 2

Scheme 1. Synthetic Route for GV.
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for 8 hours. After completion, the mixture was cooled to room
temperature and poured into 100 mL of ice water. The flask was
sealed and stored at 4 °C overnight. The resulting gray solid was
collected by vacuum filtration and dried under reduced pressure
to afford compound 1 (0.67 g, yield: 72%).

Synthesis of GV. Compound 1 (1.5 g, 8 mmol) and compound
2 (4-formylbenzenesulfonamide, 1.86 g, 8 mmol) were dissolved
in 10 mL of anhydrous acetonitrile under an argon atmosphere.
To this solution, 0.5 mL of piperidine was added as a catalyst.
The reaction mixture was stirred at 50 °C under argon overnight.
Upon completion, the reaction mixture was cooled to room tem-
perature, and the solvent was removed under reduced pressure.
The crude product was purified by silica gel column chromatog-
raphy to afford the final product GV as a yellow solid (1.76 g,
yield: 55%). '"H NMR (500 MHz, DMSO-dg) § = 7.81 (dt, J = 22.4,
8.4 Hz, 4H),7.50 (d, J =16.2 Hz, TH), 7.39 (s, 2H), 7.28 (d, ) = 16.2 Hz,
1H), 6.89 (s, TH), 2.57 (s, 2H), 2.44 (s, 2H), 0.96 (s, 7H). *C NMR
(126 MHz, DMSO) § = 170.33, 155.14, 144.16, 139.23, 135.57, 132.00,
128.20, 128.04, 126.19, 123.97, 113.72, 112.90, 77.45, 61.14, 42.29, 38.11,
31.73, 27.46, 25.30. HR-MS (Figure S3) m/z calcd for CigHigN;0,S
[M + H*1: 352.1120, found 352.1111.

2.3. Spectroscopic Measurements

The stock solution of the fluorescent probe GV was first prepared
by dissolving the compound in an appropriate DMSO solvent,
followed by dilution to a final concentration of 10 uM for spectro-
scopic analysis. All interfering substances were freshly prepared
in deionized water to ensure consistency across measurements.
Fluorescence spectra were acquired using the fluorescence spec-
trophotometer. The excitation wavelength was set at 390 nm,
with both excitation and emission slit widths maintained at
5.0 nm to optimize resolution and signal intensity.

2.4. Cell Culture and Fluorescence Imaging

Human alveolar epithelial A549 cells, obtained from Xiangya
School of Medicine, Central South University (Changsha, China),
were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS). Cells were
maintained in a humidified incubator at 37 °C with 5% CO, and
95% air. For imaging experiments, cells were seeded into 35 mm
glass-bottom culture dishes and incubated for 24 hours to ensure
adequate adhesion and formation of a monolayer. Prior to stain-
ing, cells were washed three times with phosphate-buffered
saline (PBS, pH 7.4) and kept at 37 °C to maintain physiologi-
cal conditions. Confocal laser scanning microscopy was used to
acquire fluorescence images.

2.5. In Vivo Viscosity Imaging in Mice
BALB/c mice were purchased from SJA Laboratory Animal Co.,

Ltd. (Changsha, China) and maintained under standard housing
conditions throughout the experimental period. All animal pro-
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cedures complied with national regulations and were approved
by the Institutional Animal Care and Use Committee of Changsha
Medical University.

To establish a lipopolysaccharide (LPS)-induced ALl model,
mice were intraperitoneally injected with LPS at a dose of
10 mg/kg, followed by observation for 6 hours. For fluorescence
imaging of lung tissues, cryosections approximately 10 um thick
were prepared and incubated with the fluorescent probe GV
(50 uM) at 37 °C for 1 hour. Fluorescence signals were then
acquired using a fluorescence microscope.

3. Results and Discussion
3.1. Spectroscopic Response of GV to Viscosity

To assess the viscosity sensitivity of GV, its photophysical
behavior under varying viscosity conditions was systemati-
cally investigated. First, the UV-visible absorption spectra of
GV were recorded in both low- and high-viscosity environ-
ments. As shown in Figure 2A, GV exhibited a characteristic
absorption peak centered at 380 nm in PBS. In contrast, in
90% glycerol, the UV absorption intensity increased markedly,
likely due to restricted intramolecular rotation. Next, the fluo-
rescence spectra of GV were measured in glycerol-PBS mixtures
with different viscosities (Figure 2B, Table S1). At low viscos-
ity, GV displayed relatively weak fluorescence emission. As the
viscosity increased, the fluorescence intensity at 510 nm progres-
sively intensified, exhibiting a strong linear correlation between
log(Fs10) and log(viscosity), with a correlation coefficient of R? =
0.992 (Figure 2C). This relationship is described by the equation
log(Fsip) = 2.5438 + 0.4517 log n, demonstrating that GV is highly
sensitive to microenvironmental viscosity changes.

In complex biological environments, good selectivity and
anti-interference are essential requirements for viscosity probes.
To this end, the fluorescence response of GV was first evaluated
across a wide pH range. As shown in Figure S4, GV maintained
stable fluorescence intensity in solutions ranging from pH 4.0
to 1.0, indicating that physiological pH fluctuations had little
effect on its performance, thereby supporting its applicability
in biological systems. To assess potential interference, GV was
exposed to common biological species, including representa-
tive cations (APT, Cu**, Ca?*, K*, Mg?*, Na*, Zn?*), anions
(Br—, CI~, HCO;~, I, NO5~, PO,3>~, SO4%7), and biothiols (homo-
cysteine, glutathione, cysteine, H,S) (Figure 2D). Among these,
only glycerol significantly enhanced the fluorescence intensity of
GV, while all other analytes had negligible effects, confirming
the excellent selectivity of GV for viscosity. Further competi-
tion experiments were performed to determine whether these
analytes interfered with GV's fluorescence response. As shown
in Figure S5, GV maintained consistent fluorescence intensity
in the presence of all tested substances, further validating
its high specificity for viscosity. Furthermore, the fluorescence
response of GV was systematically examined in solvents of
varying polarity and in aqueous mixtures with different water
fractions (Figure S6). The results demonstrated that significant
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Figure 2. a) UV-Vis absorption spectra of GV (10 uM) recorded in phosphate-buffered saline (PBS) and 90% glycerol solution. b) Fluorescence emission
spectra of GV in PBS/glycerol mixtures with varying viscosities. c) Linear correlation between the logarithm of fluorescence intensity at 510 nm and the
logarithm of medium viscosity. d) Relative fluorescence intensities of GV (10 uM) in the presence of various potential interfering species (100 uM). The

excitation wavelength was set to 390 nm.

fluorescence enhancement occurred only under high-viscosity
conditions. In addition, the photostability of GV was evaluated
in both water and 90% glycerol over 60 minutes (Figure S7). The
fluorescence signal remained stable throughout the observation
period, demonstrating that GV possesses good photostability,
making it suitable for long-term imaging applications.

To gain deeper insight into the viscosity-sensing mechanism
of GV, we carried out density functional theory (DFT) calcula-
tions. As shown in Figure S8, the energy gap of GV in its planar
excited-state conformation is calculated to be 3.321 eV. In this pla-
nar configuration, the HOMO electrons are delocalized across the
entire molecule, while the LUMO electrons are primarily local-
ized on the strongly electron-withdrawing malononitrile moiety.
Upon molecular rotation, the HOMO electrons become localized
and no longer span the entire molecule, thereby disrupting the
intramolecular charge transfer (ICT) process. These findings indi-
cate that, in the excited state, strong charge transfer occurs from
the dimethylaniline donor to the triphenyl phosphate acceptor
groups, leading to a typical torsional ICT (TICT) process. The
increase in environmental viscosity effectively restricts molecu-
lar torsion, thereby suppressing the TICT process and enhancing
fluorescence emission.

3.2. Visualization of Viscosity in Live Cells

Given the strong spectral response of GV to viscosity under in
vitro conditions, we further explored its utility in monitoring
intracellular viscosity changes in living cells and biological sys-
tems. The cytotoxicity of GV was first assessed using a standard
MTT assay (Figure S9). The results showed that GV exhibited neg-
ligible toxicity toward A549 cells within the tested concentration
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range, confirming its excellent biocompatibility and suitability
for live-cell imaging applications.

To verify the Golgi-targeting capability of GV, we performed
colocalization experiments to determine its intracellular localiza-
tion. A549 cells were co-stained with GV and the commercial
Golgi marker dye, Golgi Track Red. As shown in Figure 3, the flu-
orescence of GV exhibited a strong overlap with Golgi-Tracker
Red, yielding a Pearson’s correlation coefficient of 0.93, which
confirms its excellent Golgi-targeting capability. Meanwhile, the
colocalization coefficient between GV and Mito-Tracker Red
exceeded 0.6, suggesting that the probe can also partially
localize to mitochondria. However, the substantially higher over-
lap with Golgi-Tracker Red indicates that GV possesses much
stronger specificity toward the Golgi apparatus.

Owing to its excellent optical properties and low cyto-
toxicity, GV was further applied to imaging Golgi viscosity
changes in A549 cells under stress conditions. Nystatin, a well-
known ionophore, has been reported to disrupt ion homeostasis
and induce changes in intracellular viscosity.*! As shown in
Figure 4A, cells treated with GV alone exhibited weak fluores-
cence signals, whereas cells co-incubated with nystatin displayed
markedly enhanced fluorescence intensity. Quantitative analysis
using Image J (Figure 4B) revealed that the fluorescence inten-
sity in the nystatin-treated group increased by approximately
twofold compared to the control group. These findings confirm
that GV can effectively respond to intracellular viscosity changes
and visualize nystatin-induced microenvironmental alterations,
highlighting its potential as a powerful fluorescent probe for
real-time monitoring of cellular viscosity dynamics.

Monensin is widely recognized as a potent inducer of
oxidative stress, particularly noted for disrupting Golgi func-
tion by impairing the activity of Golgi-resident proteins through
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Figure 4. a) Confocal imaging of GV in A549 cells before and after treatment with nystatin. b) Fluorescence intensity in (A) Scale bar: 10 um. Excitation:

405 nm; Emission: 480-560 nm.

redox imbalance!* In this study, the fluorescent probe GV
was employed to visualize changes in Golgi viscosity during
monensin-induced oxidative stress. A549 cells were divided into
four groups: one control group incubated with GV (10 uM) for
30 minutes under normal conditions, and three experimental
groups pretreated with increasing concentrations of monensin
(10 pM, 20 pM, and 50 pM) for 24 hours to induce varying lev-
els of oxidative stress in the Golgi. After monensin treatment,
cells were incubated with GV (10 uM) for an additional 30 min-
utes before imaging (Figure 5). As expected, the control group
exhibited the weakest fluorescence, whereas monensin-treated
cells showed progressively stronger fluorescence signals, which
positively correlated with monensin concentration. These results
demonstrate that GV can sensitively detect changes in Golgi
viscosity under oxidative stress in a concentration-dependent
manner.

Collectively, these findings underscore the potential of GV as
a Golgi-targeted fluorescent probe for monitoring microenviron-
mental changes during oxidative stress, providing a valuable tool

Chem. Eur. J. 2025, 31, €02835 (5 of 8)

for investigating the molecular mechanisms of Golgi-associated
oxidative stress in various disease contexts.

A549 cells were exposed to LPS for 24 hours to establish
an in vitro ALl model, as previously described.’**! Following LPS
induction, the cells were incubated with the fluorescent probe
GV for 30 minutes and then imaged (Figure 6A,). Compared
with the control group treated with GV alone, LPS-stimulated
cells exhibited markedly enhanced green fluorescence, indicat-
ing an increase in intracellular viscosity under inflammatory
stress. Flow cytometric analysis further confirmed that the flu-
orescence intensity in the LPS-treated group was significantly
higher than in the control group (Figure 6B), consistent with the
fluorescence microscopy observations. Additionally, flow cytom-
etry was used to assess LPS-induced apoptosis. After 24 hours
of LPS treatment at a concentration of 2.5 pg/mL, the apoptosis
rate reached 9.75%, significantly higher than that of the control
group (3.34%) (Figure 6D, E). These results collectively highlight
the increase in intracellular viscosity associated with LPS-induced
apoptosis under inflammatory stress.
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3.3. Visualization of Viscosity in Vivo

To assess the applicability of GV in the context of ALI, we eval-
uated its performance in a well-established murine ALI model
induced by LPS, which is widely recognized for recapitulating key
pathological features of the disease.[*”! Following intraperitoneal

Chem. Eur. J. 2025, 31, €02835 (6 of 8)

injection of LPS to induce ALI, mouse lung tissues were excised,

incubated ex vivo with the GV probe, and imaged using a small-

animal imaging system (Figure 7A,B). As shown in Figure 7C,D,
a substantial increase in fluorescence intensity was observed in
the lungs of LPS-treated mice compared to the control group.
These results were further verified by H&E staining. The H&E
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Figure 7. a) Schematic illustration showing the use of GV to monitor viscosity changes in a lipopolysaccharide (LPS)-induced ALI model. b) Experimental
timeline depicting the procedure for probe administration, tissue collection, and fluorescence imaging analysis. ¢) Ex vivo fluorescence imaging of whole
lungs isolated from control and LPS-treated mice. d) Quantitative comparison of fluorescence intensity between the control and LPS groups based on
panel (C). e) Fluorescence microscopy images of lung tissue sections from both groups. Scale bar: 100 pm. (f) Quantified fluorescence intensity of the tissue

sections shown in panel (E).

staining results confirmed the successful establishment of the
ALl model, as evident from the distinct pathological differences
between the control and model groups (Figure S10). To further
corroborate these findings, frozen lung tissue sections were pre-
pared and imaged. Consistent with the whole-organ imaging
results, enhanced fluorescence signals were also detected in tis-
sue slices from LPS-treated mice (Figure 7E, F), confirming the
robustness and reliability of GV for ex vivo pulmonary imaging.
Collectively, these results demonstrate that lung tissue viscosity
progressively increases during the progression of ALl, and that
GV is an effective molecular tool for visualizing these changes.
This highlights its potential utility for probing the pathophys-
iological mechanisms of ALl and other inflammation-related
diseases.

4. Conclusion

In summary, we have developed GV, a novel Golgi-targeted
fluorescent probe that combines high sensitivity to microenvi-
ronmental viscosity changes, excellent organelle specificity, and
minimal cytotoxicity. Through systematic in vitro and in vivo
experiments, we demonstrated that GV enables real-time visu-
alization of Golgi viscosity dynamics, particularly under oxida-
tive and inflammatory stress conditions associated with ALI.
Notably, this study provides in situ fluorescence imaging evi-
dence of increased Golgi viscosity in the lung tissue of ALl mice,
revealing a previously unrecognized link between subcellular

Chem. Eur. J. 2025, 31, €02835 (7 of 8)

biophysical alterations and disease progression. By addressing
the current lack of molecular tools for organelle-specific viscos-
ity sensing, GV offers a powerful platform for investigating the
pathophysiological role of viscosity changes in ALl and related
diseases.
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