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Viscosity, as a fundamental biophysical parameter of cellular microenvironments, critically regulates
physiological processes, including molecular transport and signal transduction. Lysosomes, functioning
as pivotal organelles, orchestrate essential biological activities such as macromolecular degradation and
autophagic flux. Aberrant viscosity fluctuations disrupt the substrate delivery within lysosomal enzymatic
activation zones, precipitating accumulation of undegraded metabolites and subsequent release of
inflammatory mediators, ultimately contributing to chronic inflammatory diseases. Consequently,
developing high-performance probes capable of real-time lysosomal viscosity monitoring is imperative
for the prevention, diagnosis and therapeutic intervention of inflammatory diseases. We developed
a lysosome-targeted fluorescent probe, LTP-H, based on the TICT mechanism. The probe demonstrated
a linear correlation between fluorescence intensity at 650 nm and medium viscosity (R? = 0.995),
exhibiting a 93-fold viscosity response ratio with robust stability against solvent polarity variations, pH
fluctuations, and biological interferents. Density functional theory calculations corroborated the TICT
response mechanism. Based on the strong hydrophobic property of the triphenylamine group, the LTP-
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1. Introduction

Viscosity plays a pivotal role in governing mechanobiological
interactions within cellular and extracellular microdomains,
which profoundly impacts a series of physiological activities
such as molecular and protein transport, intracellular signal-
ling, biomolecule interactions and metabolic diffusion.' There
is a close and complex intrinsic link between cell viscosity and
inflammation: when inflammation occurs, a series of patho-
logical processes are triggered, such as cell stimulation by
pathogens, injury signals, and the production of large amounts
of inflammatory factors. These actions lead to the activation of
intracellular signalling pathways, which trigger remodelling of
the cytoskeleton, and the aggregation of actin to make the
intracellular structure denser, limiting molecular movement,
resulting in the elevation of cellular viscosity.®™® At the same
time, inflammation-induced oxidative stress causes lipid
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a molecular tool for investigating microenvironmental viscosity in inflammatory diseases.

peroxidation, protein crosslinking and other damage. Hence,
intracellular substance transport is blocked, further increasing
viscosity. This results in the abnormal performance of cellular
actions, such as interfering with the transmembrane transport
of substances and blockade of intracellular signalling. These
actions make it difficult to effectively control inflammatory
reactions. Hence, a “vicious circle” is formed that continues to
promote the development of inflammation, aggravates tissue
damage, and causes a number of negative impacts on the health
of the organism.""” Therefore, monitoring changes in intra-
cellular viscosity is critical for the early recognition and iden-
tification of inflammatory processes to predict disease
progression and improve effective treatment.*®*

As pivotal cellular organelles, lysosomes regulate signal
transduction, autophagy processes and cellular homeostasis to
sustain core physiological functions. Lysosomes also form
dynamic interaction networks with the endoplasmic reticulum,
mitochondria and other organelles.”*** Accumulating evidence
has demonstrated a close association between lysosomal
dysfunction and chronic inflammatory states. Lysosomal
impairment induces intracellular environmental destabilisation
and exacerbates inflammation-linked pathological progression,
with inflammation-driven aberrant autophagy specifically
modulating lysosomal viscosity.”*?* Consequently, lysosomal

This journal is © The Royal Society of Chemistry 2025


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ay00451a&domain=pdf&date_stamp=2025-05-20
http://orcid.org/0009-0000-7273-6648
http://orcid.org/0009-0000-2421-1564
http://orcid.org/0000-0001-8080-4102
https://doi.org/10.1039/d5ay00451a
https://doi.org/10.1039/d5ay00451a
https://pubs.rsc.org/en/journals/journal/AY
https://pubs.rsc.org/en/journals/journal/AY?issueid=AY017020

Published on 15 Mee 2025. Downloaded on 28.02.26 07:39:25.

Paper

Q ngh viscosity
@ N

Low viscosity

TICT On
Weak fluorescence LTP-H
’ =
2 /
Electron @E 2\
acceptor 5(96\ \
I
N\
~ -

Scheme 1 Design of the probe LTP-H to measure viscosity changes.

monitoring and intracellular viscosity visualisation hold signifi-
cant value in medical research for the assessment, diagnosis and
therapeutic management of inflammatory and associated
disease states. In recent years, fluorescent probes have attracted
much attention in the field of bioanalysis due to their simplicity,
non-invasive detection capability, high sensitivity and good
biocompatibility,>*° and have shown great potential for appli-
cation in the monitoring of important physiological parameters
such as organismal viscosity, pH, and biothiols.**** In 2024,
Zhang et al.*® developed a near-infrared probe WZ-V with a large
Stokes shift, enabling liver injury monitoring through viscosity
response behaviour. Concurrently, Wang et al.*” designed the D-
7-A structured probes PTPA-B and CPTPA-B based on the TICT
mechanism, achieving high selectivity for human serum
albumin (HSA) detection. Chao et al.*® subsequently synthesised
a multifunctional xanthine-core probe, CCA, for simultaneous
quantitative detection of viscosity, polarity, sulfur dioxide, and
hydrogen peroxide, with the biological application of dis-
tinguishing normal from cancer cells via cellular viscosity. In
2025, Hao et al* developed a lysosome-targeted two-photon
probe, VFLyso, based on a DIC core scaffold. Building upon
inflammatory cell viscosity visualisation, this probe was further
adapted to monitor lysosomal viscosity changes in murine fatty
liver models and track viscosity dynamics in zebrafish. Although
these probes exhibit commendable photophysical and biological
characteristics, their structural and synthetic complexity,
coupled with pH-dependent lysosomal targeting mechanisms
that are prone to inducing alkalinisation effects,**** present
notable limitations. The present study addressed these
constraints through the development of a lysosomal viscosity-
responsive fluorescent probe featuring simplified synthetic
protocols and pH-independent targeting functionality.

The synthetic design of the probe was based on the TICT
mechanism, with LTP-H relying on the electron-donating
properties and dynamic rotational conformation of triphenyl-
amine (TPA). This configuration incorporated benzothiazolium
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iodide as the electron-accepting unit, enabling highly sensitive
viscosity monitoring in both ex vivo and in vivo systems without
interference from microenvironmental factors (Scheme 1). In
bioimaging applications, the lysosomal targeting mechanism
achieved precise localization through hydrophobic-driven
penetration of the TPA moiety, operating independently of
traditional pH-dependent modes. Systematic validation
through drug-induced cellular inflammation models and
zebrafish in vivo viscosity imaging demonstrated cross-scale
inflammatory monitoring spanning in vitro to in vivo environ-
ments. Therefore, this probe functioned as a molecular tool for
detecting inflammation in biological systems, with potential
applications in diagnosing physiological states, analysing
pathological processes, and investigating mechanisms of
inflammation-related disorders.

2. Experimental component
2.1 Reagents and instruments

Unless otherwise stated, all raw materials were purchased
directly from the supplier without secondary processing. The
water was double-deionised and the solvents employed were of
analytical purity procured from certified suppliers.
Chromatography-grade solvents were specifically chosen for the
spectral characterisation to eliminate factors that could inter-
fere with the stability of the spectral baseline. Comprehensive
details regarding the laboratory equipment and biological
samples utilised in the experiments are provided in the ESI.{

2.2 Synthesis and characterization of the probe LTP-H

The synthetic pathway and mechanism underlying the response
of the probe LTP-H are illustrated in ESI Scheme S1.f The
detailed procedures for synthesising compound 1 and
compound 2 are provided in the ESI.} Compound 1 (610.00 mg,
2.00 mmol) underwent dissolution in anhydrous ethanol (6 mL)
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and was stirred at 80 °C for 1 h. The dissolved compound was
added to compound 2 (364.00 mg, 1.33 mmol) and catalyst
piperidine (100 pL), heated to 85 °C, followed by condensation
and refluxing for 8 h with progress monitored by TLC. Upon
solvent removal under reduced pressure, the crude extract was
purified using column chromatography with the DCM/MeOH
(20:1) gradient elution system, yielding LTP-H as a purple-red
solid (447.00 mg, 60% yield). "H NMR (600 MHz, chloroform-
d) 6 8.79 (d,] = 4.4 Hz, 1H), 8.12 (s, 1H), 8.05 (d, / = 8.1 Hz, 1H),
8.01 (d, J = 8.3 Hz, 1H), 7.96 (d, J = 7.7 Hz, 1H), 7.72 (t, ] =
6.9 Hz, 1H), 7.58 (d,J = 7.0 Hz, 1H), 7.55 (d,/ = 8.3 Hz, 1H), 7.51
(d,J = 8.6 Hz, 2H), 7.47 (t, J = 8.2 Hz, 1H), 7.31-7.27 (m, 3H),
7.16 (dd, J = 15.2, 8.0 Hz, 4H), 7.08-7.03 (m, 2H), 6.62 (d, J =
8.2 Hz, 1H), 2.73 (s, 2H), 1.42 (s, 3H). ">C NMR (151 MHz, CDCl;)
0 190.44, 152.47, 149.15, 145.85, 139.81, 131.43, 130.48, 130.17,
127.90, 127.40, 126.80, 126.65, 125.99, 124.75, 121.66, 121.18,
112.20, 43.07, 13.51. HRMS (ESI): caled for C29H25N2S", [M]',
m/z, 433.1738, found: 433.1739.
Additional synthesis details are shown in Scheme S1.

3. Results and discussion
3.1 Rational design of LTP-H

The probe LTP-H is based on the TICT mechanism. It can be
constructed through the Vilsmeier and iodine substitution
reactions to form a D-1-A molecular architecture with triphe-
nylamine (TPA) as the electron-donor and benzothiazole as the
electron-acceptor. Its core design integrates the dynamic
conformational regulation of molecules with targeting func-
tionality through synergistic effects. As shown in Scheme 1,
environmental viscosity regulates the excited-state energy
dissipation pathway by restricting the rotational freedom of TPA
around the C-N single bond. Under low-viscosity conditions,
free rotation promotes non-planar conformations in which
excited-state energy dissipates via non-radiative transitions,
resulting in weak fluorescence. In high-viscosity environments,
restricted molecular motion drives D-A modules towards
coplanar conformations, and increased molecular orbital over-
lap enhances radiative transitions in the near-infrared (NIR)
region, achieving responsiveness to viscosity. Lysosomal tar-
geting employs a hydrophobic-driven mechanism. Lysosomal
membranes are predominantly composed of cholesterol and
specific lipids, so their hydrophobic properties are highly
matched to hydrophobic groups. Harnessing the marked
hydrophobicity of TPA, this mechanism traverses the
membrane architecture to anchor within the hydrophobic
domain of the lipid bilayer, enabling surface enrichment. This
strategy functions independently of pH parameters, avoiding
the dependence of conventional probes on lysosomal acidity
while precluding monitoring interference caused by alkalisa-
tion. Thus, the probe LTP-H serves as an effective tool for
monitoring viscosity changes.

3.2 Mechanism for sensing viscosity by the probe TLP-H

To elucidate the response mechanism of the probe to viscosity,
we conducted a series of quantum chemical calculations based
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Fig. 1 (A) Optimised geometry of LTP-H in the excited state. (B)
Frontier molecular orbitals of LTP-H in the excited state with a dihedral
angle of 0° near C20-C21-C22-N26. (C) Frontier molecular orbitals
of LTP-H in the excited state with a dihedral angle of 90° near C20—-
C21-C22-N26 with a 90° dihedral angle in the vicinity (f: oscillator
strength).

on density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) using the software Gaussian09 and
B3LYP/6-31G(d,p) basis set. The initial geometry of the probe
LTP-H was generated using the software Gaussian View
(Fig. 1A). Under high-viscosity conditions, the probe LTP-H
adopted a planar conformation with a dihedral angle of 0°,
where the HOMO orbital was highly localized in the m-conju-
gated system of the triphenylamine donor; whereas the LUMO
orbital was concentrated in the electron-deficient heterocyclic
ring of the benzothiazole acceptor. The significant spatial
separation of the donor-acceptor orbital distribution formed an
efficient charge transfer channel, resulting in a strong charge
transfer transition (oscillator strength of 0.2753), which was
manifested as high-intensity fluorescence emission (Fig. 1B).
When the environmental viscosity decreased, the rotational
freedom of the single bond within the molecule increased, and
the dihedral angle of the probe LTP-H rotated to 90° to form an
orthogonal conformation. This action led to the HOMO being
localized in the isolated aromatic ring of triphenylamine and
the LUMO being confined to the thiazole unit of the benzo-
thiazole, blocking the conjugated channel. At this point, the
oscillator strength dropped from 0.2753 at the 0° dihedral angle
near C20-C21-C22-N26 to 0.0132 at the 90° dihedral angle
(Fig. 1C). These results indicated that intramolecular rotation
caused the probe to form a distorted excited state, resulting in

This journal is © The Royal Society of Chemistry 2025
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weak fluorescence emission, confirming the TICT mechanism
of the probe.

3.3 Spectral characteristics of the probe LTP-H

To systematically explore the relationship between the photo-
physical properties of the probe LTP-H and the viscosity of the
medium, glycerol and methanol were initially chosen as repre-
sentative solvent systems for spectroscopic analysis. The probe
indicated characteristic absorption peaks at 570 nm in both
methanol and glycerol. When an excitation wavelength of
570 nm was used, only a faint fluorescence signal was observed
in the methanol system, whereas the glycerol system showed
a significantly enhanced emission peak at 650 nm with a Stokes
shift of 83 nm and a 93-fold rise in the fluorescence signal
(Fig. 2A and B). This change could be attributed to the viscosity-
dependent molecular conformational regulation mechanism.
That is, in low-viscosity media, the intramolecular rotational
freedom of the probe was high, and the excited state energy was
rapidly dissipated through non-crossing. In high-viscosity
environments, the blockade of molecular torsional motion
induced donor-acceptor modules to converge to co-planar
arrangements, which effectively expanded the m-electronic
conjugation system, thus increasing the probability of radiative
transitions and significantly enhancing the fluorescence signal.
To further assess the viscosity response and sensitivity of the
probes, a glycerol-methanol binary solvent gradient system
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(viscosity range of 1.30-938.0 cp) was further constructed.
Fig. 2C shows that the fluorescence signal at 650 nm displayed
an exponential growth trend as the glycerol volume fraction
increased from 0% to 100%, indicating that the probe had an
ultrasensitive response to the high-viscosity microenvironment.
As shown in Fig. 2D, an excellent linear correlation (R* = 0.995)
was presented by linearly fitting its probe emission intensity
(log Iss0) to the medium viscosity (log n), which suggested an
excellent viscosity responsiveness of the probe LTP-H and that it
had unique capability for detecting viscosity changes in an
external environment.

In order to analyse the interference of polarity on the probe,
the spectral response behaviour of the probe in different polar
solvents was subsequently tested. In the UV spectra (Fig. 3A), we
observed a slight bathochromic shift in the absorption wave-
lengths of the different solvents in the range of 560-575 nm,
which was caused by changes in viscosity and molecular
conformation. That is, the molecules were free to rotate at low
viscosities triggering a conjugate shortening blue shift, whereas
high viscosities restricted the rotation, leading to a conjugate
planarisation bathochromic shift; polar solvents could also be
red-shifted by stabilising the excited state charge separation
(solvatochromic effect). In addition, the nature of the solvent
and multiple interactions between the probe molecules and
solvent also led to differences in absorbance in different
solvents. That is, high polarity enhanced the absorbance
through strong solvation by increasing the concentration of
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Fig.2 (A) UV-vis spectrum of LTP-H (10 pM) in MeOH and Gly. (B) FL spectra of LTP-H (10 puM) in MeOH and Gly. (C) FL spectra of LTP-H (10 uM)
with variation of the solution viscosity (1.30-938.0 cp). (D) Linear correlation between log lgsg and log n; Aex = 570 hm, Aem = 650 nm.

This journal is © The Royal Society of Chemistry 2025

Anal. Methods, 2025, 17, 4138-4149 | 4141


https://doi.org/10.1039/d5ay00451a

Published on 15 Mee 2025. Downloaded on 28.02.26 07:39:25.

View Article Online

Analytical Methods Paper
A B
10000
—— Glycerol ——DMF
~ DMSO ——DMSO
— THF —— I
0.6 — ~ 8000 p—
—DMF = 100% Glycerol ~—Methanol
= ~ 1,4 Dioxane “' * ~———14-Dioxane
2 ——EOH = 60004 rd ——— Ethanol
= —CH,CN e ——CH,CN
2.0.4 =
S 172}
) =
2 S 4000
= 0.2 E’
= 2000
0.0 T T T 0 - T T
500 550 600 625 650 675 700

Wavelength(nm) Wavelength(nm)

Fig.3 (A) UV-vis spectrum of LTP-H (10 pM) in distinct polar solvents. (B) Fluorescence spectrum of LTP-H (10 uM) in distinct polar solvents. Aqx =
570 nm, Aem = 650 Nm.

chromophores and the probability of electron transition. Low interactions between the probe molecules and solvent (e.g.,
polarity induced molecular aggregation to weaken the absorp- hydrogen bonding) could lead to a bathochromic shift by
tion peaks, the dynamic effect of which was amplified by limiting conjugated electron delocalisation, which caused
modulation of the molar absorption coefficients. In addition, a variation in absorbance by limiting the conjugated electrons
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Fig. 4 (A) Fluorescence spectra of the probe LTP-H in a water—acetonitrile system; (B) plot of the maximum fluorescence intensity of the probe
LTP-H in a water—acetonitrile system versus water volume fraction. (C) Fluorescence spectra of the probe LTP-H in a water—tetrahydrofuran
system. (D) Plot of maximum fluorescence intensity of the probe LTP-H in a water—tetrahydrofuran system versus water volume fraction.
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from the domain.

In the fluorescence spectra (Fig. 3B), minimal

signal changes were observed for the probe LTP-H in different
solvents, and its fluorescence emission intensity was weak and
remained at a low level. However, after the introduction of
glycerol, the fluorescence signal intensity at 650 nm increased
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93-fold with a quantum yield of 61.50% (2.01% for methanol).
Comparison of the UV absorption spectral parameters of the
probe LTP-H in different solvents with the change in fluores-
cence intensity (ESI Table 1t) revealed the magnitude of the
former change to be almost negligible. This phenomenon
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Fig.7 Toxic responses of HepG2 cells to graded concentrations of the
probe LTP-H.

clearly revealed that the luminescence mechanism of the probe
LTP-H was typically viscosity-dependent, and that the solvent
polarity parameter had a negligible effect on its fluorescence
behaviour. These features make it effective for the detection of
complex biological microenvironments to avoid the interfer-
ence of a polar background.

Based on the triphenylamine (TPA) moiety, a classical AIE
active unit which is present in the LTP-H probe, we sought to
systematically ascertain if it aggregates to induce luminescence
properties. We chose different ratios of the mixed systems of
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water-acetonitrile (polar system) and water-tetrahydrofuran
(non-polar system) as the test media, and systematically
observed the effect of water content (0-100%, v/v) on the fluo-
rescence behaviour of the probes. The fluorescence intensity
did not change significantly if the water content was low.
However, if the water content was increased to 90% (water-
acetonitrile system) and 80% (water-tetrahydrofuran system),
the fluorescence intensity of the two systems increased signifi-
cantly (16.5-fold and 13.4-fold, respectively). These data indi-
cated that the probe molecules gradually showed aggregation in
the system, triggering fluorescence activation in aggregated
states, resulting in fluorescence activation of the probes (Fig. 4A
and C) and in a change of fluorescence intensity (Fig. 4B and D).
This phenomenon was attributed to the synergistic effect of
restricted intramolecular motion and donor-acceptor syner-
gistic charge transfer. In the dispersed state, the benzene ring of
triphenylamine consumed the excited state energy due to free
rotation, resulting in weak fluorescence. In the aggregated state,
the spatial resistance formed by intermolecular w-m stacking
and van der Waals forces “froze” the rotation of the benzene
ring, forcing energy release by radiative transfer. At the same
time, the rigid planar structure of benzothiazole effectively
reduced excessive -7 stacking to prevent aggregation-caused
quenching (ACQ), while simultaneously forming an ordered
donor-acceptor (D-A) configuration. This optimized structure
enabled efficient charge transfer between triphenylamine and
benzothiazole, with significantly enhanced radiative emission
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Fig.8 (A) Co-localisation imaging of the probe LTP-H (10 pM) with LysoTracker™ Green (10 uM) in HepG-2 cells; red channel (Aex =590 nm, Aem
= 560-700 nm); green channel (Aex = 488 Nm, ey = 500-550 nm). (B) Correlation of the distribution of red-channel and green-channel
fluorescence intensity. (C) Map showing the cellular ROI fluorescence intensity distribution. Scale bar: 10 um.
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in the aggregated state. Thus, the probe LTP-H had the char-
acteristics of AIE, which is beneficial for subsequent bioimaging
to maintain a stable effect.

To systematically evaluate the specific responsiveness of the
probe LTP-H in complex biological systems, a test system was
constructed to cover five typical types of interferers. The latter
included common metal ions (Fe**, Fe**, Co>", Hg, Ca®*, Mg>"),
inorganic anions (F~, SCN~, H,PO, , SO,>~, CO;>7), reactive
oxygen/nitrogen species (ONOO-, HCIO), sulfur-containing
reactive species (HSO; ™, S,05>7), and amino acids (Hcy, Ser,
Leu). The introduction of the above interferences into the
methanol masterbatch of the probe resulted in almost
unchanged fluorescence intensity fluctuations at 650 nm and
remained at a low fluorescence intensity level, suggesting that
the probe exhibited exceptional performance against common
interferences. The fluorescence intensity of the probe in glycerol
was increased 83-fold compared with that of the interfering
system, showing a remarkable viscosity-specific response
(Fig. 5A). This selective mechanism was further validated
through a binary solvent gradient experiment (methanol : glyc-
erol = 9:1 to 1:9). The fluorescence intensity was marginally
changed by the addition of selective ions to the same system;
with an increase in the proportion of glycerol in the system and
increase of viscosity, the contrast in fluorescence signal of the
probe exhibited an enhancement (Fig. 5B). Collectively, these
data suggested that the probe LTP-H was not affected by the
interfering substances and displayed a significant viscosity-
specific response, so it could be utilised as a sensitive
viscosity detection probe.

The experimental evidence established LTP-H as a reliable in
vitro viscosity probe. Given the physiological pH heterogeneity,
we systematically evaluated the pH susceptibility of LTP-H by
setting up phosphate-buffer systems (pH = 2.0-12.0) with
different pH ranges and glycerol-buffer systems (0% and 70%)
with controlled viscosities. As presented in Fig. 6A and B, fluc-
tuation of the fluorescence intensity at 650 nm of the probe with
PH change did not change significantly under the condition of
constant viscosity. When the viscosity of the system was
elevated, the pH insensitivity was maintained and the fluores-
cence intensity was enhanced. These phenomena were related
to the chemical stability and charge distribution of the LTP-H
molecular structure. Protonation or deprotonation at the
tertiary amine structure at the triphenylamine donor end of the
probe was difficult due to spatial resistance and electron cloud
characteristics, and the acceptor end of the benzothiazole was
quaternised to form a steady-state positive charge centre whose
charge characteristics were completely independent of the
changes in the acid-base environment. The chemical inertness
of iodide ions makes them resistant to hydrolysis/coordination
over a wide pH range. Together, the above factors strengthened
the pH stability of the system and confirmed that the probe
luminescence mechanism was independent of the protonation
state, and demonstrated strong tolerance to changes in the
ambient pH environment (Fig. 6C). Finally, an accelerated light
ageing experiment by continuous xenon lamp irradiation
simulated the detection conditions of the pure methanol/
glycerol system demonstrated that the fluorescence spectral

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 (A) OA-induced inflammatory HepG-2 cells detected by the
probe LTP-H (schematic). (B) Viscosity test for HepG2 cells. From top
to bottom: incubation with PBS and LTP-H (10 uM) for 30 min only;
incubation with DMEM and LTP-H (10 pM) for 30 min only; incubation
with OA (2, 4, 6 and 8 ng mL~Y) for 1 h treated with LTP-H (10 uM) for
30 min. From left to right: red fluorescence channel field; bright field;
superimposed field. (C) Normalised quantitative fluorescence intensity
of HepG2 cells in confocal microscopic imaging. Normalised baseline
values are fluorescence intensities for the PBS group. Aex = 570 nm,
Jem = 590-700 nm. Scale bar: 20 pm.

signals remained constant during 60 min of dynamic moni-
toring, confirming that the probe possessed excellent photo-
stability characteristics (Fig. 6D). Comprehensive spectroscopic
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incubation with DMEM and LTP-H (10 uM) for 30 min only; incubation with LPS (10 and 20 pg mL~Y) for 1 h treated with LTP-H (10 uM) for 30 min.
From top to bottom: red fluorescence channel field; bright field; superimposed field. (C) Normalized quantitative fluorescence intensity of
HepG2 cells in confocal microscopic imaging; normalised baseline values are fluorescence intensities for the DMEM group. Aex = 570 nm, Aem =

590-700 nm. Scale bar: 20 um.

test results showed that the probe LTP-H had the advantages of
viscosity-specific response, anti-interference, pH stability and
optical stability. These features make it suitable for long-term
tracking of intracellular viscosity changes for monitoring and
research.

3.4 Fluorescence imaging of LTP-H in HepG2 cells

After the above spectroscopic study, we learnt that the probe
LTP-H had excellent fluorescence properties in viscosity
response and could be used in biological environments.
Consequently, the probe was applied to detect viscosity in cells.
To verify the biosafety of the LTP-H probe in cellular imaging,
the toxic effect on HepG2 cells (Jiangsu Kaige Biotechnology
Co., Ltd, China) was systematically evaluated using the MTT

4146 | Anal. Methods, 2025, 17, 4138-4149

assay. Concentration gradients of the probe (0, 5, 10, 15, 20, 25,
30, 40, and 50 uM) and cells were incubated together for 24 h.
The results demonstrated (Fig. 7) that even in the group
exhibiting the highest concentration (50 uM), the percentage of
cells that survived was 87% (substantially exceeding the
working concentration of 5-10 uM required for conventional
imaging). Hence, the probe LTP-H had low toxicity and was
applicable to prolonged live-cell monitoring and imaging
applications.

Lysosomal membranes are predominantly composed of
cholesterol and specific lipids, forming a dense, low-mobility
hydrophobic core through close packing.”® Hydrophobic
groups (e.g., aromatic rings, alkyl chains), which exhibit high
compatibility with the hydrophobicity of lysosomal membrane
lipids, can be incorporated into the membrane lipid layer via

This journal is © The Royal Society of Chemistry 2025
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intermolecular forces,* significantly reducing permeation
resistance and facilitating entry into lysosomes by passive
diffusion.*® Based on the strong hydrophobic effect of the TPA
moiety in probe LTP-H it was inferred to have lysosomal tar-
geting potential. To verify its feasibility, lysosomal co-targeting
experiments were performed. HepG-2 cells were pretreated with
the probe LTP-H for 30 min, then incubated with lysosomal co-
localisation dye LysoTracker™ Green for 30 min, and imaging
was performed. The spatial distribution of the red fluorescence
of probe LTP-H and the green fluorescence of the lysosomal co-
localisation dye LysoTracker Green were highly consistent with
each other (Fig. 8A), with a Pearson co-localisation coefficient as
high as 0.90 (Fig. 8B). In addition, the intensity trends of LTP-H
and LysoTracker Green in the cellular ROI region were closely
related (Fig. 8C). These experimental results demonstrated that
the probe LTP-H could selectively target lysosomes and was
utilised to monitor viscosity variations in lysosomes. Notably,
due to the absence of basic (e.g., amino) groups in the probe and
the proton inertness of the benzothiazole salts, its enrichment
in the lysosomal lumen (pH = 4.5-5.5) is difficult to achieve by
protonation. Instead, the hydrophobic dominance of the TPA
group directed the probe into the hydrophobic region of the
lysosomal membrane and enriched it at the membrane surface.
Compared with traditional acidic environment-dependent
probes, the localisation mechanism of the probe LTP-H was
completely independent of lysosomal pH fluctuations, which
could effectively circumvent the failure in lysosomal local-
isation caused by the alkalinisation effect.

Oleic acid can interact with cellular receptors, activate
inflammatory pathways, produce reactive oxygen species, and
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disturb lipid metabolism.*® If triggered by inflammation, oleic
acid can alter cell membrane fluidity, induce cytoskeletal
remodelling, and cause intracellular aggregation, which have
been reported to collectively lead to the rise in cellular
viscosity.”” We wished to investigate whether the probe LTP-H
could effectively distinguish normal cells from inflammatory
cells. We induced inflammation in HepG2 cells using different
concentrations of oleic acid to observe the response of the probe
to viscosity changes. The cells were divided into three groups.
The first group was treated with PBS for 3 h followed by a 30 min
incubation with the probe LTP-H. The second group was first
incubated with DMEM for 12 h and then treated with the probe
for 30 min. The third group was exposed to increasing
concentrations of oleic acid (2, 4, 6, and 8 pg mL™") for 1 h to
induce inflammation, followed by a 30 min incubation with the
probe for imaging. The PBS-treated group exhibited reduced
metabolic activity and biomolecule synthesis, leading to
decreased cellular viscosity and consequently displaying
minimal red-channel fluorescence. In contrast, the DMEM-
treated group (serving as a medium control), exhibited normal
biosynthetic activity, resulting in moderately stronger fluores-
cence intensity in the red channel compared with that of the
PBS group (Fig. 9A). Finally, the oleic acid-induced group had
the strongest fluorescence signal, and its maximum fluores-
cence intensity was up to 4.8-fold and 3.6-fold of that of the PBS
and DMEM-treated groups, respectively. This enhancement
correlated with the gradual increase in oleic acid concentration,
which amplified inflammatory responses and elevated cellular
viscosity, thereby intensifying the red-channel fluorescence
signal (Fig. 9B). These findings confirmed that the probe LTP-H

g
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Fig. 11 (A) Imaging from the zebrafish viscosity experiment. (B) Confocal fluorescence images of the probe LTP-H (10 uM) in zebrafish. From left
to right: zebrafish co-incubated with probe LTP-H for 30 min only; treated with lipopolysaccharide (10 pM), monensin (10 uM), nystatin (10 uM),
and rapamycin (10 uM) for 30 min, respectively, followed by incubation with LTP-H for 30 min (10 uM). From top to bottom: red fluorescence
channel view; bright field; superimposed view. (C) Normalised quantitative fluorescence intensity of zebrafish under the above conditions.
Normalised baseline values are fluorescence intensities for the control group; Aex = 570 nm, A = 590-700 nm. Scale bar: 20 um.
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could monitor intracellular viscosity changes while differenti-
ating between normal cells and inflammatory cells.

Lipopolysaccharide (LPS), as a typical pathogen-associated
molecule, triggers inflammation and oxidative stress through
activation of cellular receptors, disrupting mitochondrial and
lysosomal structures.*® This leads to metabolite stasis, enzyme
leakage, and localised viscosity elevation. Its induced abnormal
lipid accumulation and oxidation products lead to the forma-
tion of a high-viscosity pathological zone, hindering material
transport and energy metabolism.*-*! This forces continuous
activation of inflammatory signals, establishing a viscosity
abnormality-inflammation vicious cycle. Based on these
mechanisms, we employed an LPS-induced HepG2 cell
inflammation model and monitored viscosity using the LTP-H
probe. The red-channel fluorescence signal of the control
(DMEM) group treated with only the LTP-H probe (10 pM) for
30 min was extremely weak (Fig. 10B), whereas the fluorescence
intensity of HepG2 cells pre-treated with LPS for 30 min to
induce inflammation increased significantly with the LPS
concentration gradient (Fig. 10C), reaching 4.6-fold higher than
the control group. These data confirmed that the probe LTP-H
effectively detected a viscosity imbalance in LPS-stimulated
cellular inflammation.

Zebrafish are highly genetically homologous to humans and
are commonly used to model and study human diseases.**** On
this basis, we designed probe assay experiments for different
drug-induced viscosity changes in zebrafish in vivo to validate
the feasibility of the probe LTP-H for detecting viscosity changes
in live animals. Zebrafish were incubated with different drugs
(lipopolysaccharide, monensin, nystatin and rapamycin) to
induce viscosity changes. Only weak red fluorescence was
observed when zebrafish were treated with only LTP-H (10 uM).
However, when zebrafish were treated with 10 uM lipopolysac-
charide, monensin, mycoplasma, and rapamycin for 30 min,
and then incubated with the probe (10 uM) for 30 min, fluo-
rescence intensity was enhanced (Fig. 11B). We documented
a 2.1-fold increase in the maximum normalised fluorescence
intensity in the drug-treated group compared with that in the
control group. These results showed that the LTP-H probe could
effectively monitor viscosity changes in living animals. Hence,
the probe could be a reliable molecular imaging tool for visu-
alising and diagnosing inflammation-related diseases.

4. Conclusions

We rationally designed a lysosomal viscosity-targeting fluores-
cent probe (LTP-H) based on the TICT mechanism for detecting
inflammation in organisms. The probe was readily synthesised
and exhibited excellent photophysical properties at 650 nm,
including a good linear relationship (R* = 0.995), high resis-
tance to interference (non-responsive to pH variations, small
biomolecules, or ions), and high photostability, with a 93-fold
viscosity response enhancement compared with methanol.
Diverging from conventional probes, LTP-H accomplished pH-
independent precision targeting of lysosomes (P = 0.90)
through the pronounced hydrophobicity of the TPA backbone
and employed a hydrophobicity-driven penetration localisation
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strategy, circumventing the reliance of traditional probes on
acidic microenvironments while preventing interference from
alkalisation. Bioimaging experiments further demonstrated its
capability to differentiate normal cells from inflammatory cells
and monitor drug-induced viscosity changes in zebrafish,
establishing a cross-scale viscosity monitoring system spanning
in vitro to in vivo models. Therefore, the probe LTP-H provides
a novel strategy for developing non-pH-dependent organelle
probes, but also demonstrates good application prospects in
diagnosing inflammatory states and investigating their under-
lying mechanisms.
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