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Abstract

Mechanical forces play a crucial role in cellular processes, including ferroptosis,
a form of regulated cell death associated with various diseases. However, the
mechanical aspects of organelle lipid droplets (LDs) during ferroptosis are poorly
understood. In this study, we designed and synthesized a fluorescent probe, TPE-V1,
to enable real-time monitoring of LDs' viscosity using a dual-channel fluorescence-on
model (red channel at 617 nm and NIR channel at 710 nm). The fluorescent imaging of
using TPE-V1 was achieved due to the integrated mechanisms of the twisted
intramolecular charge transfer (TICT) and aggregation-induced emission (AIE).
Through dual-emission channel fluorescence imaging, we observed the enhanced

mechanical energy of LDs triggering cellular mechanosensing, including ferroptosis
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and cell deformation. Theoretical calculations confirmed the probe's behavior, showing
that high-viscosity media prevented the rotation processes and restored fluorescence
quenching in low viscosity. These findings suggest that our TICT-TPE design strategy
provides a practical approach to study LDs' mechanical properties during ferroptosis.
This development enhances our understanding of the interplay between mechanical
forces and LDs, contributing to the knowledge of ferroptotic cell death and potential

therapeutic interventions targeting dysregulated cell death processes.

Keywords: TICT-AIE; dual-channel; lipid droplets; mechanosensing; ferroptosis

1. Introduction

Cellular processes are intricately regulated by a complex interplay of biochemical
signaling and physical forces [1]. Recent research has revealed the profound impact of
mechanical forces, including mechano-sensing and mechano-transduction, on diverse
cellular functions [2, 3]. These processes involve the detection and conversion of
mechanical signals into biochemical responses, influencing critical cellular phenomena
such as cell growth, differentiation, and cell death [4-7]. Ferroptosis, a novel form of
regulated cell death [8], has gained significant attention due to its involvement in
various pathological conditions, ranging from cancer to neurodegenerative diseases and
tissue damage [9-11]. This unique form of cell death is characterized by the
accumulation of reactive oxygen species (ROS) and lipid peroxides [12-16], resulting
in cellular dysfunction and demise. While the biochemical aspects of ferroptosis have
been extensively studied, the role of mechanical forces, particularly their impact on the
organelles involved, remains largely unexplored. Among the organelles implicated in
ferroptosis, organelle lipid droplets (LDs) have recently come under intense scrutiny.
Once considered passive lipid storage depots, LDs are now recognized as dynamic
organelles with multifaceted functions, including lipid metabolism, energy homeostasis,
and cellular signaling [17-21]. Given their involvement in lipid metabolism, LDs are
poised to play a critical role in mediating cellular responses to mechanical forces during

ferroptosis.
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However, the investigation of mechanical forces, specifically the influence of
viscosity, on organelle LDs poses a substantial challenge, with the lack of practical
methodologies hindering progress in this area. Notably, intracellular viscosity is a key
mechanical force (fluid shear stress), and viscosity has a numerical relationship with
shear stress per unit velocity gradient [22]. In this study, to address this pressing need,
we propose to design probe molecules that can sense the change of LDs” mechanical
properties during ferroptosis through fluorescence imaging under the integrated
mechanisms of both TICT and AIE. This should provide a pioneering and practical

approach to explore the mechanical aspects of LDs during ferroptosis.

Fluorescence imaging has emerged as a powerful tool for monitoring the cellular
microenvironment, offering high sensitivity, real-time capabilities, non-invasiveness,
and in situ visual imaging [23-26]. Existing fluorescent probes for tracking LDs'
mechanical force changes often suffer from limitations such as aggregation-induced
quenching (ACQ) effects [27-29], low dosages, and poor emission in bioassays.
Furthermore, some probes typically exhibit visible fluorescence with single-
wavelength emission [30, 31], making them susceptible to background fluorescence
interference. In contrast, fluorescence qualitative analysis using single-wavelength
excitation and dual-emission channels offers improved data accuracy and simplified
operational procedures, benefiting from built-in self-calibration mechanisms [32, 33].
Additionally, probes with red and near-infrared (NIR) fluorescence emission hold
advantages in fluorescence bioimaging, including reduced autofluorescence of
biomolecules, reduced photobleaching, and enhanced tissue penetration capabilities [34,

35].

Therefore, there is a critical need to develop probes for real-time monitoring of
LDs' viscosity through single-excitation and dual-emission channels with red and NIR
fluorescence. In recent studies, probes based on intramolecular motion mechanisms
(RIM) [36-40] or TICT phenomenon [41-45] have been used to monitor the viscosity
of LDs in real time. Meanwhile, according to reports, probes with TICT and AIE

mechanisms (also known as TICT-AIE) exhibit tunable emission characteristics [46-
3
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48], with increased TICT effects causing red-shifted fluorescence emission [49, 50].
This property allows TICT-AIE probes to display distinct optical characteristics in
different fluorescence emission channels. However, until now, there has been no
examples of integrating TICT and AIE into a single probe to detect the viscosity
changes of LDs. On the basis of this, we anticipate that TICT-AIE probes will be able
to dynamically realize accurately tracking the viscosity changes of LDs in dual

emission channels.

Here, we present the design of the first TICT-AIE integrated probe, TPE-V1,
specifically for tracking LDs' mechanical property changes during ferroptosis through
red and NIR emission channels. TPE-V1 incorporates merocyanine, cyclohexene, and
TPE moieties. The extended m-conjugated system with enhanced rigidity enables the
molecule to exhibit NIR emission, while the bonds between merocyanine and
cyclohexene act as a molecular rotor that freely rotates in low-viscosity solvents,
rendering the probe sensitive to viscosity changes. Additionally, TPE, as an AIE-active
core and a viscosity-sensitive unit, selectively accumulates in LDs due to its
hydrophobicity. Based on the TICT-AIE mechanism, bond rotation in the merocyanine
and TPE molecules is restricted under viscous media, leading to enhanced fluorescence
intensity in both emission channels. Theoretical calculations further validate the probe's
behavior, demonstrating that a high-viscosity medium prevents the TICT and AIE
rotation processes of the probe. Moreover, TPE-V1 exhibits high specificity and low
cytotoxicity. With its unique advantages, TPE-V1 serves as an excellent fluorescence
sensor for dynamically monitoring the mechanical force of LDs through two different
emission channels. This development significantly advances the in-depth study of LDs'
mechanosensing during ferroptosis and paves the way for further exploration of the
complex interplay between mechanical forces and LDs, fostering a deeper
understanding of ferroptotic cell death and opening new possibilities for therapeutic

interventions targeting dysregulated cell death processes.

2. Experimental section



111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

2.1 Materials and general experimental methods

For detailed information, please refer to the Supporting Information. The synthesis
of TPE-V1 involved stirring a solution of 4 (150 mg, 0.38 mmol), 1 (180 mg, 0.48
mmol), and KOH (304 mg, 5.42 mmol) in ethanol (12 mL) at room temperature.
Subsequently, five drops of tributyl ammonium hydroxide solution (0.8 M) were added,
and the mixture was heated to reflux for 5 hours. The progress of the reaction was
monitored using TLC. After cooling to room temperature, the solution was concentrated
under reduced pressure. The crude product was purified by column chromatography
using PE/CH>ClL> (20:1) as the eluent, resulting in the isolation of probe TPE-V1
compound (150 mg, 53% yield) as a green solid. '"H NMR (400 MHz, CDCls) analysis
showed the following values: 6 8.02 (d, J = 8.7 Hz, 2H), 7.81 (d, J = 8.2 Hz, 1H), 7.77
(d,J=8.7Hz, 1H), 7.49 - 7.43 (m, 1H), 7.39 (s, 2H), 7.17 - 7.00 (m, 21H), 3.84 (s, 2H),
3.04 (s, 2H), 2.61 (s, 2H), 1.97 (s, 6H), 1.89 (s, 2H), 1.32 (d, ] = 8.0 Hz, 3H). °*C NMR
(100 MHz, CDCl3) analysis yielded the following values: 6 143.60, 143.49, 139.29,
131.87, 131.39, 130.97, 129.85, 129.25, 127.88, 127.73, 127.64, 126.74, 126.59,
126.52,124.76,122.87,121.63,109.51,49.61,40.89, 27.02, 22.66,21.26, 21.06, 12.98.
MS (ESI) m/z for ([C53H45CIN2]+H)": calculated: 745.3350, observed: 745.3356
(Scheme S1, Figures S1-S7).

2.2 Measurement of fluorescence lifetime
The fluorescence lifetime of TPE-V1 was recorded using a HORIBA Fluorolog-3
instrument with NanoLED, Aex=540 nm. Further experimental details are provided in

the Supporting Information.

2.3 DFT calculations

The ground-state structures of TPE-V1 were optimized using Gaussian 09
software based on CAM-B3LYP-GD3/6-311G**. The excited state-related calculations
of TPE-V1 and TPE-V2 were performed using time-dependent density functional

theory (TD-DFT) with the optimized structure of the ground state.

2.4 Cell imaging experiment
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To monitor the response of LDs' viscosity, the control group was treated with TPE-
V1 (20 uM) for 10 minutes and subsequently treated with PBS (10 uM) for 30 minutes.
In the experimental group, HeLa cells were treated with TPE-V1 (20 uM) for 10
minutes and then treated with nystatin, which induces an increase in intracellular
viscosity, for an additional 30 minutes. After being washed three times with PBS,
fluorescence imaging was performed using a confocal laser scanning microscope
(OLYMPUS FV3000). The fluorescence emission was collected in the red channel
(580-630 nm) and NIR channel (650-750 nm) with an excitation wavelength of 560 nm.

2.5 Imaging of LDs viscosity during ferroptosis

For imaging the viscosity of LDs during ferroptosis, living HeLa cells were treated
with 20 uM TPE-V1 for 10 minutes and then incubated with 10 uM erastin (a
ferroptosis inducer) or 10 uM erastin and 15 uM Fer-1 (an inhibitor of ferroptosis) for

various durations (0-2 hours).

3. Results and discussion

3.1 Design of TPE-V1 for LDs viscosity

In general, increasing structural rigidity has been shown to enhance photostability
and quantum yield [51, 52]. Additionally, the incorporation of benzene rings into
terminal groups can induce a red-shift in absorption and emission wavelengths [51].
Our design strategy, illustrated in Scheme 1, capitalizes on these principles. By
introducing rigid cyclohexene substituents, we aimed to significantly improve the
quantum yield and photostability of the probe by reducing nonradiative transitions.
Furthermore, the inclusion of multiple aromatic rings promotes a red-shift in

fluorescence emission.

To enable reliable viscosity detection, we incorporated two additional rotors
(merocyanine and TPE) into the probe. These rotors facilitate free rotation of the bonds,
resulting in weak optical signals and short fluorescence lifetimes in low-viscosity
solutions. Conversely, in high-viscosity environments, the rotation of these bonds

becomes restricted, leading to a significant enhancement in red and NIR fluorescence

6
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signals in the dual-channel detection.

Moreover, the hydrophobic nature of TPE [53] allows TPE-V1 to selectively
aggregate in LDs, becoming embedded in their anhydrous core through strong
hydrophobic interactions. As a result, TPE-V1 serves as a suitable tool for monitoring
LDs' viscosity changes based on the TICT-AIE mechanisms, offering detection

capabilities in different emission channels.

Ex=540 nm Em=617 nm Em=710 nm

pop

Restricted rotation

LDs targeting
= ~

Free rotation Re

\
1 High Viscosity
1
) —

7
Dual-channel

Non Fluorescence Red and NTR Dual-channel Fluorescence ON

Scheme 1. The schematic diagram of dual-channel visualization viscosity of LDs.

3.2 Theoretical calculation

To gain further insight into the impact of viscosity on the probe's fluorescence at
the molecular level, theoretical calculations were employed to investigate the
underlying mechanism. As illustrated in Figure 1A, the molecular orbital density
analysis reveals strong charge transfer (ICT) from the electron donor (primarily located
on the merocyanine moiety) to the electron acceptor (primarily located on the
cyclohexene moiety). Furthermore, the C9-C8-C7-C1 bond exhibits free rotation in
low-viscosity environments. In the excited state, when the dihedral angle at C9-C8-C7-
C1 is approximately 180°, TPE-V1 adopts a planar conformation, resulting in a locally
excited (LE) state with an oscillator strength (fem) of 2.5373. Conversely, when the
dihedral angle is 90°, TPE-V1 adopts an orthogonal conformation, leading to a twisted

intramolecular charge transfer (TICT) state with a significantly reduced oscillator

7



187  strength (fem) of only 0.0339. This demonstrates that the distinct TICT effect is

188  responsible for the fluorescence quenching observed in the TICT state (Figure 1B).
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190  Figure 1. (A) DFT calculation result of TPE-V1: energy gap, HOMO, and LUMO. (B)

191  The hole-electron distribution diagram of TPE-V1 in excited LE and TICT state.

A TPE-V1 TPE-V2 (no -CN)

ESP (kcalmol) ESP (kcal/mol)

3520 2063

2653 { 2359 4

f 3 . 17.55 [

1786 3

L 919 ¢ S 151 o 5
052 i } 547 a
815 L A 22; F ) . i 4
1681 3 |
25.48 ( G “ // 1264 ke ' 4
g \ ~ -18.68 4
oy : y 2472 - g

-51.49 -30.76

STy wdva
2900 Al N HEH

(A
L

‘}}4‘ } b < ; Vo
g - N‘ 4\*2-1‘ ) ,é\v 33
o S P S e E¢
- GRS o T

192
193  Figure 2. (A) Electrostatic potential (ESP) profile of TPE-V1 and TPE-V2 (no-CN).

194  (B) HOMO-LUMO distribution, energy gap, calculated TPE-V1 and TPE-V2 (no-CN)
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196 Additionally, the TPE group in TPE-V1 is optimized to exhibit a highly distorted
197  configuration, which facilitates active intramolecular rotations, resulting in

198  aggregation-induced emission (AIE) properties and viscosity responsiveness. The
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incorporation of the -CN group, with its strong electron-absorbing ability, generates a
polar negative region and reduces the HOMO-LUMO energy gap in TPE-V1. As a
result, the fluorescence of TPE-V1 is quenched, as supported by TD-DFT calculations
(Figure 2). Therefore, it is reasonable to propose that the viscosity properties of TPE-

V1 are influenced by a synergistic interplay between the TICT and AIE mechanisms.

3.3 AIE properties of TPE-V1

To investigate the aggregation-induced emission (AIE) properties of TPE-V1,
characterization experiments were conducted in a mixture of DMSO (a good solvent)
and water (a poor solvent). Different solutions of the probe were prepared with varying
water ratios (Fw=0-99%). As depicted in Figure 3A, TPE-V1 exhibited an absorption
peak at around 578 nm in pure DMSO. As the proportion of water increased to 90%,
the UV absorption intensity of TPE-V1 decreased, accompanied by a slight blue shift
to 540 nm. This observation can be attributed to the formation of aggregates as water
content increases. The resulting scattering effect causes a reduction in UV absorption

intensity.

Furthermore, fluorescence spectra of TPE-V1 were recorded with excitation at
540 nm. In pure DMSO, TPE-V1 emitted weak near-infrared (NIR) fluorescence at
around 720 nm. Upon the addition of water up to 40%, the emission intensity increased,
and a blue-shift of approximately 20 nm was observed. These findings provide further
evidence of aggregate formation by TPE-V1. However, as the water content of the
system continued to reach 90%, the emission intensity at 720 nm decreased (Figure 3B).
This may be attributed to the formation of H-aggregates by the probe molecules as the
water content increases, resulting in a decrease in fluorescence intensity and even
fluorescence quenching [54-55]. Moreover, in highly polar aqueous solutions, there is
a competitive relationship between AIE and TICT mechanisms [56-57]. TPE-V1 has a
longer conjugated chain and the indole part of the probe is prone to rotation and the
formation of a twisted structure in low viscosity environments. This propensity for
twisting intramolecular charge transfer further contributes to the decrease in

fluorescence intensity.
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Figure 3. (A) Absorption spectra of TPE-V1 (10 uM) in the mixture of DMSO and
water. (B) Emission spectra of TPE-V1 (10 uM) in the mixture of DMSO and water,
Aex=540 nm. Particle size distributions of TPE-V1 (10 uM) in mixed solutions with
different proportions of water and DMSO. (C) Fw=20%, (D) Fw=100%.

Additionally, dynamic light scattering (DLS) measurements were employed to
detect the aggregation behavior of the AIE fluorogens (Figure S8, Figure 3C and 3D).
The results revealed average diameter sizes of approximately 28 nm in DMSO and 145

nm in water, respectively. These findings substantiate the excellent AIE properties

exhibited by TPE-V1.

3.4 Optical properties and fluorescent lifetime measurement of TPE-V1

To assess the optical properties of TPE-V1 in relation to viscosity, we examined
its performance by mixing varying volume fractions of glycerol with water. As shown
in Figure 4A, TPE-V1 exhibited maximum absorption at 540 nm in pure water. The
absorption intensity at 540 nm increased as viscosity transitioned from low (water) to

high (glycerol) values.

Under 540 nm excitation, TPE-V1 emitted weak near-infrared (NIR) fluorescence

at 710 nm in low-viscosity solutions. This emission arose from the unrestricted rotation
10
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of the merocyanine and TPE skeleton, resulting in non-radiative decay of the excited
state. As viscosity increased from 2.4 cP (0% glycerol) to 360.9 cP (90% glycerol),
enhanced emission peaks at 617 nm emerged, indicating the involvement of twisted
intramolecular charge transfer (TICT) processes. The charge separation between the
donor (D) and acceptor (A) entities was induced under these conditions. Additionally,
the rotational freedom of TPE became restricted, leading to the emergence of
aggregation-induced emission (AIE) behavior, which manifested as an increased
emission peak at 710 nm (Figure 4B). Thus, a combination of TICT and AIE processes

was observed, corroborating our proposed mechanism.
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Figure 4. (A) Absorption spectra of TPE-V1 (10 uM) in solvents of different viscosities.
(B) Emission spectra of TPE-V1 (10 uM) in solvents of different viscosities. (C) The
linear relationship between Loglei7 and Logn, R?>=0.9406. (D) the linear relationship
between Logl7i0 and Logn, R>=0.9027. All fluorescence spectra were acquired at
Aex=540 nm.

Furthermore, a strong linear relationship was observed between Logle17 and Logn,

as well as between Logl7i0 and Logn, as calculated using the Forster-Hoffmann
1
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equation (see Supporting Information) (Figure 4C and 4D). This suggests that TPE-V1
holds significant potential for in vivo cellular viscosity detection through various
channels. In addition to the enhanced fluorescence intensity, the fluorescence lifetime
of TPE-V1 gradually increased with increasing solvent viscosity. The lifetime of TPE-
V1 lengthened from 5.56 ns to 13.5 ns as the viscosity changed from pure water to 90%
glycerol. The linear equation logt= 0.2690logn+0.6214, with a linear coefficient of
0.8752, demonstrated the correlation between lifetime and viscosity (Figure 5). This
observation aligns with the enhanced emission intensity observed in solutions with high
viscosity. Thus, the fluorescence lifetime serves as another valuable parameter,

indicating the sensitivity of TPE-V1 to viscosity changes.
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Figure 5. Fluorescence lifetime decay curve of TPE-V1 in different proportions of
glycerol and water. (A) 100% H2O. (B) 90% H>0/10% Gly. (C) 80% H>0/20% Gly. (D)
70% H20/30% Gly. (E) 60% H20/40% Gly. (F) 40% H>0/60% Gly. (G) 20% H20/80%
Gly. (H) the linear relationship between Logt and Logn.
3.5 Interference resistance of TPE-V1

In the cellular microenvironment, pH is a critical parameter that can potentially
interfere with the viscosity detection by the probe. To assess the stability of TPE-V1 in

different pH conditions (ranging from 2 to 12), pH experiments were conducted at both
12



282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

high and low viscosities. Although the fluorescence intensity of TPE-V1 exhibited
variations at different pH values under high and low viscosity conditions, these changes
were minimal compared to the fluorescence intensity variations caused by viscosity

changes (Figure 6A).

Considering that the cellular matrix is a complex and heterogeneous fluid,
fluorescence emission spectra of the probe can be influenced by changes in solvent
polarity. Therefore, the fluorescence spectra of TPE-V1 were investigated in various
solvents. It was observed that the probe exhibited high fluorescence emission at 617
nm and 710 nm in 90% glycerol, while displaying extremely weak fluorescence in
solvents with different polarities (Figure 6D). Thus, the effect of solvent polarity on the

fluorescence intensity of TPE-V1 can be considered negligible.

To evaluate the specificity of TPE-V1 for viscosity, its selectivity was examined
by adding various ROS, reactive sulfur species (RSS), and metal ions under simulated
physiological conditions. Encouragingly, only viscosity led to a significant increase in
fluorescence signal at 617 nm and 710 nm, without any interference from other highly
reactive ROS, RSS, or metal ions in vivo (Figures 6B-6C, 6E-6F). This demonstrates

the excellent selectivity of TPE-V1 for viscosity measurement.
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Figure 6. (A) The effect of pH on the fluorescence intensity of TPE-V1 at high and

low viscosities. (D) Emission spectra of TPE-V1 in various solvents with different
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(50% Gly-50% H20), Aex/em=540/617 nm, (C) and (F) is at low viscosity (100% H>20)
and high viscosity (50% Gly-50% H>0), Aexem=540/710 nm.
3.6 Cytotoxicity and co-localization experiments of TPE-V1

Following the characterization of TPE-V1's outstanding photophysical properties,
cytotoxicity experiments were conducted to assess its safety for imaging investigations.
As illustrated in Figure S9, the cell survival rates remained above 92% for TPE-V1
concentrations of 0, 5, 10, 25, and 50 uM, indicating the low cytotoxicity of TPE-V1

for live cell imaging experiments.

To determine the localization of the probe, TPE-V1 and BODIPY493/503 dyes
(the most representative LDs probe) were co-stained in HeLa cells. As shown in Figure
7, a high Pearson coefficient of 0.8806 was obtained by overlapping the spectra from
the red and green channels. Additionally, the intensity profiles of TPE-V1 and
BODIPY493/503 for the region of interest (ROI) lines in HeLa cells exhibited
synchronous variations. These results collectively demonstrate that light spots mainly

represent lipid droplets and TPE-V1 have a high degree of LDs targeting specificity.

A B C

~——TPE-V1
144 BODIPY 493/503

Nk
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Figure 7. (A, C, D) Confocal fluorescence images of HeLa cells after incubation with
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20 uM TPE-V1 and 10 uM BODIPY493/503 respectively at 37°C for 10 min. (B)
Localized magnification of cells in Figure 7A. (E) The Pearson's correlation coefficient
for the overlap between TPE-V1 and BODIPY493/503. (F) The intensity profile of
ROI lines. Aex=487 nm, Aem=500-550 nm (green channel), Aex=560 nm, Aem=580-630
nm (red channel). Scale bar=20 um.
3.7 Viscosity-activated imaging at the cell level

The exceptional cell imaging capability of TPE-V1 enabled the exploration of its
real-time response to viscosity changes in lipid droplets (LDs). Initially, HeLa cells
were co-incubated with TPE-V1 (20 uM) for 10 minutes, followed by treatment with
nystatin (10 uM) to induce an increase in intracellular viscosity for an additional 30

minutes. The imaging results were then observed at 5-minute intervals.

As depicted in Figure 8 A, the control group treated with PBS (10 uM) exhibited
weak fluorescence intensity in both fluorescence channels (Aem=580-630 nm,
Aem=650-750 nm), with no significant changes in fluorescence intensity over time. In
contrast, the experimental group demonstrated a strong time-dependent signal
enhancement in the red and NIR channels (Figure 8B). To quantitatively describe this
relationship, the fluorescence intensity of HeLa cells was plotted as a bar graph against
time (Figure 8C and 8D), clearly illustrating the gradual increase in fluorescence
intensity in both the red and NIR channels over time. These results conclusively
demonstrated that TPE-V1 enables the analysis and real-time monitoring of mechanical

property changes in LDs through the red and NIR channels.
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Figure 8. (A) Control group: fluorescence imaging of HeLa cells with 20 uM TPE-V1-
loaded and 10 uM PBS at 5, 10, 15, 20, and 25 minutes. (B) Experimental group:
fluorescence images of HeLa cells with 20 uM TPE-V1-loaded and 10 pM nystain at
5, 10, 15, 20, and 25 minutes. (C) Relative fluorescence intensity of control group. (D)
Relative fluorescence intensity of experimental group. Aex=560 nm, Aem=580-630 nm
(red channel), Aem=650-750 nm (NIR channel). Scale bar=20 pum.
3.8 Monitoring the viscosity changes of LDs during ferroptosis

Ferroptosis is a distinct form of programmed cell death that differs from apoptosis,
cell necrosis, and autophagy. During the ferroptosis process, the accumulation of lipid
droplet peroxides and the viscosity of LDs are closely linked [12, 58, 59]. To further
comprehend the mechanosensing of LDs viscosity during ferroptosis, HeLa cells were
treated with 20 uM TPE-V1 and 10 uM erastin (a ferroptosis inducer). As depicted in
Figure 9A-9B, there was a significant increase in fluorescence intensity in both the red
and NIR channels over time. These results clearly demonstrated that ferroptosis
accelerated a rapid rise in LDs viscosity, accompanied by morphological changes in the

cells indicative of cellular shrinkage and near demise.
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Figure 9. (A) Fluorescence time images of HeLa cells incubated with 20 pM TPE-V1

for 10 min and 10 uM erastin (0-2 hours). (B) Relative fluorescence intensity at various
time (0-2 hours). Aex=560 nm, Aem=580-630 nm (red channel), Aem=650-750 nm (NIR

channel). Scale bar=20 pm.

It is well-known that Ferrostatin 1 (Fer-1) is a widely used inhibitor of ferroptosis
that prevents the accumulation of lipid peroxides and the increase in LDs caused by
ferroptosis in living cells [16, 60]. To further illustrate the connection between
ferroptosis and the increase in LDs viscosity, the variation in viscosity of HeLa cells
was investigated by simultaneous incubation with TPE-V1, erastin, and Fer-1. At this
stage, the fluorescence intensity in the dual channels did not exhibit significant changes
over time (Figure S10). These results collectively confirm that enhanced mechanical
energy within organelle LDs can trigger biological responses, including cellular
mechanosensing (the occurrence of ferroptosis and cellular deformation). This
highlights the capability of TPE-V1 to real-time monitor LDs viscosity using a dual-

channel fluorescence-on model during ferroptosis.

4. Conclusion

In conclusion, we successfully designed and synthesized TPE-V1, the first
fluorescent probe based on the TICT-AIE mechanism, to investigate the mechanical
properties (viscosity) of LDs using a dual-channel (red and NIR channels) fluorescence

turn-on model. TPE-V1 demonstrated significant fluorescence enhancement at 617 nm
17
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(red channel) and 710 nm (NIR channel) in high-viscosity media, attributed to the
restricted molecular rotation, which effectively inhibited the TICT and AIE processes.

The validity of this phenomenon was further supported by theoretical calculations.

By leveraging the long emission wavelength and LDs localization effects, we were
able to visualize and analyse the increase in mechanical energy of organelle LDs during
the process of ferroptosis through real-time and in situ fluorescence imaging. These
findings provide valuable insights into the mechanobiology of organelles during
ferroptosis. We anticipate that the utilization of this unique dual-channel fluorescence
probe will serve as an effective and accurate method for further investigating the role

of organelle mechanobiology in the context of ferroptosis.
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