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Rational design of a lysosome-targeted fluorescent
probe for monitoring the generation of hydroxyl
radicals in ferroptosis pathways+
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Ferroptosis is a newly discovered iron-dependent form of regulated cell death associated with high levels of
hydroxyl radical (‘OH) production. Meanwhile, lysosome dysfunction has been shown to be one of the
causes of ferroptosis. Although a variety of "“OH-responsive fluorescent probes have been developed for
detecting intracellular *OH in living cells, there are still only few lysosome-targeted probes to monitor
the variation in lysosomal "OH levels during ferroptosis. Herein, we report a novel "OH-specific
fluorescent probe HCy-Lyso, which is composed of the hydrocyanine and morpholine moiety. Upon
treatment with "OH, its hydrocyanine unit was converted to the corresponding cyanine group, thus
leading to a large m-conjugation extension of HCy-Lyso, accompanied by a significant fluorescence off-
on response. Moreover, after reacting with *OH in an acidic environment, the protonation product of
HCy-Lyso exhibits a higher fluorescence enhancement, which is suitable for detecting lysosomal “OH
variation. HCy-Lyso has been utilized for imaging endogenous "OH in living cells under phorbol
myristate acetate (PMA) stimuli and monitoring the changes in lysosomal ‘OH levels during ferroptosis.
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1 Introduction

Ferroptosis, a unique cell death pathway proposed by Stockwell
and co-workers in 2012,%* is closely related to various diseases,
such as neurodegeneration, acute lymphoblastic leukemia,
ischemic reperfusion injury, autoimmune diseases and so on.*”
Owing to its pathological functions and potential in tumor
therapeutics, ferroptosis has attracted widespread attention in
the past few years.®? The detection of ferroptosis and its associ-
ated signaling molecules is essential for monitoring the fer-
roptosis process and evaluating ferroptosis-related therapies. It
has been revealed that the hydroxyl radical ("OH), one of the
most active reactive oxygen species (ROS), is observed to be
markedly generated during the programmed death process of
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probes to investigate the relationship between lysosomes and ferroptosis.

ferroptosis.® Intracellular "OH is mainly produced via the tran-
sition metal iron-participating Fenton reaction, which catalyzes
the ferrous iron (Fe*") and hydrogen peroxide (H,0,) in the
acidic environment of cells, which further causes the lethal lipid
peroxidation because of its strong hydrogen abstraction
ability."®"* Therefore, detecting and quantifying intracellular
"OH levels is crucial for deeply understanding the modulation
mechanisms and pathological functions of ferroptosis, which,
however, is still a challenge. It is of great importance to develop
a new and efficient method for sensitively and selectively
detecting "OH in biological systems.

Lysosomes, some of the most promising organelle targets,
play important roles in several metabolic processes, such as
cellular apoptosis, plasma membrane repair, immunological
stress, energy metabolism and autophagy.’*'® Recent studies
have reported that lysosomes execute a broad range of functions
in cellular metal homeostasis by regulating the inter-
compartmental fluxes, redox states, storage and detoxification
of metal ions.” Moreover, accumulating evidence suggest
that lysosomes are not only participants in the autophagy
process, but also vital iron storage hubs in cells.**** For
instance, ferritinophagy, the autophagic degradation of ferritin,
triggers the release of iron in lysosomes.?” Moreover, lysosomal
dysfunction can induce lysosomal membrane permeabilization
(LMP), resulting in the release of considerable iron into the
cytoplasm, further  enhancing cell-intrinsic  Fenton
chemistry.”®*® Therefore, monitoring ‘OH generation and
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dynamics in lysosomes is particularly important to gain insights
into the ferroptosis process. Fluorescent probes have been
widely used for the sensitive, selective and noninvasive imaging
of bioactive species.***” To date, a variety of fluorescent probes
have been prepared to detect and monitor ‘OH levels in the
cellular microenvironment, which are mainly based on the
oxidation or aromatic hydroxylation ability of "“OH.**"** Besides,
tracking the "OH fluctuation in sub-organelles can provide more
information for deeply understanding the mechanism of fer-
roptosis pathways. Numerous mitochondria or nucleoli tar-
geted "OH fluorescent probes were further synthesized and used
for imaging the subcellular ‘OH changes.*®* However, most of
these probes do not display lysosome-targeting ability and
cannot accurately detect the lysosomal "OH in cells. Thus, it is
still meaningful to develop a novel fluorescent probe for
detecting the lysosomal "OH level during ferroptosis.

Herein, we report a novel lysosome-targeting, hydrocyanine-
based turn-on fluorescent probe (denoted as HCy-Lyso) for
monitoring changes in lysosomal ‘OH (Scheme 1). HCy-Lyso is
a hybrid compound of the hydrocyanine and the morpholine
moiety, in which the hydrocyanine unit acts as the "OH recog-
nition site and the morpholine group of HCy-Lyso afford spec-
ificity to lysosomes. In the beginning, HCy-Lyso itself is almost
nonfluorescent in an aqueous solution, which is mainly attrib-
uted to the small t-conjugation and coplanarity. However, upon
treatment with "OH, it formed a larger 7-conjugation of cyanine
(HCy-OH), thus leading to a significant fluorescence recovery at
598 nm. Notably, HCy-Lyso exhibits a stronger fluorescence
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intensity when it reacts with ‘OH in an acidic environment,
which is suitable for detecting the change of lysosomal "OH.
This phenomenon is further confirmed by density-functional
theory (DFT) calculations. HCy-Lyso has been successfully
utilized for imaging endogenous "OH production in living cells
under phorbol myristate acetate (PMA) stimuli, as well as
detecting the variation of lysosomal "OH levels in two different
ferroptosis pathways, respectively.

2 Experimental section
2.1 Materials and instruments

All reagents and solvents used for the synthesis were acquired
from commercial sources and used without further purification.
4-Morpholinobenzaldehyde (AR, 97%), tetrachloro-1,4-
benzoquinone (TCBQ, 98%), phorbol 12-myristate 13-acetate
(PMA, 98%), erastin (AR, 99%), and (15,3R)-RSL3 (RSL3, 98%)
were bought from Macklin Co., Ltd. Ethanol (EtOH, 99.8%) and
dimethyl sulfoxide (DMSO, 99.9%) were purchased from
Aladdin Chemistry Co., Ltd. LysoTracker Blue DND-22 was
ordered from Thermos Fisher Scientific (Invitrogen). Calcein-
AM/PI detection kit and Hoechst 33342 were supplied by
Beyotime Institute of Biotechnology (Shanghai, China). Cell
Counting Kit-8 (CCK-8) assay kit and ferrostatin-1 (Fer-1) were
acquired from GlpBio Technology Inc. Roswell Park Memorial
Institute 1640 medium (RPMI-1640), trypsin-EDTA, penicillin-
streptomycin, and Fetal bovine serum (FBS) were provided by
Biological Industries Co., Ltd.
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(A) Chemical structure and fluorescence response mechanism of HCy-Lyso to "OH. (B) Schematic illustrations of HCy-Lyso for

monitoring the variation in lysosomal "OH levels in two different ferroptosis pathways.
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'H nuclear magnetic resonance ("H NMR) and **C NMR were
measured in CDCl; or DMSO-d¢ with tetramethylsilane (TMS) as
an internal reference. The NMR spectra data were recorded on
a Bruker Avance III 500 spectrometer. High-resolution mass
spectra (HRMS) were recorded on a Thermo Scientific mass
spectrometer system (Q Exactive) using electrospray ionization
(ESI) mode. IR spectra were recorded on a Thermo Scientific
Nicolet iS50 infrared spectrometer. Absorption and fluores-
cence emission spectra were obtained on a UV-3600 spectro-
photometer (Shimadzu) and a Hitachi F4700 fluorescence
spectrometer, respectively. Cytotoxicity assays were conducted
by a Tecan Spark microplate reader. The cell imaging experi-
ments were performed on an inverted fluorescence microscope
(Carl Zeiss, Axio Observer Al).

2.2 Synthesis of HCy-OH

Indole salt derivative (compound 1 in Scheme S1%1) was first
prepared using the reported methods.*”” Then, the solution of
15 mL anhydrous ethanol containing compound 1 (400 mg, 1.27
mmol) and 4-morpholinobenzaldehyde (267 mg, 1.40 mmol)
was stirred under reflux at 80 °C for 12 h. After cooling to room
temperature, the solvent was evaporated in a vacuum, and the
crude product was purified by silica gel chromatography (200-
300 mesh) using CH,Cl,/CH3;0H (20:1, v/v) as the eluent to
obtain HCy-OH as a dark red solid (350 mg, 56% yield). m.p.
259.3-265.2 °C. 'H NMR (500 MHz, DMSO-d6) 6 8.37 (d, J =
15.8 Hz, 1H), 8.15 (d, J = 9.0 Hz, 2H), 7.81 (dd, J = 17.0, 7.6 Hz,
2H), 7.55 (tdd, J = 8.0, 7.6, 0.9 Hz, 2H), 7.38 (d, J = 15.8 Hz, 1H),
7.12 (d, J = 9.2 Hz, 2H), 4.60 (q, J = 7.1 Hz, 2H), 3.81-3.70 (m,
4H), 3.57-3.46 (m, 4H), 1.77 (s, 6H), 1.41 (t, ] = 7.2 Hz, 3H). *C
NMR (125 MHz, DMSO-d6) ¢ 180.18, 155.07, 154.91, 143.61,
141.10, 134.40, 129.39, 128.51, 124.41, 123.41, 114.37, 113.86,
106.63, 66.26, 55.41, 51.75, 46.82, 41.41, 26.68, 13.84. IR (KBr):
2964 w, 2851 w, 1570 s, 1522 s, 1469 w, 1365 m, 1323 w, 1298 s,
1237 s, 1190 s, 1115 m, 1085 w, 1046 w, 1017 w, 921 m, 824 m,
765 m, 700 m, 632 m, 588 w, 491 2. HRMS (ESI) m/z calculated
for Cp4H,oN,0" [M]™: 361.2275, found: 361.2340.

2.3 Synthesis of HCy-Lyso

HCy-OH (100 mg, 0.2 mmol), NaBH, (7.8 mg, 0.2 mmol), and
10 mL of anhydrous ethanol were added into a 25 mL three-neck
round-bottomed flask. Then, the mixture was stirred at room
temperature under nitrogen for 10 min. After removing the
solvent under reduced pressure, the residue was purified by
silica gel column chromatography (CH,Cl,/CH3;0H, 20:1, v/v)
to give HCy-Lyso as a pink solid (39 mg, 53% yield). m.p.
161.3-164.5 °C. "H NMR (500 MHz, CDCl;) 6 7.40-7.35 (m, 2H),
7.09 (td,J = 7.7, 1.3 Hz, 1H), 7.02 (dd, J = 7.2, 1.0 Hz, 1H), 6.92-
6.87 (m, 2H), 6.70 (td, J = 7.4, 0.8 Hz, 1H), 6.57 (d, J = 15.8 Hz,
1H), 6.50 (d, / = 7.7 Hz, 1H), 6.12 (dd, ] = 15.8, 9.2 Hz, 1H), 3.91-
3.83 (m, 4H), 3.69 (d, J = 9.2 Hz, 1H), 3.31 (dq, ] = 14.3, 7.1 Hz,
1H), 3.20-3.16 (m, 4H), 3.13 (dt, J = 17.1, 7.0 Hz, 1H), 1.30 (s,
3H), 1.08 (s, 3H), 1.05 (t, J = 7.1 Hz, 3H). *C NMR (125 MHz,
CDCl,) 6 150.87, 149.69, 139.14, 133.46, 128.73, 127.45, 124.98,
121.82, 117.50, 115.57, 107.22, 66.85, 53.46, 49.16, 44.32, 39.67,
25.86, 24.18, 10.39. IR (KBr): 3028 w, 2966 m, 2926 w, 2844 m,
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1646 w, 1603 s, 1515 s, 1479 s, 1451 m, 1370 m, 1341 w, 1305 w,
1266's,1225s,1173 w, 1120 s, 1053 w, 1020 w, 979 w, 927 m, 859
w, 812 s, 752 s. HRMS (ESI) m/z calculated for C,,H3,N,O [M +
H]+: 363.2436, found: 363.2484.

2.4 General procedures for spectral measurements

Unless otherwise mentioned, the stock solution of HCy-Lyso (1
mM) was prepared in DMSO, and all spectral measurements
were carried out in 10 mM PBS buffer at 37 °C. Typically, 20 pL
of HCy-Lyso stock solution (final concentration of 10 uM) was
added to the test tubes containing 2.0 mL of PBS solution with
different pH (4.0-7.4), followed by introducing an appropriate
volume of TCBQ/H,0,. The mixed solution was allowed to react
at 37 °C for 1.0 h before absorption or fluorescence measure-
ments. Note: the TCBQ solution was added to a mixture of H,O,
in pH 7.4 or 4.0 phosphate buffer to generate “OH, and the
molar concentration of "OH was equal to the TCBQ/H,0, molar
concentration.

2.5 Fluorescence quantum yield (QY) measurement

The QY of HCy-Lyso and HCy-Lyso treated with TCBQ/H,0, in
PH 4.0 PBS solution was determined from the relative fluores-
cence quantum yields by comparing with the RhB dye (QY =
0.97 in EtOH) as the reference. Five different concentrations
were measured and the integrated fluorescence intensity (525-
800 nm) was plotted against the absorbance value at the cor-
responding excitation wavelength (510 nm) for all the samples.
The quantum yield was calculated in the following manner:

QY, = QY, x (slopeslope,) x (ng/n.)> (1)

where subscripts s and r denote the sample and reference,
respectively; n is the refractive index of the solvent. The absor-
bance of all samples is carefully controlled to lower than 0.1 in
510 nm for all measurements to eliminate the self-quenching
phenomenon.

2.6 Theoretical calculations

All three molecules (HCy-Lyso, HCy-OH, and HCy-OH-H) were
fully optimized with the density functional theory (DFT) and
time-dependent density functional theory (TD-DFT) method
using the B3LYP-D3 density functional, which is one of the most
commonly used in the published literature for studying the
structural properties of organic molecules.*** B3LYP-D3 func-
tional can also achieve a remarkable improvement in the
accuracy of calculated results compared to the standard B3LYP
functional. Besides, the 6-311G(d) basis set is carefully selected
to obtain the best concordance with the experimental results.*
Analytical frequency calculations were performed at the same
level of theory to confirm that the optimized ground-state and
excited-state structures were at a minimum point, and the
emission energies of all molecules were subsequently calcu-
lated. The solvent (H,O) effect was included in all calculations
using the solvation model based on the density (SMD). The
above quantum chemical calculations were carried out by using
the Gaussian 16 program.*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.7 Cell culture and cytotoxicity assay

Murine breast cancer cell (4T1) was obtained from the Institute
of Basic Medical Sciences (IBMS) of the Chinese Academy of
Medical Sciences. Cells were grown in RPMI-1640 culture
medium containing 10% FBS and 1% antibiotics (penicillin-
streptomycin) at 37 °C in a humidified environment of 5% CO,.
The cytotoxicity was measured using a standard CCK-8 assay.
Typically, 4T1 cells were seeded on a 96-well plate at a density of
3.5 x 10° cells per well and incubated for 24 h. Then, 100 pL
fresh culture medium containing HCy-Lyso with different
concentrations (0, 0.6, 1.3, 2.5, 5.0, and 10 uM) was added to the
wells. After culturing for another 12 h, the media were removed
and washed with PBS three times. Cells were then incubated
with fresh RPMI-1640 medium containing 10% CCK-8 for 2 h in
the dark. Finally, the absorbance of the products was measured
at a wavelength of 450 nm by a microplate reader.

2.8 Live-dead cell staining

4T1 cells (3.5 x 10> cells per well) were seeded in a 96-well plate
to adhere for 24 h. After reaching 80% confluence, the cells were
treated with various concentrations of HCy-Lyso (0, 2.5, 5.0, and
10 uM) at 37 °C for 12 h. Then, cells were successively stained
with calcein-AM and propidium iodide (PI) for 30 min in the
dark. Finally, the fluorescence images were immediately ob-
tained using an inverted fluorescence microscope.
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2.9 Subcellular colocalization assay

In brief, 4T1 cells were first incubated on 96-well plates at
a density of 2.5 x 10° cells per well for 24 h. HCy-Lyso (10 uM) was
then added into wells and co-incubated for 0.5 h. Subsequently,
the cells were gently washed with PBS three times, followed by
adding 100 pL of LysoTracker Blue DND-22 (75 nM) dyeing solu-
tion for another 30 min at 37 °C. The red and blue fluorescence in
the wells were observed by an inverted fluorescence microscope.

2.10 Fluorescence imaging of ‘OH in 4T1 cells under PMA
stimuli

4T1 cells (2.5 x 10? cells per well) were randomly seeded in 96-
well plates and incubated for 24 h at 37 °C. Then, the cells were
treated with PMA (2.0 ug mL ") for 0.5 or 4.0 h in the dark. After
that, the cells were washed and further stained with HCy-Lyso
(10 uM) for 0.5 h. Finally, fluorescence imaging was immedi-
ately carried out with an inverted fluorescence microscope.

2.11 Monitoring the change of intracellular ‘OH during
ferroptosis

Typically, a total of 2.5 x 10° 4T1 cells in 100 uL of culture
medium were seeded in each well of the 96-well plate for 24 h of
incubation. Then, the cells were pre-treated with erastin (10 uM)
or RSL3 (2.0 uM) for 6 h at 37 °C to induce ferroptosis. Subse-
quently, the growth medium was removed and replaced by
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Fig.1 (A) The UV-vis absorption spectra of 10 uM HCy-Lyso before (black and green) and after (blue and red) response to ‘OH (50 uM TCBQ + 50
uM H,05,) in pH 4.0 or 7.4 phosphate buffer solution (10 mM). (B) Fluorescence spectra of 10 uM HCy-Lyso reacting with 50 uM TCBQ/H,0 at
different pH conditions. (C) Fluorescence spectra of HCy-Lyso (10 uM) under different concentrations of TCBQ/H,0O, (0—10 pM) for 1.0 h in pH
4.0 PBS buffer (10 mM, 37 °C). (D) Linear relationship of fluorescence intensity and TCBQ/H,O, concentration. (E) Time-dependent fluorescence
spectra of HCy-Lyso (10 uM) in phosphate buffer solution (10 mM, pH 4.0) upon the addition of 10 uM TCBQ/H,O, at 37 °C for varied times. (F)
The corresponding plot of the fluorescence intensity of HCy-Lyso after incubation with TCBQ/H,O, within 20 min. Aeyjem = 510/592 nm.
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a new culture medium containing 10 pM of HCy-Lyso for 0.5 h
for imaging. To inhibit ferroptosis, the cells were incubated
with erastin (10 uM) or RSL3 (2.0 uM) in the presence of 10 pM
Fer-1. Fluorescence images were collected using an inverted
fluorescence microscope.

2.12 Statistical analysis

All experiments were performed 3 times in parallel, and the
results were expressed as mean =+ standard deviation (S.D.).
One-way ANOVA with Tukey's post hoc test for multiple
comparisons was carried out in GraphPad Prism software
version 9.5.0 (GraphPad, San Diego, CA, USA) for statistical
analysis. Asterisks indicate significant differences (*P < 0.05,
**P < 0.01, ¥*¥*P < 0.001, ****P < 0.0001).

3 Result and discussion

3.1 Synthesis and spectroscopic property of HCy-Lyso for
‘OH

The hybridization of a subcellular-targeting moiety, specific
recognition group, and a suitable fluorophore could afford
a platter of highly sensitive and selective probes. Previous studies
indicate that the C=N bond in cyanine can be reduced to the
C-N bond by NaBH,, which gives rise to the short absorption and
emission wavelengths. However, the C-N bond can also be
specifically oxidized by 'OH and converted back to the C=N
bond, thus leading to a larger m-conjugation system and “turn-
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on” fluorescence signals.”>** On the basis of this unique feature,
we rationally designed and prepared HCy-Lyso, a hybrid of
morpholine and hydrocyanine moiety, as a lysosome-targeted
fluorescent probe for ‘OH detection. The molecules HCy-Lyso
and HCy-OH were synthesized via the routes shown in Scheme
S1.7 Typically, the precursor of HCy-OH could be facilely
prepared by a condensation reaction between the indole salt
derivatives (compound 1) and 4-morpholinobenzaldehyde in
EtOH solution at 80 °C for 12 h, forming the larger w-conjugation
structure with a yield of 56%. According to the reported proce-
dure for this type of reaction, adding a catalytic amount of
piperidine or prolonging the reaction time can further increase
the reaction yields.*>** Subsequently, the C=N bond in indolium
moiety was reduced to a C-N bond under NaBH, in EtOH solu-
tion, giving the "OH-responsive product of HCy-Lyso in moderate
yield. Notably, the type of reaction substrate, amount of NaBH,,
and reaction time mainly determine the yield of this reaction.*>*
All compounds were readily characterized by "H NMR, *C NMR,
HRMS and IR analytical data (Fig. S5-S127).

With probe HCy-Lyso in hand, its spectroscopic properties
for recognition of ‘OH were tested in a PBS buffer solution
(10 mM, 37 °C). The in vitro “OH was generated by the reaction
of tetrachloro-1,4-benzoquinone (TCBQ) and H,0, (a common
and efficient way to produce ‘OH).** As shown in Fig. 1A, the
maximum absorption of HCy-Lyso lies at about 295 nm both in
pH 7.4 and 4.0 PBS solution (black and green curves), consistent
with its shorter m-conjugation. Upon the addition of TCBQ and

+
O~
SoTavald
N
|
HCy-Lyso HCy-OH HCy-OH-H
B
C
S, s, S, s LS ' s,

A . IrheRle. o - DAl ALy, o e
oe, . loBN i © DI%%0 LIPePL 1Wlen: 11PeRst
Q .0.80ev 04 eV -

S - 273V XLOREY -3.00 eV 233eV

3 $—> S, —TE e g e

81_)30 S$;—> S

: 3.46 eV L

(o] - — 2.28 eV 2.48 eV

Q s25ev ik Pyrpra, TH . e A y<

o -6.13 eV a0 e -6.57 eV -6.61eV -

) - : J.44eV

=]

50 PLL ALV Y ) FIVSSS

Fig. 2 Molecular structures and theoretical calculation results. (A) Chemical structures of HCy-Lyso, HCy-OH, and HCy-OH-H. (B) Optimized
ground state (Sp, blue) and excited state (S;, red) geometries of all three molecules. (C) Illustration of the frontier molecular orbitals (LUMOs and

HOMOs) determined by the B3LYP-D3/6-311G(d) level of theory.
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H,0,, a new absorption peak appears at 502 nm in pH 7.4 buffer
solution (blue curve), implying the hydrogen abstraction of
HCy-Lyso to form HCy-OH with larger m-conjugation. Of note,
a 2.1-fold absorbance enhancement is observed in pH 4.0 PBS
solution (red curve), which is mainly ascribed to a larger -
conjugation system. In fluorescence tests (Fig. 1B), HCy-Lyso
also exhibits an obvious pH-dependent fluorescence enhance-
ment in PBS (10 mM, pH 4.0-7.4) solution after the reaction
with ‘OH when excited at 510 nm. Lysosomes show an acidic
environment (pH 4.0-5.5) in living cells; thus, HCy-Lyso is
suitable for detecting lysosomal ‘OH levels. Based on these
results, the reaction at pH 4.0 buffer solution was used for the
fluorescence response of the probe to "OH with different
amounts of TCBQ/H,0,. As displayed in Fig. 1C, the fluores-
cence intensity of HCy-Lyso at 592 nm is significantly enhanced
with the increase in TCBQ/H,0, concentrations. Meanwhile,
a good linear relationship between the fluorescence intensity
and the ‘OH concentration is observed from 0 to 10 uM
(Fig. 1D). The fluorescence quantum yield (QY) of HCy-Lyso
without TCBQ/H,0, is determined as 0.002 in pH 4.0 PBS
buffer. However, after the addition of 10 uM TCBQ/H,0,, the QY
of HCy-Lyso is markedly increased (0.014) and emits a bright
fluorescence (Fig. S17). These results imply the high sensitivity
of the probe HCy-Lyso for ‘OH detection. In addition, the time-
dependent fluorescence intensity changes at 592 nm of HCy-

LysoTracker Blue
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Lyso were evaluated in pH 4.0 phosphate buffer solution
(Fig. 1E). Notably, HCy-Lyso responds rapidly to "OH and the
fluorescence intensity saturation reaches in a short time (within
20 min), which is essential for monitoring the intracellular "OH
level (Fig. 1F). Besides, HCy-Lyso also shows excellent selectivity
for "OH over other common reactive oxygen species (Fig. S21t).

3.2 Theoretical calculation

To gain insights into the proposed principle of probe design, the
density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) calculations were carried out for HCy-
Lyso, HCy-OH, and HCy-OH-H (Fig. 2A). The optimized confor-
mations of all these three molecules were determined with the
B3LYP-D3/6-311G(d) level by Gaussian 16 program. As shown in
Fig. 2B, the optimized ground-state (S,) and excited-state (S;)
geometries of HCy-OH and HCy-OH-H show a larger m-conjuga-
tion and a more planar molecular configuration, while HCy-Lyso
is twisted as the C=N bond is reduced to a C-N bond. For HCy-
OH in S; geometry, the electron cloud distributed in the highest
occupied molecular orbitals (HOMOSs) is mostly located on the
double-bond bridge ethenyl chain, conjugated benzene ring and
morpholine group, while the lowest unoccupied molecular
orbitals (LUMOs) are primarily positioned at the C=N bond and
benzene ring, resulting in weak fluorescence due to the restricted
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Fig. 3

(A) Colocalization images of 4T1 cells after incubation with 10 uM HCy-Lyso (red channel) and 75 nM LysoTracker Blue DND-22 (blue

channel) for 0.5 h. Scale bar: 50 um. (B) The line-plot graphs exhibit the fluorescence intensity profiles of LysoTracker Blue DND-22 (black) and
HCy-Lyso (red) along the yellow dotted lines in the merged fluorescence images from (A). (C) Fluorescence imaging of endogenous “OH in 4T1
cells stimulated by PMA. Cells pre-treated with PMA (2.0 ng mL™) for (a) O h, (b) 0.5 h or (c) 4.0 h and then stained with HCy-Lyso (10 uM) for 0.5 h.
Scale bar: 50 um. (D) The relative mean intensity of images from (C). Data are presented as the mean + SD (n = 3). *P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001.
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ICT effect. In contrast, HOMOs and LUMOs of HCy-Lyso in S; HCy-Lyso was first measured using a standard CCK-8 assay. As
geometry do not distribute on the morpholine unit and exhibit illustrated in Fig. S1,T the cellular viability is still higher than
a non-planar structure. It also causes the energy gap from S, 90% after incubation with a high concentration of HCy-Lyso (10
geometry to rise from 2.73 eV (HCy-OH) to 4.36 eV (HCy-Lyso), uM) for 12 h, suggesting the good biosafety of HCy-Lyso. To
consistent with their absorption spectra change (Fig. 2C). More visualize the cytotoxicity of HCy-Lyso, 4T1 cells treated with
importantly, the HOMOs of the protonation product HCy-OH-Hin various concentrations of HCy- Lyso (0-10 uM) were stained
S; geometry are primarily localized along the conjugated chain with calcein acetoxymethyl ester (calcein-AM) and propidium
and cyanine unit except for the benzoindol ring and morpholine iodide (PI) to differentiate dead and viable cells (Fig. S27). As
group, while the LUMOs are mainly centered at the conjugated anticipated, all the groups exhibit strong green fluorescence,
ethenyl chain and benzene ring, thus leading to a strong ICT while no distinct red fluorescence of PI is observed, even in the
effect. Of note, the emission energy (S; to Sy) of HCy-OH-H (2.48  high-concentration group. These results demonstrate that HCy-
eV) is higher than that of HCy-OH (2.28 eV), indicating that the Lyso has good biocompatibility for biological studies. Next, the
radiative decay of HCy-OH-H in the excited state is more effective  distribution of HCy-Lyso in living cells was investigated in
than HCy-OH, thus resulting in stronger fluorescence emission.  a colocalization experiment. We can clearly see that the red
fluorescence from HCy-Lyso overlaps well with the blue fluo-
rescence of LysoTracker Blue DND-22 with a Pearson's colocal-
ization coefficient of 0.73, indicating that HCy-Lyso can
effectively target lysosomes (Fig. 3A and B).

By virtue of its excellent performance in an aqueous solution, In addition, HCy-Lyso was used to image endogenous "“OH
further experiments were taken to evaluate the applicability of generated in 4T1 cells under PMA stimuli. As is well known,
HCy-Lyso in living cells. Initially, the potential cytotoxicity of PMA is an activator of NADPH oxidase (NOX), which can

3.3 Subcellular location and fluorescence imaging of "OH in
living cells
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Fig.4 (A) Fluorescence imaging of *OH in 4T1 cells during ferroptosis induced by erastin. (a) Cells only. (b) Cells incubated with erastin (10 pM) for
6.0 h. (c) Cells treated with erastin (10 uM) in the presence of 10 uM Fer-1 for 6.0 h. Scale bar: 50 um. (B) The relative fluorescence intensity of
images (a)—(c) from (A). (C) Fluorescence imaging of "“OH in 4T1 cells during ferroptosis induced by RSL3. (a) Cells only. (b) Cells incubated with
RSL3 (2.0 uM) for 6.0 h. (c) Cells treated with RSL3 (2.0 uM) in the presence of 10 uM Fer-1for 6.0 h. Scale bar: 50 pm. (D) The relative fluorescence
intensity of images (a)—(c) from (C). (E) Schematic procedure for initiation of ferroptosis and staining with HCy-Lyso (10 uM) for imaging. Data are
presented as the mean + SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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effectively induce the overproduction of intracellular ROS,
including “OH.*® As shown in Fig. 3C, upon stimulation with
PMA for 0.5 and 4.0 h, the 4T1 cells show a significant time-
dependent increase in fluorescence intensity compared to the
control group (0 h). Moreover, the mean fluorescence intensity
of 4T1 cells treated with a 4.0 h stimulation is 1.6-fold and 3.5-
fold higher than cells incubated with PMA for 0.5 and 0 h,
respectively (Fig. 3D), suggesting that HCy-Lyso can monitor
endogenous ‘OH in living cells.

3.4 Fluorescence imaging of ‘OH generation during
ferroptosis

Since ferroptosis is an iron-dependent modality of regulated cell
death accompanied by large amounts of ‘OH production, HCy-
Lyso was then used to monitor the variation of intracellular
‘OH level triggering by ferroptosis. Initially, 4T1 cells were pre-
treated with erastin and (1S, 3R)-RSL3 (RSL3),”” two representa-
tive ferroptosis inducers, to induce the ferroptosis by inhibiting
system x.  and GPX4 pathways, respectively. As shown in Fig. 4A
and E, compared to the control group (image a), the fluorescence
intensity of the lysosomes with erastin treatment shows an
obvious signal enhancement (image b), indicating the lysosomal
'OH increase during the ferroptosis process. Conversely,
a significant decrease in fluorescence intensity is observed in 4T1
cells treated with erastin in the presence of ferrostatin-1 (Fer-1)
(image c), as Fer-1 is a recognized ferroptosis inhibitor that can
block the process of ferroptosis. Moreover, the average fluores-
cence intensity of 4T1 cells incubated with erastin is 2.3-fold and
2.1-fold higher than that of the untreated cells and cells treated
with Fer-1, respectively (Fig. 4B). Meanwhile, the group of 4T1
cells incubated with RSL3 also results in a large fluorescence
enhancement (1.7-fold), whereas the treatment of Fer-1 shows
negligible fluorescence signal (Fig. 4C and D). These results
suggest that HCy-Lyso is capable of imaging "OH level during
different ferroptosis pathways. Erastin is an inducer that exerts
its effect primarily by inhibiting the activity of the x.” system. As
the rate-limiting step in the biosynthesis of GSH is the uptake of
cystine via the x.~ system, the inhibitory effect decreases the
intracellular cystine levels, followed by inducing ferroptosis. In
addition, RSL3 is a GPX4-targeting inducer, which can covalently
interact with the selenocysteine site of GPX4, resulting in the
upregulation of intracellular LPO and then triggering oxidation-
associated ferroptosis. Therefore, HCy-Lyso can be used as
a fluorescent probe to indirectly reflect the intracellular cystine
level and GPX4 activity through the "OH signal during ferroptosis.

4 Conclusion

In summary, a novel lysosome-targeted and ‘OH-responsive
fluorescent turn-on probe (HCy-Lyso) has been successfully
developed through a molecular engineering strategy for ultra-
sensitively monitoring changes in lysosomal "“OH during ferrop-
tosis. In our approach, the dihydrobenzoindol ring of HCy-Lyso
acts as the "OH recognition site by virtue of its hydroxylation
ability. After reacting with "OH, HCy-Lyso can form a large -
conjugation extension, achieving spectral red-shift and obvious

© 2024 The Author(s). Published by the Royal Society of Chemistry
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fluorescence off-on response at 598 nm. In addition, the mor-
pholine moiety is also introduced to the conjugated core,
conferring HCy-Lyso a specific targeting capacity to lysosomes. Of
note, the protonation product of HCy-Lyso exhibits a significant
fluorescence enhancement after reacting with "OH in an acidic
environment. HCy-Lyso can be applied for the fluorescence
imaging of endogenous "OH generated in living cells stimulated
by PMA. Moreover, we demonstrate that HCy-Lyso can effectively
monitor the variation of lysosomal ‘OH in two ferroptosis-
triggering pathways through inhibition of system x.  and GPX4.
Therefore, this study may offer a new strategy for designing
a lysosome-targeted and ‘OH-activated fluorescent probe to detect
‘OH-related physiological and pathological processes.
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