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aging for visualizing the
synergistic relationship between autophagy and
NFS1 protein during multidrug resistance using an
ICT–TICT integrated platform†

Wei Hu, ‡abc Yifan He,‡a Haixian Ren, *b Li Chai,b Haiyan Li,a Jianbin Chen, d

Chunya Li, *a Yanying Wang*a and Tony D. James *ce

Drug resistance is a major challenge for cancer treatment, and its identification is crucial for medical

research. However, since drug resistance is a multi-faceted phenomenon, it is important to

simultaneously evaluate multiple target fluctuations. Recently developed fluorescence-based probes that

can simultaneously respond to multiple targets offer many advantages for real-time and in situ

monitoring of cellular metabolism, including ease of operation, rapid reporting, and their non-invasive

nature. As such we developed a dual-response platform (Vis-H2S) with integrated ICT–TICT to image

H2S and viscosity in mitochondria, which could simultaneously track fluctuations in cysteine desulfurase

(NFS1 protein and H2S inducer) and autophagy during chemotherapy-induced multidrug resistance. This

platform could monitor multiple endogenous metabolites and the synergistic relationship between

autophagy and NFS1 protein during multidrug resistance induced by chemotherapy. The results indicated

that chemotherapeutic drugs simultaneously up-regulate the levels of NFS1 protein and autophagy. It

was also found that the NFS1 protein was linked with autophagy, which eventually led to multidrug

resistance. As such, this platform could serve as an effective tool for the in-depth exploration of drug

resistance mechanisms.
Introduction

Chemotherapy, the main method for treating malignant
tumours, usually produces signicant drug resistance during
the later stages of treatment.1 This reduces therapeutic effects
and even results in resistance to alternative drugs that use
different mechanisms, which is termed multidrug resistance
(MDR).2 MDR can interfere with the intake and accumulation of
drugs in tumour cells, reducing the ability of anticancer drugs
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to induce cell death, resulting in drug inactivation and degra-
dation, and the activation of anti-apoptosis and antioxidant
defence, as well as DNA repair and replication. These factors are
the main causes of the failure of chemotherapy.3 Common
tumour MDR detection methods include MTT assays, drug
sensitivity tests, MDR gene and pathway detection, and high-
throughput screening technologies.4 However, using these
methods makes it impossible to achieve in situ, real-time
measurements and accurate detection of MDR in tumour cells.
The methods are also expensive and time-consuming, which
signicantly limits their application for the evaluation of MDR
mechanisms.

Confocal uorescence imaging requires simple operation
and exhibits high sensitivity and temporal and spatial resolu-
tion and can provide in situ and real-time analysis.5 However,
uorescence-based sensors based on traditional sensing
mechanisms have only one recognition site and can only
recognize one analyte due to their single mode sensing mech-
anism.6 These are unsuitable for evaluating multiple inter-
connected biomolecules in complex living systems. To
overcome this deciency, uorescence-based sensors have
emerged that use two or more sensing mechanisms.7,8

Chemotherapeutic drugs which increase the amounts of
reactive oxygen species (ROS) (such as doxorubicin and
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc06459j&domain=pdf&date_stamp=2024-04-20
http://orcid.org/0000-0001-9639-0338
http://orcid.org/0000-0002-3275-7783
http://orcid.org/0000-0003-1104-7237
http://orcid.org/0000-0001-9173-8219
http://orcid.org/0000-0002-4095-2191
https://doi.org/10.1039/d3sc06459j
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06459j
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015016


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
1/

11
/2

02
5 

5:
52

:4
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
cisplatin) can kill tumour cells. However, in addition they
induce many factors that can result in MDR, including the
activation of autophagy9 (caused by excessive ROS, which then
prevents cancer cell apoptosis by degrading the ROS) and up-
regulating the levels of cysteine desulfurase10 (NFS1 protein,
which can catalyse cysteine to produce endogenous hydrogen
sulde and consume ROS, which prevents cancer cell
apoptosis). However, the synergistic relationship between
autophagy and NFS1 protein overexpression via ROS-based
chemotherapeutic drugs has not yet been reported.

To achieve the in situ imaging of the synergistic relationship
between autophagy and reductive protein overexpression,
a probe with mitochondrial anchoring ability with a dual-
response toward viscosity (changes in mitochondrial viscosity
can indicate autophagy11) and H2S (mitochondrial H2S uctua-
tions may indicate the NFS1 protein level12) is required. With
this research, a cyanine dyeQCy7 withmitochondrial anchoring
ability was used as the parent uorophore13 and 2-iodobenzoate
was used as the specic recognition site for H2S (Vis-H2S). When
Vis-H2S reacts with H2S, intramolecular charge transfer (ICT) is
activated and the uorescence emission wavelength red-shis
from 492 nm to 687 nm, allowing it to be used to monitor
changes in the H2S concentration, while the double bond
Scheme 1 Schematic illustration (a) and “AND” logic gate (b) of the dual-
and viscosity; (d) the sensing mechanism of H2S using Vis-H2S.

© 2024 The Author(s). Published by the Royal Society of Chemistry
contained in QCy7 can undergo twisted intramolecular charge
transfer (TICT), resulting in a signicant decrease in the uo-
rescence intensity, but this can be inhibited by a high-viscosity
environment. Therefore, when the viscosity increased from
0.903 cp to 965 cp, the uorescence intensity at 492 nm
increased 110-fold. This enabled the monitoring of environ-
mental viscosity. Using the ICT–TICT dual-response strategy,
Vis-H2S could simultaneously respond to mitochondrial
viscosity and H2S uctuations. Thus, it can be used to explore
the synergistic relationship between autophagy and the NFS1
protein.
Results and discussion
Design and synthesis of Vis-H2S

As mentioned above, the “AND” logic gate-based “ICT–TICT
dual-response mechanism” probe (Vis-H2S) requires the coex-
istence of two analytes (viscosity and H2S) and as such can
monitor the synergistic relationship between autophagy and
NFS1 protein. As shown in Scheme 1a and b, Vis-H2S generated
NIR uorophores under the simultaneous activation by two
agents, i.e., H2S and viscosity. In a low viscosity environment,
weak NIR uorescence of Vis-H2S was observed in the presence
response platform; (c) the response mechanism of Vis-H2S toward H2S

Chem. Sci., 2024, 15, 6028–6035 | 6029
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of H2S, while in the presence of high viscosity (autophagy-
regulates mitochondrial viscosity) and the absence of H2S,
Vis-H2S emits remarkable green uorescence.

If, however, both high viscosity and H2S are present, it emits
strong near-infrared uorescence. For normal cells, H2S is
present at a low level, and mitochondria have a high viscosity
due to the presence of many proteins (resulting in strong green
uorescence), but H2S and mitochondrial viscosity are easily
destroyed by hypoxia and autophagy, respectively. Increased cell
hypoxia can lead to the overexpression of reducing proteins
such as NFS1 protein which results in a strong NIR uorescence
response. On the other hand, autophagy reduces the viscosity of
the mitochondria, resulting in minimal uorescence from
either the red or green channel. As such, MDR produced by
chemotherapy can lead to a simultaneous increase in autophagy
and hypoxia, resulting in only weak NIR uorescence from the
system. The response mechanism is provided in Scheme 1c and
d. Vis-H2S, with a molecular rotor structure (two symmetric
vinyl-coupled indolium moieties), enhanced the probe uores-
cence in a high-viscosity environment due to restricted intra-
molecular rotation inhibiting nonradiative twisted
intramolecular charge transfer (TICT14–16). The nucleophilic
reaction of the ester with HS− releases QCy7 in an anionic form,
and the negative charge is delocalized to form quinone QCy7-
a or QCy7-b.

Vis-H2S was synthesized according to Scheme S1,† and
characterization data are provided in Fig. S1–S4.† The reaction
mechanism between Vis-H2S and H2S was veried by measuring
the relative molecular mass before and aer the reaction using
HR-MS. As shown in Fig. S5,† when Vis-H2S was reacted with
H2S, a peak appeared at m/z = 461.2098, representing the
reaction product and the peak at m/z = 346.1212 (representing
the reactant) disappeared. We concurrently employed 1H-NMR
spectroscopy to conduct a mechanistic analysis of Vis-H2S's
response to H2S. The results are illustrated in Fig. S6,† and
exhibit signicant chemical shi variations in the methyl
hydrogens (Ha, Hb, Hc and Hd) on the indole moiety of the
probe. Simultaneously, the signals corresponding to the
hydrogens from the iodinated benzene disappear, substanti-
ating the validity of the predicted mechanism underlying the
response of Vis-H2S's to H2S. To further investigate the response
of Vis-H2S and QCy7 to viscosity, a PBS–glycerol solvent system
was employed to monitor the spectral response of Vis-H2S to
viscosity changes (Fig. S7 and S8†). Vis-H2S and QCy7 exhibited
a nearly 110-fold and 22-fold increase in uorescence, respec-
tively, in response to the increase in solution viscosity from
0.903 cP to 965 cP. The relative uorescence intensity of Vis-H2S
and QCy7 exhibited a linear relationship with viscosity (R2 =

0.985 for Vis-H2S and R2 = 0.984 for QCy7). The above results
conrmed that Vis-H2S and QCy7 exhibit excellent responses to
viscosity and can be used to detect viscosity changes during in
vivo and in vitro experiments. Additionally, we delved into the
polarity responsiveness of QCy7 by examining its behavior in
PBS–THF mixtures with different volume fractions (fw) of PBS,
spanning the range from 10% to 100%. As shown in Fig. S9,†
there was minimal change in uorescence intensity, indicating
that QCy7 is not sensitive to polarity.
6030 | Chem. Sci., 2024, 15, 6028–6035
2-Iodobenzoate was used to regulate the “push–pull” elec-
tronic effects (intramolecular charge transfer, ICT) of Vis-H2S so
that it could specically respond to changes in H2S. We initially
examined the absorption and uorescence spectra of Vis-H2S in
response to H2S. The results revealed that Vis-H2S initially
exhibited low levels of absorption and uorescence intensity,
but a signicant increase was observed upon the addition of
H2S (Fig. S10a and b†). We also investigated the response of Vis-
H2S to H2S in environments with different viscosities (PBS, pH
= 7.4, containing 0%, 50%, and 70% glycerol). The ability of Vis-
H2S to simultaneously respond to H2S and viscosity was also
evaluated. As shown in Fig. S10a† and 1, upon increasing the
H2S concentration in the absence of glycerol, Vis-H2S vs. H2S
exhibited a “turn-on” response, with an approximately 20-fold
increase in the uorescence intensity at 687 nm. Upon
increasing the glycerol concentration, a ratiometric sign was
found with increasing concentrations of H2S (Vis-H2S exhibited
a decreasing intensity at lem = 492 nm and an increasing
intensity at lem = 687 nm). Upon increasing the glycerol
concentration, Igreen and Ired both increased signicantly. The
ratio signal also exhibited a good linear relationship at 50% and
70% glycerol when the H2S concentration was lower than 75 mM.
From Fig. 1e and f the correlation coefficients were 0.982 and
0.989, respectively, and the limit of detection (LOD) values were
calculated to be 45 nM and 50 nM, respectively, according to 3s/
k (where s is the standard deviation of the blank (n= 11) and k is
the slope for the range of linearity). The above experiments
conrmed the dual-response of Vis-H2S to viscosity and H2S.
Kinetic experiments indicated that when using 70% glycerol,
the reaction between Vis-H2S and H2S (100 mM) reached
a plateau within 60 min, indicating that Vis-H2S could rapidly
recognize H2S (Fig. S10f†). Eighteen different interferents were
selected to evaluate the selectivity of Vis-H2S. As shown in
Fig. S10g,† these interferents did not change the uorescence
intensity of Vis-H2S in either a high-viscosity (glycerol) or low-
viscosity (PBS) environment. These results clearly indicate that
Vis-H2S exhibits minimal interference and can be used for in
situ imaging of cellular viscosity. Finally, we evaluated the effect
of pH on the response of Vis-H2S to H2S. As shown in Fig. S10c,†
for pH over a range from 4–8, there was no obvious change in
the uorescence signal before or aer the simultaneous action
of Vis-H2Swith H2S and glycerol. In addition, the interference of
cell viscosity stimulators (temperature and monensin17) on the
uorescence intensity of Vis-H2S was investigated. The results
in Fig. S10d† show that neither temperature nor monensin
interfered with the uorescence intensity of Vis-H2S, which
provides an excellent basis for subsequent cell experiments.
According to the literature,18 acylphenol can serve as a recogni-
tion moiety for carboxylesterase-2, which is structurally similar
to our recognition domain. To exclude the potential interfer-
ence of carboxylesterase-2 in this study, we conducted photo-
stability experiments of Vis-H2S in response to carboxylesterase-
2, as shown in Fig. S10f.† The results indicate that over time,
there was no change in uorescence intensity, suggesting that
carboxylesterase-2 has no interference with H2S.

With the above results in hand, we evaluated the in situ
imaging capability of Vis-H2S for H2S in cells. First, different
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Fluorescence intensity changes of Vis-H2S (10 mM) in response to H2S and viscosity. (a) 0% glycerol, (b) 50% glycerol, and (c) 70% glycerol;
fluorescence titration curves of the probes Vis-H2S and H2S (0–500 mM); (d)–(f) the fluorescence intensity responses of Vis-H2S for (a)–(c) to
different concentrations of H2S (0–500 mM) at the ratio signal (I687 nm/I492 nm), respectively. The inset shows the linear relationship of the Vis-H2S
response to a low concentration of H2S in different glycerol systems. The excitation wavelength was 400 nm, and the test medium was
phosphate buffer (10 mM; pH = 7.4).
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concentrations of Vis-H2S were incubated with HepG2 cells for
24 h. The MTT assay results indicated that the cell viability
remained above 80% and the IC50 was 63 mM, which indicates
that Vis-H2S was not cytotoxic and could be used for cell
imaging (Fig. S11†). To accurately image autophagy and NFS1
protein simultaneously, the probe needs to exhibit
mitochondrial-anchoring ability. According to the literature, as
an organelle with a double-membrane structure, the negative
charge of the inner mitochondrial membrane enables positively
charged molecules to be specically enriched and anchored in
the mitochondria.19 Since the indole group of the Vis-H2S probe
is positively charged, the intracellular distribution should be
targeted to the mitochondria. To this end, Vis-H2S was mixed
with a commercial mitochondrial localization dye, 100 nM
Mito-Tracker Red, a commercial lysosome localization dye,
100 nM Lyso-Tracker Red, and a commercial endoplasmic
reticulum localization dye, 100 nM ER-Tracker Red. These were
then co-incubated with HepG2 cells for 30 min and imaged
using confocal microscopy. As shown in Fig. S12†, Vis-H2S was
mainly distributed in the mitochondria (Pearson colocalization
coefficient was 0.94), while the Pearson colocalization coeffi-
cients in the lysosome and endoplasmic reticulum were 0.41
and 0.33, respectively, indicating that Vis-H2S exhibits good
mitochondrial localization and could detect the response to
viscosity and H2S in the mitochondria during cellular
experiments.

We then investigated the ability of Vis-H2S (10 mM) to
respond to exogenous and endogenous H2S and cell viscosity.
The results are given in Fig. S13.† First cells were treated with
sulydryl scavenger N-ethylmaleimide20 (NEM, 0.5 mM) and
then incubated with different concentrations of H2S for 40 min.
The experimental results indicated that upon increasing the
© 2024 The Author(s). Published by the Royal Society of Chemistry
NaHS (H2S donor) concentration (0, 5, 10, or 20 mM), Igreen
gradually decreased and Ired gradually increased, indicating that
Vis-H2S could detect exogenous H2S in cells. Compared with the
control group, the uorescence intensity was signicantly
reduced for cells in the presence of NEM (0.5 mM). This was
because of the removal of endogenous H2S by NEM. Then, in
the absence of H2S due to the addition of NEM (reduced
interference by H2S), intracellular viscosity levels were regulated
using monensin and different cell incubation temperatures (25
°C and 4 °C; a lower temperature increases the intracellular
viscosity). As shown in Fig. S14,† upon decreasing the temper-
ature and adding monensin, Igreen increased signicantly, while
Ired was almost negligible. These experiments conrm that Vis-
H2S can readily respond to cell viscosity.

Next, we evaluated the dual-response of Vis-H2S to H2S and
autophagy at the cellular level. Previous studies have shown that
during autophagy, mitochondria are wrapped by vesicles to
form autophagosomes that then fuse with lysosomes to form
autolysosomes.21 This allows mitochondria and their contents
to be degraded, resulting in reduced mitochondrial viscosity.22

As shown in Fig. S15,† compared with the control group and
NEM group, aer cells were treated with autophagy inducer
rapamycin (100 nM, mTORC1 complex inhibitor23), Igreen was
negligible, indicating that autophagy signicantly reduced the
mitochondrial viscosity. In addition, different concentrations of
NaHS (5, 10, or 20 mM) did not affect the Igreen, but Ired gradually
increased with an increase in H2S concentration, indicating that
Vis-H2S could generate a dual response to autophagy and H2S.

To further evaluate the ability of Vis-H2S to monitor auto-
phagy and H2S in real-time, confocal real-time imaging analysis
was performed on HepG2 cells stained with Vis-H2S at different
times and under cell culture conditions. The results are shown
Chem. Sci., 2024, 15, 6028–6035 | 6031
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in Fig. 2a–e. The uorescence of the red and green channels of
the control group (HepG2 cells were untreated) remained
almost constant for HepG2 cells loaded with Vis-H2S with
a 5 min interval for a total of 60 min, indicating that Vis-H2S
possesses good photostability. The cells were then starved to
induce autophagy,24 and the results indicated that both Igreen
and Ired were signicantly reduced. From the above experi-
mental results, a decrease in Igreen occurred due to a decrease in
mitochondrial viscosity during autophagy. In addition, the
gradual decrease in Ired is attributed to the role of NFS1 protein
as a reductive protein that facilitates the release of H2S through
desulfuration of L-cysteine. During the autophagy process,
lysosomes degrade NFS1 protein within the mitochondria,
resulting in a reduction of endogenous H2S and subsequently
weakening of Ired. Aer the cells were starved and the autophagy
inhibitor 3-methyladenine25 (3-MA, 5 mM) was added, both
Igreen and Ired were signicantly enhanced and the uorescence
intensity remained almost unchanged for the next 60 min. This
again shows that autophagy can simultaneously reduce mito-
chondrial viscosity and H2S levels. When cells were pre-
incubated with NEM, regardless of whether the cells were
incubated with 3-MA, changes in Igreen were the same as those
without NEM, while Ired was almost negligible. Due to the ability
Fig. 2 Real-time fluorescence imaging images of the HepG2 cells in: (a)
3-MA, (d) starvation treatment + 0.5 mM NEM, and (e) starvation treatm
Fluorescence trend graph of intracellular Igreen as a function of time. (g) F
collection range: green channel 450–520 nm, red channel 650–720 nm

6032 | Chem. Sci., 2024, 15, 6028–6035
of ow cytometry to rapidly analyze a large number of individual
cells, achieving high-throughput data collection is crucial for
comprehensive assessment of uorescence signal changes. In
this regard, our study employed ow cytometry to investigate
uorescence intensity alterations under the aforementioned
conditions, as illustrated in Fig. S16.† In comparison to the
control group, cells subjected to starvation exhibited a signi-
cant decrease in uorescence intensity in both the green and
red channels, with the addition of 3-MA inhibiting this process.
Concurrent starvation and NEM incubation resulted in
a notable reduction in uorescence intensity in both channels,
with 3-MA incubation during this process leading to an increase
in green channel uorescence intensity and minimal interfer-
ence with red channel uorescence intensity. These ndings
align with real-time imaging results, conrming the dual-
responsive capability of Vis-H2S to simultaneously monitor
cellular viscosity and H2S levels.

Finally, we evaluated the source of MDR during tumor
chemotherapy. Adriamycin, a widely used chemotherapeutic
drug, works by consuming oxygen to produce ROS, which in
turn triggers autophagy (ROS has been conrmed as the main
cause of upregulating cellular autophagy) and overexpression of
NFS1 protein due to increased hypoxia in tumor cells.26 This
control group, (b) starvation treatment, (c) starvation treatment + 5 mM
ent + 5 mM 3-MA + 0.5 mM NEM incubated with Vis-H2S (10 mM). (f)
luorescence trend graph of intracellular Ired as a function of time. Light
, the excitation light source is 552 nm, and the scale bar is 20 mm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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combination of events leads to MDR but the synergistic effect
between cellular autophagy and NFS1 protein overexpression in
causing MDR has not been previously reported. To investigate
the combined impact of autophagy and NFS1 protein on
multidrug resistance (MDR) during tumor chemotherapy, we
employed Vis-H2S for imaging. Before conducting imaging
experiments, we initially employed western blot analysis to
assess the NFS1 protein levels. This step aimed to validate our
hypothesis that the upregulation of NFS1 protein, induced by
Adriamycin, leads to a substantial increase in H2S production.
The mechanism suggests that elevated NFS1 levels act as
a protective response in tumor cells, preventing the cytotoxic
effects of Adriamycin and thereby contributing to the develop-
ment of multidrug resistance. The results are depicted in
Fig. S18,† where the addition of Adriamycin led to a signicant
Fig. 3 (a–f) Real-time imaging fluorescence image of the HepG2 cells in
mM), (d) Adriamycin (5 mM) after cysteine desulfurase (NFS1) gene knocko
after NFS1 gene knockout. (g) Apoptosis assay of cells in (a–f); viable cells
necrosis (FITC+/PI+). The time-dependence of the relative fluorescence
sponding to (a–f). (k) Quantification data of the apoptosis assay results c

© 2024 The Author(s). Published by the Royal Society of Chemistry
increase in NFS1 protein content, while NFS1KD rendered the
NFS1 protein content negligible. As shown in Fig. 3a–f, 3h and i,
the control group experiment indicates that Vis-H2S retained
excellent photostability (Fig. 3a). Aer adding Adriamycin, Igreen
was signicantly reduced, while Ired increased rst and then
decreased (Fig. 3b). This occurred because the addition of
Adriamycin signicantly increased the overexpression of NFS1
protein. Then upon prolonged incubation time, autophagy
decreased the mitochondrial viscosity resulting in decreased
Ired. To validate this result, cells incubated with Adriamycin
were also treated with the autophagy inhibitor 3-MA (10 mM) or
the NFS1 gene of HepG2 cells was eliminated (NFS1KD, opera-
tional approach according to the reported method27). The
results indicated that Igreen gradually decreased and Ired
increased gradually in cells pretreated with 3-MA (Fig. 3c). This
(a) control group, (b) Adriamycin (5 mM), (c) Adriamycin (5 mM) + 3-MA (5
ut, (e) negative control of NFS1 and (f) Adriamycin (5 mM) + 3-MA (5 mM)
(FITC−/PI−), early apoptosis (FITC+/PI−), late apoptosis (FITC−/PI+), and
intensity of (h) Igreen and (i) Ired. (j) MTT test of the HepG2 cells corre-
orresponding to (g).
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conrms that the uorescence intensity was only regulated by
NFS1-induced H2S. In the Adriamycin + NFS1KD group, Igreen
gradually decreased, and Ired was negligible, indicating that the
uorescence intensity was only regulated by autophagy.
Compared with the Adriamycin group, the Adriamycin +
NFS1KD group exhibited a more pronounced decrease in Igreen.
We believe that the knockout of the NFS1 gene led to an
increase in the cellular ROS level, which increased the auto-
phagy level. In addition, the results of the negative control
(performed according to the previous report28) group were
similar to those of the Adriamycin group, indicating that the
NFS1KD group results were caused by the reduction of H2S
levels via the knockout of the NFS1 protein. Finally, when
autophagy and NFS1 protein were simultaneously inhibited (as
shown in Fig. 3f), unsurprisingly, Igreen remained almost
unchanged, while Ired was negligible. We then further validated
the accuracy of the results using ow cytometric analysis, as
illustrated in Fig. S17.† The addition of Adriamycin resulted in
a signicant decrease in uorescence intensity in both the
green and red channels. Under these conditions, inhibiting
autophagy (3-MA) led to a signicant increase in red channel
uorescence intensity, while inhibiting NFS1 protein levels
(NFS1KD) resulted in a signicant decrease in red channel
uorescence intensity. This aligns with the real-time imaging
results, demonstrating the probe's capability to detect cellular
autophagy and NFS1 level uctuations during the development
of Adriamycin-induced drug resistance.

Having ascertained the autophagy and NFS1 protein levels
under the given conditions, this study also employed Annexin V-
FITC/PI apoptosis detection agent assay and the CCK8 assay to
comprehensively evaluate the Adriamycin drug resistance under
different conditions. As shown in Fig. 3g, 3j and k, the cells in
the control group maintained a high survival rate, while the
survival rate of the cells in the Adriamycin group decreased to
60.5%. Interestingly, when autophagy was inhibited or when
the NFS1 protein was knocked out, the apoptosis rate was
signicantly increased to 49.6% and 31.1%, respectively. In
addition, the lowest cell survival rate (9.7%) was achieved by the
simultaneous inhibition of autophagy and knockdown of the
NFS1 protein. The above experiments indicate that autophagy
and the NFS1 protein are responsible for Adriamycin drug
resistance.

Conclusions

A near-infrared uorescence-based probe, Vis-H2S, which could
simultaneously respond to H2S and viscosity, was constructed
based on the QCy7 parent uorophore. The probe could
simultaneously monitor autophagy and H2S during the treat-
ment of cells with Adriamycin and further conrmed the direct
relationship between autophagy and NFS1 protein over-
expression with ROS-based chemotherapeutic drugs. The
results indicated that Adriamycin up-regulated the degree of
autophagy and the NFS1 protein levels during tumour treat-
ment, which resulted in MDR. Furthermore, reducing the level
of NFS1 protein results in a small increase in autophagy levels,
which may be because the NFS1 protein is unable to fully clear
6034 | Chem. Sci., 2024, 15, 6028–6035
the ROS. Hence, using probe Vis-H2S we could conrm that
both autophagy and NFS1 protein are closely related to the MDR
of tumour cells. Therefore, Vis-H2S is a powerful analytical tool
for the in-depth exploration of the drug resistance mechanism
of Adriamycin.

Data availability

All data supporting this study are provided as ESI† accompa-
nying this paper.

Author contributions

Wei Hu: conceptualization, investigation, methodology, data
curation, writing – original dra. Yifan He: conceptualization,
data curation. Haixian Ren: conceptualization, supervision,
funding acquisition. Li Chai: validation, data curation. Haiyan
Li: methodology, data curation. Jianbin Chen: validation,
funding acquisition. Chunya Li: supervision, validation, fund-
ing acquisition. Yanying Wang: supervision, validation. Tony D.
James: conceptualization, validation, supervision, project
administration, writing – review and editing.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

CYL wishes to thank the National Natural Science Foundation
of China (No. 22074160 and 21874157), Fundamental Research
Funds for the Central Universities of South-Central Minzu
University (No. CZZ22003), Open Project Funding of Ministry of
Education Key Laboratory for the Synthesis and Application of
Organic Functional Molecules, Hubei University (No.
KLSAOFM2305); HXR wishes to thank the National Natural
Science Foundation of China (No. 22277104); JBC wishes to
thank the National Natural Science Foundation of China (No.
22171154 and 22201152), the Special Funds of Taishan Scholar
Project (No. tsqn202211206), the Youth Innovative Talents
Recruitment and Cultivation Program of Shandong Higher
Education, Jinan Science & Technology Bureau (No.
2021GXRC080). TDJ wishes to thank the University of Bath and
the Open Research Fund of the School of Chemistry and
Chemical Engineering, Henan Normal University (2020ZD01)
for support.

References

1 M. Tang, H. A. Abbas, M. V. Negrao, M. Ramineni, X. Hu,
S. M. Hubert, J. Fujimoto, A. Reuben, S. Varghese,
J. Zhang, J. Li, C. W. Chow, X. Mao, X. Song, W. C. Lee,
J. Wu, L. Little, C. Gumbs, C. Behrens, C. Moran,
A. Weissferdt, J. J. Lee, B. Sepesi, S. Swisher, C. Cheng,
J. Kurie, D. Gibbons, J. V. Heymach, I. I. Wistuba,
P. A. Futreal, N. Kalhor and J. Zhang, Nat. Commun., 2021,
12, 7081.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06459j


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
1/

11
/2

02
5 

5:
52

:4
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
2 R. Wang, X. Shu, H. Zhao, Q. Xue, C. Liu, A. Wu, F. Cheng,
L. Wang, Y. Zhang, J. Feng, N. Wu and M. Li, Nat.
Commun., 2023, 14, 2078.

3 K. Xu, L. Jin, L. Xu, Y. Zhu, L. Hong, C. Pan, Y. Li, J. Yao,
R. Zou, W. Tang, J. Wang, A. Wu and W. Ren, J.
Nanobiotechnol., 2022, 20, 315.

4 M. Shah, S. Paradis, J. Betz, N. Beylis, R. Bharadwaj,
T. Caceres, E. Gotuzzo, M. Joloba, V. Mave, L. Nakiyingi,
M. P. Nicol, N. Pradhan, B. King, D. Armstrong, D. Knecht,
C. E. Maus, C. K. Cooper, S. E. Dorman and Y. C. Manabe,
Clin. Infect. Dis., 2020, 71, 1161–1167.

5 R. Chen, K. Qiu, G. Han, B. K. Kundu, G. Ding, Y. Sun and
J. Diao, Chem. Sci., 2023, 14, 10236–10248.

6 V. Schroeder, S. Savagatrup, M. He, S. Lin and T. M. Swager,
Chem. Rev., 2019, 119, 599–663.

7 K. Chanda and B. Mm, Chem. Soc. Rev., 2021, 50, 3706–3719.
8 P. R. Cheng, S. S. He, C. Z. Zhang, J. Liu and K. Y. Pu, Angew,
2023, 62, e202301625.

9 Q. Jiang, M. Pan, J. Hu, J. Sun, L. Fan, Z. Zou, J. Wei, X. Yang
and X. Liu, Chem. Sci., 2020, 12, 148–157.

10 J. Zhang, Y. Zhou, N. Li, W. T. Liu, J. Z. Liang, Y. Sun,
W. X. Zhang, R. D. Fang, S. L. Huang, Z. H. Sun, Y. Wang
and Q. Y. He, Adv. Sci., 2020, 7, 2002306.

11 L. Hao, Z. W. Li, D. Y. Zhang, L. He, W. Liu, J. Yang, C. P. Tan,
L. N. Ji and Z. W. Mao, Chem. Sci., 2019, 10, 1285–1293.

12 K. M. Fujihara, B. Z. Zhang, T. D. Jackson, M. O. Ogunkola,
B. Nijagal, J. V. Milne, D. A. Sallman, C. S. Ang, I. Nikolic,
C. J. Kearney, S. J. Hogg, C. S. Cabalag, V. R. Sutton,
S. Watt, A. T. Fujihara, J. A. Trapani, K. J. Simpson,
D. Stojanovski, S. Leimkühler, S. Haupt, W. A. Phillips and
N. J. Clemons, Sci. Adv., 2022, 8, eabm9427.

13 H. D. Li, H. J. Kim, F. Xu, J. J. Han, Q. C. Yao, J. Y. Wang,
K. Y. Pu, X. J. Peng and J. J. Yoon, Chem. Soc. Rev., 2021,
51, 1795–1835.

14 B. X. Shen, L. H. Liu, Y. B. Huang, J. C. Wu, H. Feng, Y. Liu,
H. Huang and X. Zhang, Aggregate, 2023, 5, e421.

15 J. J. Chen, L. Q. Chen, Z. P. She, F. Zeng and S. Z. Wu,
Aggregate, 2023, 5, e419.
© 2024 The Author(s). Published by the Royal Society of Chemistry
16 B. X. Shen, K. H. Jung, S. T. Ye, C. A. Hoelzel,
C. H. Wolstenholme, H. Huang, Y. Liu and X. Zhang,
Aggregate, 2022, 4, e301.

17 L. Deng, L. Wojciech, C. W. Png, D. Y. Q. Kioh, Y. Gu,
T. T. Aung, B. Malleret, E. C. Y. Chan, G. Peng, Y. Zhang,
N. R. J. Gascoigne and K. S. W. Tan, Theranostics, 2023, 13,
1165–1179.

18 B. Yang, X. D. Ding, Z. M. Zhang, J. K. Li, S. Y. Fan, J. Y. Lai,
R. Su, X. H. Wang and B. Wang, Talanta, 2024, 269, 125418.

19 Y. Su, H. Lin, Y. Tu, M. M. Wang, G. D. Zhang, J. Yang,
H. K. Liu and Z. Su, Chem. Sci., 2022, 13, 1428–1439.

20 H. Lin, Y. Yu, L. Zhu, N. Lai, L. Zhang, Y. Guo, X. Lin,
D. Yang, N. Ren, Z. Zhu and Q. Dong, Redox Biol., 2023, 59,
102601.

21 H. J. Hwang, H. Ha, B. S. Lee, B. H. Kim, H. K. Song and
Y. K. Kim, Nat. Commun., 2022, 13, 1436.

22 M. Tu, V. P. Tan, J. D. Yu, R. Tripathi, Z. Bigham, M. Barlow,
J. M. Smith, J. H. Brown and S. Miyamoto, Cell Death Differ.,
2022, 29, 2472–2486.

23 C. Alquezar, K. M. Schoch, E. G. Geier, E. M. Ramos,
A. Scrivo, K. H. Li, A. R. Argouarch, E. E. Mlynarski,
B. Dombroski, M. DeTure, D. W. Dickson, J. S. Yokoyama,
A. M. Cuervo, A. L. Burlingame, G. D. Schellenberg,
T. M. Miller, B. L. Miller and A. W. Kao, Sci. Adv., 2021, 7,
eabg3897.

24 M. Kinnebrew, R. E. Woolley, T. B. Ansell, E. F. X. Byrne,
S. Frigui, G. Luchetti, R. Sircar, S. Nachtergaele, L. Mydock-
McGrane, K. Krishnan, S. Newstead, M. S. P. Sansom,
D. F. Covey, C. Siebold and R. Rohatgi, Sci. Adv., 2022, 8,
eabm5563.

25 L. L. Zhou, Q. Guan, W. Zhou, J. L. Kan and Y. B. Dong,
Chem. Sci., 2022, 13, 7846–7854.

26 Y. He, W. Hu, L. Chai, Y. Wang, X. Wang, T. Liang, H. Li and
C. Li, Chem. Commun., 2022, 58, 7301–7304.

27 Y. Hu, J. You, M. Tong, X. Zheng, Z. Xu, X. Cheng and
T. Jiang, Adv. Sci., 2020, 7, 2000799.

28 D. Wu, F. Fei, Q. Zhang, X. Wang, Y. Gong, X. Chen,
Y. Zheng, B. Tan, C. Xu, H. Xie, W. Fang, Z. Chen and
Y. Wang, Sci. Adv., 2022, 8, eabm3381.
Chem. Sci., 2024, 15, 6028–6035 | 6035

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06459j

	Near-infrared imaging for visualizing the synergistic relationship between autophagy and NFS1 protein during multidrug resistance using an ICTtnqh_x20...
	Near-infrared imaging for visualizing the synergistic relationship between autophagy and NFS1 protein during multidrug resistance using an ICTtnqh_x20...
	Near-infrared imaging for visualizing the synergistic relationship between autophagy and NFS1 protein during multidrug resistance using an ICTtnqh_x20...
	Near-infrared imaging for visualizing the synergistic relationship between autophagy and NFS1 protein during multidrug resistance using an ICTtnqh_x20...

	Near-infrared imaging for visualizing the synergistic relationship between autophagy and NFS1 protein during multidrug resistance using an ICTtnqh_x20...
	Near-infrared imaging for visualizing the synergistic relationship between autophagy and NFS1 protein during multidrug resistance using an ICTtnqh_x20...
	Near-infrared imaging for visualizing the synergistic relationship between autophagy and NFS1 protein during multidrug resistance using an ICTtnqh_x20...
	Near-infrared imaging for visualizing the synergistic relationship between autophagy and NFS1 protein during multidrug resistance using an ICTtnqh_x20...
	Near-infrared imaging for visualizing the synergistic relationship between autophagy and NFS1 protein during multidrug resistance using an ICTtnqh_x20...


