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ABSTRACT: Hydrogen peroxide (H2O2) plays a critical role in
the regulation and progress of autophagy, an essential recycling
process that influences cellular homeostasis and stress response.
Autophagy is characterized by the formation of intracellular
vesicles analogous to recycle “bags” called autophagosomes, which
fuse with lysosomes to form autolysosomes, eventually ending up
as lysosomes. We have developed two novel autophagic vesicle-
targeted peptide-based sensors, ROSA for H2O2 and pHA for pH,
to simultaneously track H2O2 and pH dynamics within autophagic
vesicles as autophagy advances. Since pH values progressively
decrease within autophagic vesicles with the progress of autophagy,
we utilized information on vesicular pH to identify stages of
autophagic vesicles in live cells. Fluorescence intensities of the H2O2 sensor, ROSA, within autophagic compartments at different
autophagic stages, which were identified by simultaneous pH mapping, revealed that H2O2 levels vary significantly within autophagic
vesicles as autophagy progresses, with maximum H2O2 levels in the autolysosomal stage. This study provides the first detailed
observation of H2O2 fluctuations within autophagic vesicles throughout the entire process of autophagy in living mammalian cells,
offering insights into the oxidative changes associated with this vital cellular process.
KEYWORDS: autophagy, H2O2 sensor, pH sensor, autophagic vesicle-targeted H2O2 sensor, autophagic vesicle-targeted pH sensor,
simultaneous detection of bioanalytes, simultaneous pH and H2O2 detection in autophagic vesicles, tracking H2O2 in autophagy,
autophagic vesicle-targeted fluorescent sensor, H2O2 fluctuations in autophagy

Autophagy is an essential biological process which enables
cells to recycle damaged and dysfunctional components

and plays a central role in immunity, tumor suppression, and
slowing down aging.1−5 Dysregulation of autophagy is
associated with various pathophysiological conditions includ-
ing neurodegeneration, metabolic disorders like diabetes,
cardiovascular diseases, autoimmune diseases, and cancer.1,3−5

While there are several mechanisms underlying autophagy,
macroautophagy, in which an isolation membrane forms within
a cell and encloses substances to be degraded, is the most
ubiquitous.1 The vesicle formed as a result is called an
autophagosome. Autophagosomes fuse with lysosomes in later
stages of autophagy to form autolysosomes, which finally end
up as lysosomes. Hence, autophagy is akin to a recycling
factory in which unused proteins and organelles are degraded
and starting materials for resynthesis of macromolecules are
released back into the cell. Autophagy is tightly regulated.
Along with several protein players, small molecules and ions
are critical regulators and markers of the progress of autophagy
or the autophagic flux. Importantly, stagewise information on
levels of analytes within autophagic vesicles can provide a way
to map the process and alterations during pathophysiological
conditions, thereby allowing the screening of autophagy
modulators as drugs. However, there have been barely any

attempts toward simultaneous monitoring of endogenous
bioanalytes within autophagic compartments. In this context,
we sought to track the correlated dynamics of pH and H2O2
with the progress of autophagy in living cells.

Why this combination of analytes? Proton concentration
increases and hence pH decreases progressively from 6.5 to
4.5, as autophagy advances.6 Mapping pH within autophagic
compartments can therefore be used to identify the stage of an
autophagic vesicle.6,7 Tracking a second analyte along with pH
will provide information on how the levels of the analyte vary
as autophagy progresses. The second analyte that we selected
to detect was H2O2. Among the several factors that can
influence the initiation and progress of autophagy, reactive
oxygen species (ROS) is one of the most significant.8−13

Reports suggest that ROS, particularly H2O2, participates in
the regulation of autophagy.9,10,13 H2O2 at physiological levels
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can trigger autophagy as a protective response. This aids cells
to adapt to stressors promoting survival and longevity.10,11

However, excess H2O2 can lead to autophagic failure, which in
turn can result in cell death.10,11,13 Dysregulation of H2O2-
mediated signaling and autophagy has been associated with the
pathogenesis of several disorders.13−27 Neurodegenerative
diseases like Alzheimer’s and Parkinson’s diseases involve
impaired autophagic clearance of misfolded proteins and
damaged organelles, exacerbated by oxidative stress.15−18

Excessive increase in H2O2 and inhibition of autophagy also
occur during cardiac ischemia.20−22 Cancer cells can exploit
altered H2O2 levels and autophagy to promote survival and
resistance to therapy.19,25,28 Misregulated autophagy and
oxidative stress are also linked to aging and metabolic
disorders like diabetes and obesity.23,24,26,27 The intricate
interplay between autophagy and H2O2 necessitates tracking
H2O2 across different autophagic stages, which can be achieved
via the simultaneous tracking of pH and H2O2 within
autophagic compartments.

Thus far, either overall cellular H2O2 levels or lysosomal
H2O2 under different autophagy triggering conditions have
been studied.29−37 However, there is no stagewise information
on H2O2 levels within autophagic vesicles during the progress
of autophagy in live cells. Therefore, many questions remain
unanswered. These include: At which stage of autophagy is the
level of H2O2 maximum within autophagic vesicles? How do
the levels of H2O2 inside autophagic vesicles change in
response to different stressors? How do the levels of H2O2
within autophagic compartments influence the initiation and
progress of autophagy? How are the levels of autophagosomal
H2O2 related to the pathogenesis of different diseases?
Answering these questions will open avenues for exploring
therapeutic ideas aimed at treating autophagy and H2O2-
mediated pathophysiological conditions; however, the key lies
in the ability to obtain information on the intrinsic/
endogenous levels of H2O2 within autophagic compartments
at different stages of autophagy.

Sensing H2O2 inside autophagic vesicles at different stages of
autophagy is nontrivial because of the following factors.
Autophagosomes are transient double-membrane structures
that engulf cellular cargo and undergo fusion with lysosomes to
form autolysosomes where cargo degradation starts.38 Hence,
detecting H2O2 within autophagosomes during their for-
mation, maturation, and fusion stages would require a
technique with a high spatiotemporal resolution. Fluorescence
confocal microscopy can provide the apt resolution across
space and time. But H2O2 levels are tightly regulated within
cellular compartments and fluctuate rapidly in response to
cellular stress or signaling events. In order to monitor these
transient fluctuations within autophagic vesicles, an autopha-
gosome-targeted, rapid-response fluorescent sensor is required,
which will quickly and accurately detect changes in
endogenous H2O2 levels. Simultaneous live-imaging with an
orthogonally emitting autophagosome-targeted pH-responsive
fluorescent sensor will provide complete information on how
the levels of H2O2 change within autophagic compartments as
autophagy advances.

To achieve this goal, we have developed two novel sensors:
1. a cell-permeable, autophagic vesicle-targeted, small-molecule
peptide conjugate-based fluorescent sensor (ROSA) for
detecting H2O2 and 2. an orthogonally emitting cell-permeable,
autophagic vesicle-targeted, pH-sensitive, small-molecule pep-
tide conjugate-based fluorescent sensor (pHA) used for

simultaneously tracking the autophagic flux (Figure 1).
Additionally, we have also utilized a previously reported
ratiometric autophagosome-targeted pH sensor from our
group (HCFP)7 to identify the stages of autophagic vesicles,
i.e., to distinguish between autophagosomes, autolysosomes,
and lysosomes. Using different combinations of ROSA with
either pHA or HCFP, we show for the first time that the levels
of H2O2 increase within autophagic vesicles with the progress
of autophagy and peak at the autolysosomal stage.

■ RESULTS AND DISCUSSION
ROSA and pHA were designed to include a targeting peptide
sequence and either an H2O2- or a pH-sensitive dye,

Figure 1. (a) Design of novel sensors, ROSA and pHA, for detecting
H2O2 levels and pH, respectively, inside autophagic vesicles during
the progress of autophagy. (b) Scheme depicting tracking of H2O2
and pH fluctuations by ROSA and pHA during different stages of
autophagy. (c) Fluorescence response of ROSA (10 μM) to H2O2
(0−560 μM) in HEPES (20 mM) buffer (pH 7.4); λex 378 nm. (d)
Fluorescence response of pHA (10 μM) to pH (3 to 8) in the HEPES
(20 mM) buffer; λex 540 nm.
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respectively (Figure 1). The role of the peptide was to impart
cell permeability to the construct and targetability to
autophagic vesicles. The targeting peptide sequence was
based on an earlier successful design of an autophagic
vesicle-targeting sequence from our group.7 For the sake of
completeness, we also describe the design here. Briefly, the
sequence consisted of an LC3 protein-binding segment, a
Cathepsin B cleavable site, and a polyarginine unit. LC3 is a
member of the Atg8 protein family, known for its localization

on autophagic vesicles.39 Autophagic receptor proteins, such as
p62, possess Atg8 interaction motifs responsible for cargo
recognition. These interaction motifs have a typical peptide
sequence W-X-X-L, in which a tryptophan and a leucine are
separated by two amino acids.39−41 In this context, the peptide
sequence W-T-H-L has been widely reported to target
autophagic vesicles.39−41 A nonamer of arginine (R9) was
added to the sequence to make the probe cell-permeable. Since
polyarginine sequences tend to target either the nucleus or

Figure 2. (a) Representative confocal single z plane images of HeLa cells (first panel: green channel ROSA; λex = 405 nm, λem = 500−545 nm;
second panel: red channel pHA; λex = 543 nm, λem = 575−650 nm; third panel: overlay between green and red channels; fourth panel: differential
contrast images). Scale bar: 10 μm. Different sets of HeLa cells were starved for 0 (resting state), 6, 8, and 16 h, respectively, then incubated with
ROSA (10 μM) in aqueous media for 30 min, washed and incubated with pHA (10 μM) in aqueous media for 30 min, and washed and imaged.
Bar plots representing mean intensities obtained from intensity analysis of four sets of cell imaging experiments using ROSA (b) and pHA (c);
representative images shown in panel (a). Data are presented as SEM, where n = 6 in each set.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c01021
JACS Au 2025, 5, 343−352

345

https://pubs.acs.org/doi/10.1021/jacsau.4c01021?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01021?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01021?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01021?fig=fig2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c01021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


endosomes,42 a Cathepsin B cleavable site G-F-L-G was placed
between W-T-H-L and R9. Therefore, the final sequence for
both ROSA and pHA was W-T-H-L-G-F-L-G-R9. Next, we
selected the sensing units.

1,8-Napthalimide with a boronic ester cap has been widely
used as an activity-based probe for detecting H2O2.

43−46 H2O2
removes the boronic ester cap and converts it to a hydroxyl
group, thus generating an electron donor−acceptor config-
uration, leading to an enhancement in the fluorescence
response.43−46 This family of dyes has been proven to be
selective toward H2O2 over other ROS species.41 Hence, the
construct mentioned above was used as the H2O2-selective and
sensitive moiety. The design of the dye also consisted of a
hexanoic acid linked to the imide position for attachment to
the peptide unit. As the pH-sensitive dye, 5(6)-carboxyte-
tramethylrhodamine was used, owing to the pH-sensitive
behavior of rhodamine-based dyes.47 Both dyes were first
attached to lysine. Following that, the lysine−dye conjugates
were attached to the autophagic vesicle-targeting peptide
sequence to afford the novel sensors ROSA and pHA
(Schemes S1 and S2). Both sensors were characterized via
liquid chromatography/electrospray ionization mass spectrom-
etry (LC/ESI-MS) (Figures S1 and S2).

ROSA and pHA were completely water−soluble in the
tested concentrations of up to 2 mM. Therefore, all
experiments were carried out in an aqueous buffer. The
fluorescence response of ROSA in the presence of increasing
concentrations of H2O2 was recorded (Figures 1c and S3).
Upon excitation at 378 nm, ROSA exhibited a peak with the
maxima at 530 nm, which underwent a 2-fold enhancement in
the presence of H2O2 (Figures 1c and S3). The fluorescence
response of ROSA was also checked in the presence of other
biologically relevant analytes like Cl−, NO3

−, HCO3
−,

glutathione, and ascorbic acid (Figure S4). No change in
fluorescence was observed with any of the previously
mentioned analytes (Figure S4). Since ROSA was designed
to target the autophagic vesicles and the pH of the autophagic
vesicles changed from 6−6.5 to 4.5 during the progression of
autophagy, we investigated the response of ROSA at pH 4.5 in
order to eliminate the possibility of interference from changing
pH. No change in fluorescence was observed (Figure S4) and
an identical response to H2O2 was retained at lower pH
(Figure S5). This result indicated that the response of ROSA
toward H2O2 was indeed unaffected by pH.

Next, the pH-dependent fluorescence response of pHA was
recorded (Figures 1d and S6). Upon excitation at 540 nm,
pHA exhibited a peak with the maxima at 582 nm, which
increased 4.5 times in intensity with decreasing pH from 8 to 3
(Figures 1d and S6). Furthermore, the response of pHA was
checked in the presence of biologically relevant metal ions
(Na+, K+, Mg2+, Ca2+, Mn2+, Fe2+) and glutathione at their
physiologically relevant concentrations. No significant increase
in emission was observed for any of these analytes (Figure S7),
thus establishing the selectivity of pHA toward pH changes. As
a control, the response of pHA was also checked in the
presence of H2O2. No change in fluorescence was observed,
and the pH-dependent response was retained in the presence
of H2O2 (Figure S8). Therefore, ROSA and pHA were
orthogonally emitting probes with no cross-talk between the
respective analytes to which each probe responded to.

Hence, we tested the applicability of ROSA and pHA for the
simultaneous tracking of pH and H2O2 within autophagic
compartments with the progression of autophagy in living cells.

Both the sensors permeated living cells within 30 min of direct
incubation. Very low fluorescence was observed in both green
(ROSA; λex = 405 nm) and red (pHA; λex = 543 nm) channels
when healthy HeLa cells at the resting state were incubated
with the two sensors (Figure 2a, first column). This is in
accordance with the fact that cells at the resting state have a
low number of autophagic vesicles.48 When HeLa cells were
starved for 8 h or more, an increase in punctate-like
fluorescence was observed in both channels, indicating an
increased autophagic flux (Figures 2a, S9 and S10). The
percentage of labeled cells was further calculated from
fluorescence confocal images of both the sensors taken with
a wide field of view. In cells starved for 8−16 h in multiple cell
plates (N = 5, n = 14−50), the percentage of cells labeled by
ROSA was 94.3 ± 1.8% and that by pHA was 100% (Figure
S11). To ensure that there was no bleed-through between
pHA and ROSA emission channels, cells were only incubated
with ROSA and imaged at the excitation wavelength and
emission channel of pHA and vice versa (Figure S12). In both
cases, negligible fluorescence was observed from the other
channel, confirming that there was no cross-talk between the
responses of the two probes in live cell imaging (Figure S12).
Simultaneous imaging with ROSA and pHA in starved cells
indicated a significant colocalization between the two channels,
thus ensuring that both ROSA and pHA reached the same
intracellular region (Figure S13).

To confirm that the generated punctate structures were
indeed autophagic vesicles, colocalization studies of ROSA and
pHA were performed with cyan fluorescent protein-tagged
LC3 (CFP-LC3) and green fluorescent protein-tagged LC3
(GFP-LC3), respectively (Figure S14). As controls, starved
cells were also incubated with only ROSA or only pHA and
imaged at the excitation wavelengths and emission channels of
CFP-LC3 and GFP-LC3, respectively (Figure S15). Further,
CFP-LC3-transfected cells were imaged at the emission
channel of ROSA- and GFP-LC3-transfected cells were imaged
at the excitation wavelength and emission channel correspond-
ing to pHA (Figure S15). In all four cases, negligible
fluorescence was observed, thus negating the possibility of
bleed-through (Figure S15). When imaged together, ROSA
afforded a clear colocalization with CFP-LC3 (Mander’s
coefficients: M1 = 0.59 and M2 = 0.67) (Figure S14a). A
significant colocalization was also observed between pHA and
GFP-LC3 (Mander’s coefficients: M1 = 0.65, M2 = 0.64)
(Figure S14b). These results showed that both ROSA and
pHA could successfully target autophagic vesicles.

Encouraged by the results, we ventured to understand the
effect of prolonged starvation on autophagy and H2O2 levels in
autophagic vesicles. Hence, HeLa cells were starved for 0, 6, 8,
and 16 h, respectively, since significant levels of autophagic
vesicles have been reported to be generated in cells upon
prolonged starvation starting from 6 h.13,49,50 A gradual
increase in punctate-like fluorescence was observed in both
channels with increasing starvation time (Figure 2). Starvation
initiates the progression of autophagy49,50 and during the
process, the pH inside the autophagic vesicles changes from 6−
6.5 to 4.5. Since pHA turns on at lower pH, the observed
increase in the fluorescence of pHA with increasing starvation
time indicated an increase in the autophagic flux. Furthermore,
along with the increase in the autophagic flux, the enhance-
ment in the fluorescence intensity of ROSA that we observed,
indicated a surge in the endogenous H2O2 levels within
autophagic compartments.
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Next, we explored the effect of a known autophagy trigger,
Rapamycin. Rapamycin inhibits the Ser/Thr protein kinase
mammalian target of Rapamycin (mTOR), disrupting signals
crucial for cell growth and proliferation, thereby promoting
cellular starvation and increasing autophagy. Living HeLa cells
were incubated with Rapamycin for 0, 2, 4, 6, and 8 h
respectively, then with ROSA and pHA, and imaged (Figure
3a). A gradual increase in the red channel (pHA) within
punctate structures was observed with increasing incubation
times of Rapamycin, which indicated an increase in the
autophagic flux (Figure 3a). However, an increase in the
fluorescence of ROSA within the puncta was only observed

after 4 h of Rapamycin treatment and a significant increase was
observed after 8 h of Rapamycin treatment (Figure 3a). This
result revealed that although there was an increase in the
autophagic flux already at 2 h of Rapamycin treatment, H2O2
levels only increased after 4 h of Rapamycin treatment and
underwent a substantial increase after 8 h of Rapamycin
treatment (Figure 3b). We also noted that during cell
starvation, the rise in H2O2 levels within autophagic vesicles
occurred gradually, whereas with Rapamycin treatment, the
increase in H2O2 levels was abrupt. Therefore, we concluded
that fluctuations in H2O2 concentrations inside autophagic
vesicles as autophagy progresses vary with the trigger.

Figure 3. (a) Representative confocal single z plane images of HeLa cells (first panel: green channel, ROSA; λex = 405 nm, λem = 500−545 nm;
second panel: red channel, pHA; λex = 543 nm, λem = 575−650 nm; third panel: overlay between green and red channels; fourth panel: differential
contrast images). Scale bar: 10 μm. Different sets of HeLa cells were incubated with Rapamycin (100 nM) for 0 (resting state), 2, 4, 6, and 8 h
respectively, then incubated with ROSA (10 μM) in aqueous media for 30 min, washed and incubated with pHA (10 μM) in aqueous media for 30
min, and washed and imaged. Bar plots representing mean intensities obtained from intensity analysis of four sets of cell imaging experiments using
ROSA (b) and pHA (c); representative images shown in panel (a). Data are presented as SEM where n = 6 in each set.
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At the resting state, the fluorescence intensity of ROSA
inside cells is almost negligible. To ensure that ROSA entered
autophagic vesicles at the autophagosome stage and not at a
later stage which would convolute the interpretation of the
imaging data, we conducted fluorescence lifetime imaging
(FLIM) of ROSA in cells at both resting and starved
conditions (Figures 4 and S16). At the resting state, we
observed punctate-like regions with a lower lifetime (0.8 ns) in
all of the cells within the plate imaged (Figures 4 and S16).
The fluorescence lifetime of 1,8-napthalimide with a boronic
ester cap is reported.51 The in-cell lifetime values obtained
from punctate-like regions in cells at the resting state matched
with the reported value of 1 ns.51 Therefore, ROSA reached
autophagic vesicles at early stages but the fluorescence was low
owing to the nonsignificant levels of H2O2 in early
autophagosomes, distinctly validating the conclusions that we
drew from the intensity images (Figures 2 and 3).

When the same experiment was conducted on starved cells,
the fluorescence lifetime inside the punctate regions increased
(1.6 ns) (Figures 4 and S16b), as expected.51 This result
convincingly demonstrated that the levels of H2O2 inside
autophagic vesicles increase upon starvation and also validated
that ROSA was taken up in autophagic vesicles right at the
early stages of autophagy.

The fluorescence lifetime data can be used to further
confirm the extent of labeling for ROSA. When lifetime images
were taken with a wider field of view, it was observed that all of
the cells within the imaged plate were labeled with the sensor
(Figure S16a). Therefore, the few cells, which appeared to be
unlabeled in the fluorescence intensity images (Figure S11b),
possibly also had incorporated the probe; but the fluorescence
intensity was low due to the low extent of autophagy and
concomitantly low levels of H2O2 within autophagic vesicles.

We next employed ROSA to assess the levels of H2O2 at
different stages of autophagy. Since substantial levels of H2O2
have been reported to be present in lysosomes,30,31,33

colocalization studies were performed with ROSA and
Lysotracker Red in starved living cells (Figure S17). The
punctate-like regions marked by Lysotracker Red also showed
a significant fluorescence intensity from ROSA. However,
some additional punctate regions with high intensity from
ROSA were observed, which were not marked by Lysotracker

Red (Mander’s coefficients: M1 = 0.32, M2 = 0.86) (Figure
S17). This proved that significant levels of H2O2 were present
not only in lysosomes but also in other stages of autophagic
vesicles.

We then asked the following question: At which stage of
autophagy were the levels of H2O2 the highest within the
compartments (Figure 5)? For identifying the autophagic
phases of the vesicles, we utilized our previously reported
ratiometric probe, HCFP,7 that was capable of distinguishing
the different stages of autophagy within autophagic vesicles:
autophagosomes, autolysosomes, and lysosomes. Autophagic
vesicles exhibit a pH transition from approximately 6−6.5 to
4.5 as they progress through different stages. Autophagosomes
initially have a pH around 6−6.5. These vesicles encapsulate
cellular waste for degradation. Autolysosomes form when
autophagosomes fuse with lysosomes, resulting in a pH range
of 5−5.5. The final stage of autophagic vesicles is lysosomes
with a pH of 4.5. The acidic environment aids in the enzymatic
breakdown of the contents. HCFP employs two dyes:
fluorescein and hemicyanine.7 During the progression of
autophagy, the fluorescence of fluorescein decreases owing to
the decrease in pH inside the autophagic vesicles and that of
hemicyanine increases.7 We generated a calibration plot based
on the variation of the ratio of integrated fluorescence
intensities in green and red channels obtained from the in
vitro fluorescence titration of HCFP with pH (Figure 5b).
Based on the calibration plot, we could correlate the ratio of
green and red channel intensities with the reported pH inside
different stages of autophagic vesicles and determine the
specific ratios of green and red fluorescence associated with
distinctive phases of autophagy (Figure 5b). Since one of the
emission channels of HCFP (green) and that of ROSA have a
significant overlap, we used excitation ratiometry for this
experiment (Figure 5). Further, to confirm that there was no
bleed-through between the HCFP green channel and ROSA,
cells were only incubated with ROSA and imaged at the
excitation wavelength and emission channel of HCFP and vice
versa (Figure S18). In both cases, negligible fluorescence was
observed. Cells in the resting state as well as after starvation
were then incubated with both HCFP and ROSA. The
fluorescence ratios obtained from different intracellular
autophagic vesicles were analyzed to accurately distinguish

Figure 4. Representative confocal single z plane intensity images (left) and lifetime maps (right) of HeLa cells. Cells were incubated with ROSA
(10 μM) for 30 min, washed, and imaged (top panel). Cells were starved for 8 h, incubated with ROSA (10 μM) for 30 min, washed, and imaged
(bottom panel). Scale bar: 10 μm.
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and characterize various stages of autophagy in living cells. As
shown in Figure 5a (top panel), the overlay of green and red
channels reveals distinct phases of autophagy. Based on the
ratios of green and red channels obtained, green regions depict
autophagosomes, yellow regions represent autolysosomes, and

lysosomes are represented by red regions. We then analyzed
the relative fluorescence intensities of ROSA in the same
intracellular autophagic vesicles (Figure 5a, midpanel). A very
low intensity was observed in autophagosomes (Figure 5a,
midpanel and c), indicating low H2O2 levels in the initial stage

Figure 5. Representative confocal single z plane images of HeLa cells (first panel: overlay images of green and red channels, for HCFP,
corresponding to λex = 488 and 543 nm, λem = 500−561 nm (green), 575−650 nm (red); second panel: images corresponding to λex = 405 nm, λem
= 500−545 nm for ROSA; third panel: differential contrast images). Different sets of HeLa cells were starved for 0 (resting state), 6, and 8 h,
respectively, then incubated with ROSA (10 μM) in aqueous media for 30 min, washed and incubated with HCFP (10 μM) in aqueous media for
30 min, and washed and imaged. White arrows mark the autolysosomes. (b) Variation of the ratio of the observed integrated fluorescence intensity
in the green channel (Igreen) (500−561 nm) and the red channel (Ired) (575−650 nm) over a pH range of 4−7. Ratios corresponding to the
reported pH values of autophagosomes (black), autolysosomes (gray), and lysosomes (blue) have been marked via dotted lines. (c) Bar plots
representing mean intensities obtained from intensity analysis of three sets of cells mentioned in panel (a). Data are presented as SEM, where n = 6
in each set.
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of autophagy. The intensity of ROSA increased significantly in
lysosomes (Figure 5a, midpanel and c), which correlates with
previous reports that indicate the presence of high H2O2 levels
in lysosomes.30,31,33 Interestingly, the maximum intensity of
ROSA was recorded in autolysosomes (Figure 5a, midpanel
and c).

We performed an identical experiment by triggering
autophagy with Rapamycin treatment instead of starvation.
Cells at the resting state, as well as after Rapamycin treatment,
were incubated with both HCFP and ROSA. In this case as
well, a very low intensity from the ROSA channel was observed
in autophagosomes, a significantly enhanced intensity was
observed in lysosomes, and maximum intensity was recorded
in the autolysosomal stage (Figure S19).

Therefore, we could conclude that upon triggering
autophagy, initially the levels of H2O2 are low, which increases
to a maximum when the autophagosome fuses with the
lysosome. The H2O2 levels decrease significantly in lysosomes
compared to autolysosomes. However, the levels in lysosomes
remain still significantly higher than those in autophagosomes.
To the best of our knowledge, this is the first observation of
fluctuations in H2O2 concentrations within autophagic
compartments during the progression of different stages of
autophagy in living mammalian cells.

■ CONCLUSIONS
This study offers new insights into the dynamic fluctuations of
H2O2 across various stages of autophagic vesicles in living
mammalian cells. By employing the novel sensors ROSA and
pHA, we were able to simultaneously monitor H2O2 and pH
inside autophagic vesicles during autophagy under different
triggers. We further utilized the previously reported autophagy-
targeted HCFP sensor to categorize the stages of autophagy
and investigated the H2O2 levels in those identified stages of
autophagic vesicles. Our findings revealed that H2O2 levels
peaked during the autolysosome phase, shedding light on the
oxidative fluctuations that occur as autophagy progresses. This
work provides a comprehensive observation of the interplay
between oxidative stress and autophagy. The probes developed
in this study can aid in elucidating the mechanisms through
which oxidative stress within autophagic compartments
impacts cellular homeostasis and disease progression. Monitor-
ing H2O2 levels in autophagic vesicles can serve as a biomarker
for autophagy-related disorders, potentially helping in the early
detection and assessment of conditions such as neuro-
degeneration, cardiovascular disorders, and cancer. Moreover,
modulating H2O2 levels in autophagic vesicles may offer novel
strategies for regulating autophagy, leading to more effective
therapeutic approaches. Overall, our novel modular sensors,
ROSA and pHA, and observations using these probes highlight
the significance of oxidative regulation within autophagic
compartments.

■ METHODS

Synthesis and Characterization of Molecules
Details of synthetic procedures are available in the Supporting
Information. Novel molecules were characterized via liquid
chromatography (LC) and low-resolution mass spectrometry
(LRMS). Data are provided in the Supporting Information.
In Vitro Fluorescence Measurements
All spectroscopic measurements were performed at room temper-
ature. Since both ROSA and pHA were completely water-soluble, all

stock solutions were prepared in aqueous media. Solutions of ROSA
(10 μM) and pHA (10 μM) were prepared from a primary stock in
water by further dissolving in an aqueous buffer consisting of HEPES
(20 mM) with the pH adjusted to 7.4. Fluorescence spectra were
recorded on a FluoroLog-3 (Horiba Jobin Yvon Inc.) spectrofluor-
ometer using quartz cuvettes with 10 mm × 2 mm inner dimensions
(Hellma Analytics). Fluorescence spectra of ROSA were obtained by
excitation at 378 nm with a slit width 5 nm for both excitation and
emission, and those of pHA were obtained by excitation at 540 nm
with a slit width 5 nm for both excitation and emission. H2O2 was
used from a stock of 30% H2O2. The fluorescence response of ROSA
was checked in the presence of 0 to 560 μM H2O2. The pH-
dependent response of only ROSA and ROSA in the presence of
H2O2 (560 μM) was also checked in the aqueous buffer (HEPES, 20
mM) of pH 4.5. Other biologically relevant analytes (Cl−, NO3

−,
HCO3

−, glutathione (GSH), and ascorbic acid) were used to test the
selectivity of ROSA toward H2O2. Sodium (Na) salts of Cl− and
HCO3

− and the potassium (K) salt of NO3
− ions were used. To

obtain the pH-dependent response for pHA, aqueous buffers
(HEPES, 20 mM) of pH values 4, 5, 6, 7, and 8 were prepared
either by adding few drops of HCl or NaOH. The pH-dependent
fluorescence response of pHA was also checked in the presence of
H2O2 (560 μM). The fluorescence of pHA was checked in the
presence of physiologically relevant concentrations of essential metal
ions (Na+ (5 mM), K+ (140 mM), Mg2+ (1 mM), Ca2+ (100 nM),
Mn2+ (1 μM), Fe2+ (1 μM)), and GSH (500 μM) in the aqueous
buffer of pH 7. Metal salts were used in the form of their chlorides for
the experiment.

Cell Culture and Confocal Fluorescence Imaging
HeLa cells were cultured in DMEM (Sigma-Aldrich), supplemented
with fetal bovine serum (10%, Gibco) and an antibiotic (100×, 10
mL/L) in T25 culture plates at 37 °C under humidified air containing
5% CO2. For HeLa cells, additional glucose (3.5 mg/L) was added to
the media. A day before the imaging, the cells were plated on
homemade glass coverslip-bottomed Petri plates (35 mm diameter,
Tarsons) coated with polylysine (200 μg/mL). Fluorescence images
of the cells were recorded on a confocal microscope (LSM 880, Carl
Zeiss, Germany) using 40× oil immersion objectives. A 405 nm laser
was used as the excitation source for ROSA and emission was
collected from 500 to 545 nm. A 543 nm laser was used as the
excitation source for pHA and emission was collected from 575 to
650 nm. DMEM media without phenol red (pH adjusted to 7.4 or
4.5) was used during the confocal studies. Healthy HeLa cells were
incubated with ROSA (10 μM) in DMEM media without phenol red
at pH 7.4 for 30 min at 37 °C under humidified air containing 5%
CO2 and then washed and incubated with pHA (10 μM) for 30 min
at 37 °C under humidified air containing 5% CO2 to get the data
corresponding to the resting state of cells. After staining, the cells were
washed with the DMEM media without phenol red at pH 7.4 and
imaged.

For inducing starvation, DMEM media from cells plated on
homemade glass coverslip-bottomed Petri plates (35 mm diameter,
Tarsons) coated with polylysine were removed and the cells were
incubated with Hank’s balanced salt solution (HBSS) for 6, 8, and 16
h, respectively. Following this, the cells were washed with DMEM
media without phenol red at pH 7.4 and incubated with ROSA (10
μM) for 30 min, washed and incubated with pHA (10 μM) for 30
min, washed and imaged.

In order to trigger Rapamycin-induced autophagy, cells plated on
homemade glass coverslip-bottomed Petri plates (35 mm diameter,
Tarsons) coated with polylysine were incubated with Rapamycin (100
μM) in DMEM media without phenol red at pH 7.4 for 2, 4, 6, and 8
h, respectively. Following this, the cells were washed with DMEM
media without phenol red at pH 7.4 and incubated with ROSA (10
μM) for 30 min, washed and incubated with pHA (10 μM) for 30
min, and washed and imaged.

For studying the autophagic vesicle targetability of the probes,
CFP-LC3/GFP-LC3 plasmids were transiently transfected into a
suspension of HeLa cells, using Lipofectamine 3000 in OptiMEM.
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The suspension was then plated on homemade glass coverslip-
bottomed Petri plates (35 mm diameter, Tarsons) coated with
polylysine (200 μg/mL). After 16 h of transfection, the cells were
starved in HBSS buffer for 8 h. Following that, starved cells
transfected with CFP-LC3 were incubated with ROSA (10 μM) for
30 min, washed, and imaged and starved cells transfected with GFP-
LC3 were incubated with pHA (10 μM) for 30 min, washed, and
imaged. A 405 nm laser was used as the excitation source for CFP-
LC3 and emission was collected from 420 to 480 nm. A 488 nm laser
was used as the excitation source for GFP-LC3 and emission was
collected from 500 to 550 nm.

For testing the lysosomal localization of ROSA, HeLa cells were
starved in HBSS buffer for 8 h. Following that, starved cells were
incubated with ROSA (10 μM) for 30 min, washed and incubated
with Lysotracker Red (100 nM) for 30 min, and washed and imaged.
A 543 nm laser was used as an excitation source for Lysotracker Red
and emission was collected from 575 to 650 nm.

In order to get information on H2O2 levels in different stages of
autophagy, HeLa cells were starved in the HBSS buffer for 0, 6, and 8
h, respectively, or incubated with Rapamycin (100 nM) for 0 and 8 h,
respectively. Following that, starved/Rapamycin-treated cells were
incubated with ROSA (10 μM) for 30 min, washed and incubated
with HCFP (10 μM) for 30 min, and washed and imaged. 488 and
543 nm lasers were used as excitation sources for HCFP and emission
was collected in two channels, one from 500 to 561 nm (green
channel) and the other from 570 to 650 nm (red channel). Since one
of the emission channels of HCFP (green channel) and that of ROSA
overlapped, excitation ratiometry was employed for this experiment.
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