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Mitochondria are crucial organelles responsible for maintaining cell growth, and their homeostasis is
closely linked to pH regulation. Physiologically, mitochondria exhibit a weakly alkaline state (pH~8.0).
However, when subjected to stress stimuli that cause damage, cells initiate the process of mitophagy,
resulting in mitochondrial acidification. Therefore, monitoring changes in mitochondrial pH to compre-
hend the physiological processes associated with mitophagy is essential. In this study, we developed an
asymmetric pentamethine cyanine dye Cy5.5-H-CyN as a probe for continuous monitoring of mitophagy
in living cells. By incorporating an azaindole structure into the dye molecule, a ratiometric fluorescence
response was achieved that is specifically responsive to pH variations while preserving its ability to target
mitochondria and emit near-infrared fluorescence. Through various methods inducing mitophagy, Cy5.5-
H-CyN was employed to determine mitochondrial pH quantitatively, demonstrating its suitability as an
ideal probe for continuous monitoring of mitophagy in living cells.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Mitochondria generate energy through the respiratory chain to
support numerous vital metabolic processes in cells [1,2]. There-
fore, maintaining mitochondrial homeostasis is crucial for cellular
growth [3]. Once damaged, mitochondria would be selectively se-
questered with the following degradation process known as mi-
tophagy [4]. Aberration in this process can contribute to various
diseases, such as neurodegenerative and cardiovascular disorders
[5]. Interestingly, the occurrence of mitophagy usually results in
a significant reduction in mitochondrial pH, from approximately
pH 8.0 under normal physiological conditions to around pH 5.5-
6.5 [6]. Therefore, developing a real-time and accurate method for
detecting mitochondrial pH values holds immense significance in
comprehending the pivotal functions of mitochondria under both
physiological and pathological circumstances.

Small molecule fluorescent probes possess the advantages of
non-invasiveness, high sensitivity, and good specificity, which are
extensively utilized in imaging physiological processes within liv-
ing cells [7-10]. Currently, reported mitophagy probes primar-
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ily utilize naphthalimide or rhodamine derivatives. For example,
Kim et al. developed the naphthalimide-based probe to moni-
tor mitophagy, incorporating piperazine as a proton binding site
and triphenylphosphine as the mitochondrial targeting group [11].
Zhang et al. designed a rhodamine-derived ratiometric pH fluo-
rescent probe targeted explicitly to mitochondria for visualizing
pH alterations during rapamycin-induced mitophagy [12]. To sum-
marize, the probes employed for monitoring the mitophagy pro-
cess must fulfill three fundamental requirements: (i) Excellent mi-
tochondrial targeting capability, (ii) sensitive pH responsiveness,
and (iii) emission wavelength located in the “near-infrared (NIR)
window” (650-900nm) of biological imaging [13]. Therefore, nei-
ther naphthalimide nor rhodamine derivatives are ideal mitophagy
probes because most of their emission wavelengths are centered at
350-600 nm. Cyanine dyes usually exhibit instinctive capability in
targeting mitochondria because of their cationic structure [14,15],
and the multi-methine structure’s derivatization allows emission
wavelength adjustment to the “NIR window” [16]. Nevertheless,
normal cyanine dyes lack pH-responsive functional group [17,18].
Azaindole was developed and introduced in our former works to
construct the NIR photosensitizers [19]. Besides enlarging the con-
jugation system, the exposed indole nitrogen in azaindole is also
an excellent proton-binding site for pH response [20,21].

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. (A) The chemical structure and pH sensing mechanism of Cy5.5-H-CyN in
mitochondria. (B) The pH-dependent absorbance spectra of Cy5.5-H-CyN (Inset:
the solution color of Cy5.5-H-CyN in PBS with different pH values). (C) The pH-
dependent emission spectra of Cy5.5-H-CyN (Aex =640nm). (D) The fluorescence
intensity of Cy5.5-H-CyN in PBS at different pH values (Aex =640nm). (E) The pH-
dependent emission spectra of Cy5.5-H-CyN (Xex =488 nm). (F) The fluorescence
intensity ratio Fl. Aex 640 nm/Fl. Aex 4ss nm VS. pH (4.0-9.0). (G) Linear fitting of FL
)"ex 640 nm/Fl~ )\ex 488 nm VS. PH (5~0_7~0)-

As a proof of concept, an asymmetric pentamethine cyanine
dye, Cy5.5-H-CyN, was constructed to continuously monitor the
mitophagy process in living cells (Fig. 1A). Incorporating azain-
dole preserved not only the intrinsic mitochondrial targeting abil-
ity but also redshifted fluorescence emission to the “NIR window”.
Moreover, upon proton binding, the intramolecular charge trans-
fer (ICT) effect of Cy5.5-H-CyN was attenuated, enabling the gen-
eration of ratiometric fluorescence signals for pH at two emission
wavelengths (662 and 710 nm). Notably, Cy5.5-H-CyN exhibits a ro-
bust linear relationship within the pH range of 5.0-7.0 in both so-
lution and cellular environments. The response of Cy5.5-H-CyN to
pH variations is rapid, sensitive, and reversible. Importantly, by uti-
lizing ratio fluorescence signals, quantitative analysis of mitochon-
drial pH can be achieved under diverse mitophagy stimulation con-
ditions, such as rapamycin, thus facilitating real-time monitoring of
the mitophagy process.

Cy5.5-H-CyN was synthesized via a four-step route, and Cy5.5-
H-Cy5 was prepared as a reference compound. The synthesis pro-
cess was described in detail in Scheme S1 (Supporting informa-
tion). Both compounds were characterized by 'H nuclear mag-
netic resonance spectroscopy (NMR), 13C NMR, and high-resolution
mass spectroscopy (HRMS). The characterizations are shown in
Figs. S1-S8 (Supporting Information). Additionally, single-crystal
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X-ray diffraction analysis was employed to confirm the structure
of Cy5.5-H-CyN, as shown in Fig. S9A (Supporting information).
The Cy5.5-H-CyN exhibited an interlaced arrangement with paral-
lel orientation in the crystal lattice (Fig. S9B and Table S1 in Sup-
porting information).

Firstly, the spectral behavior of molecules with varying pH was
investigated. The absorbance of Cy5.5-H-CyN at 678 nm gradu-
ally decreased as the pH changed from 9.0 to 4.0, while the ab-
sorbance at 526 nm increased simultaneously, with a blue-to-pink
color change of the solution (Fig. 1B). Uniform parameter set-
tings were employed for testing to ensure consistency for sub-
sequent intracellular fluorescence imaging. When the probe was
excited at 640nm, there was no significant change in fluores-
cence at 710nm (Fl. Aey 640 nm) Within a pH range of 7.0-9.0
(Fig. 1C). However, below pH 7.0, Fl. Aex g40nm exhibited a no-
ticeable decrease (Fig. 1D). This phenomenon can be attributed
to the weakening of the ICT process following the protonation
of the indole nitrogen atom in Cy5.5-H-CyN, resulting in a blue
shift in molecular absorption wavelength and pronounced fluores-
cence quenching. These findings fully demonstrate that Cy5.5-H-
CyN possesses pH-responsive capabilities and exhibits fluorescent
changes within the mitophagy-relevant pH range. However, due to
the absence of proton-binding sites, Cy5.5-H-Cy5 did not possess
pH-responsive capability, resulting in no absorption and fluores-
cence changes with pH changes (Fig. S10 in Supporting informa-
tion). When the probe was excited at 488 nm, a gradually inten-
sified fluorescence peak (Fl. Aeyx 483 nm) was observed at 662 nm
(Fig. 1E) as buffer pH decreased, corresponding to the absorp-
tion peak at 526 nm and representing the fluorescence peak of
the Cy5.5-H-CyN structure after proton binding occurred, the spe-
cific absorbance values corresponding to the two wavelengths are
presented in Table S2 (Supporting information). Both fluorescence
emissions are located within the “NIR window”, which enhances
cell imaging by reducing background interference [22]. The pH
and the corresponding Fl. Aey 640 nm/Fl. Aex 488 nm Value can be fit-
ted to an “S” curve based on the Henderson-Hasselbalch equation.
The pK, value of Cy5.5-H-CyN was approximately 6.5 (RZ=0.99)
(Fig. 1F). Moreover, there was a robust linear relationship between
Fl. Aex 640 nm/Fl. Aex 488 nm and pH values ranging from 5.0 to 7.0
(R%2=0.99) (Fig. 1G). These results demonstrated that Cy5.5-H-CyN
exhibited excellent ratiometric fluorescence response for accurately
monitoring pH changes.

Water solubility is a critical parameter for bioimaging probes
[23]. To demonstrate the solubility of Cy5.5-H-CyN under both mi-
tochondrial physiological and acidic conditions, absorption spectra
were measured at 678 nm (pH 8.0) and 526 nm (pH 4.0) for probes
with increasing concentrations, and then the absorbance values
were then correlated with the respective concentrations through
fitting analysis. Remarkably, there was an excellent linear relation-
ship between absorbance intensities and probe concentrations un-
der both pH conditions (Fig. S11 in Supporting information). The
comprehensive description of the additional photophysical proper-
ties of Cy5.5-H-CyN were provided in Tables S3 and S4 (Supporting
information).

To further investigate the adaptability of Cy5.5-H-CyN in moni-
toring mitophagy in living cells, pH cycle testing was conducted. As
shown in Fig. S12 (Supporting information), after 4 cycles, Cy5.5-H-
CyN still demonstrated satisfactory reversibility of fluorescence in-
tensity with little loss (Fig. S12A), indicating its excellent response
to pH changes for real-time pH monitoring. Subsequently, the se-
lectivity of Cy5.5-H-CyN towards common biological disruptors, in-
cluding metal cations, anions, reactive oxygen species, biothiols,
and amino acids, was evaluated. At pH 7.4, the above chemicals
did not interfere with the fluorescence properties of Cy5.5-H-CyN
(Fig. S12B), highlighting its specific response to pH in complex bi-
ological environments, such as living cells and organelles. The flu-
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orescence intensity of Cy5.5-H-CyN was recorded every minute for
30min under both pH conditions, and there was no significant
change (Fig. S12C), confirming its fluorescence stability. To inves-
tigate the impact of viscosity on the testing process, mixed solu-
tions containing ethanol and 1,5-pentanediol were prepared with
different proportions. The fluorescence spectra of Cy5.5-H-CyN and
Cy5.5-H-Cy5 in solutions with different viscosities were measured,
and [/l (the ratio of fluorescence intensity (I) to initial fluores-
cence intensity (Ip)) was calculated to assess the effect. As shown
in Fig. S12D, the I/l increase for Cy5.5-H-CyN was smaller than
that of Cy5.5-H-Cy5, indicating that Cy5.5-H-CyN is insensitive to
viscosity. These results demonstrated that Cy5.5-H-CyN exhibits
high stability and selectivity for pH determination.

DFT calculations were performed to further investigate the
mechanism underlying the alteration of photophysical properties
utilizing the M062X/def2svp functional and basis set in Cy5.5-H-
CyN upon proton binding (Fig. S13A in Supporting information).
Solvation effects were considered using a water medium in the
SMD model. All calculations were performed using Gaussian 16
A software, with electron-hole analysis conducted using Multi-
wifn 3.8 [24,25]. The frontier molecular orbitals (FMO) energy of
the ground state (Sp) and singlet excited state (S;) are depicted
in Fig. S13B (Supporting information). From an energetic perspec-
tive, the protonation of Cy5.5-H-CyN (H*) resulted in a more sta-
ble the highest occupied molecular orbital (HOMO) arrangement
than its deprotonated form, leading to an apparent energy re-
duction (—6.73 — —5.98 eV). However, minimal changes were ob-
served in the lowest unoccupied molecular orbital (LUMO) energy
(=2.21 - —2.00eV). Consequently, this substantial increase in the
HOMO-LUMO energy gap of Cy5.5-H-CyN (H*) (—-3.98 — —4.52¢eV)
required more energy for electron transition and caused a blue
shift in the absorption wavelength (Fig. 1B). The combination of
protons results in a slight increase in HOMO-LUMO of the energy
gap for the S; state, leading to a blue shift of emission wavelength
consistent with experimental observations (Table S2). Therefore,
the protonation induced significant alterations in the FMO, poten-
tially influencing electronic distribution in excited states.

The electron-hole distribution before and after proton binding
was analyzed to explore electron transfer characteristics in the ex-
cited state (Fig. S14 in Supporting information). The atomic con-
tribution heat map revealed that in Sy coordinates, both sides of
deprotonated Cy5.5-H-CyN exhibited significant contributions from
indole groups to holes (58.7%) and electrons (56.5%). However,
upon proton binding, this contribution decreased to 32.7% for holes
and 49.6% for electrons with more concentration on the methine
chain, resulting in a notable decrease in ICT as well as a more
significant blue shift in wavelength. In the S; coordinate, regard-
less of proton binding, both sides of the indole groups demon-
strated electron-donating properties, with hole contributions ex-
ceeding electron contributions. After proton binding occurred due
to the weakened electron-donating ability of azaindole moiety,
hole contribution moderately reduced (59.4% — 54.8%), weakening
the ICT effect, leading to a blue shift in emission wavelength.

Before the experiment in living cells, the toxicity of Cy5.5-H-
CyN to HelLa cells was assessed using the MTT assay. Upon reach-
ing a concentration of 8 umol/L, the cytotoxicity of Cy5.5-H-CyN
decreased to below 80% (Fig. S15 in Supporting information), in-
dicating its favorable biocompatibility at low doses. To investigate
the mitochondrial targeting ability, Cy5.5-H-CyN was co-stained
with MitoTracker Green FM (a commercial dye for mitochondria)
in HeLa cells. The fluorescence distribution of Cy5.5-H-CyN exhib-
ited excellent overlap with that of MitoTracker Green FM (Pear-
son coefficient: 0.871) (Fig. S16 in Supporting information). Con-
versely, there was little overlap observed between Cy5.5-H-CyN
and LysoTracker Green DND 26 (a lysosomal targeting dye) as well
as Hoechst 33342 (a nuclear targeting dye) with Pearson coefficient
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of 0.486 and 0.076, respectively (Fig. S17 in Supporting informa-
tion). This marked disparity highlights the exceptional mitochon-
drial specificity of Cy5.5-H-CyN.

The decrease in mitochondrial membrane potential (MMP) is
a key characteristic of mitophagy [4]. However, the reduction
or disappearance of MMP can result in the leakage of normal
probes, which target mitochondria based on electrostatic attrac-
tion, thereby compromising the accuracy of the test [26]. To as-
sess the targeting ability of Cy5.5-H-CyN, a mitochondrial uncou-
pling experiment was conducted. CCCP, a commonly used uncou-
pling reagent for mitochondrial proton carriers, rapidly dissipates
the H* gradient across the inner membrane within 5 min, leading
to acidification of mitochondria and reduction in MMP [27]. Specif-
ically, Cy5.5-H-CyN was incubated with HeLa cells for 1h, washed
with DMEM medium three times, and subsequently co-incubated
with CCCP and MitoTracker Green FM for 30 min. Rhodamine 123
(a fluorescent dye possessing mitochondrial targeting ability) was
employed as a control. Surprisingly, upon the addition of CCCP, the
fluorescence intensity of Cy5.5-H-CyN-treated cells only exhibited
a slight decrease, and the distribution pattern of fluorescence re-
mained comparable to that observed with MitoTracker Green FM.
Notably, it continued to exhibit enrichment within mitochondria
(Pearson coefficient: 0.908-0.892) (Fig. S18 in Supporting informa-
tion). However, the fluorescence intensity of rhodamine 123 in the
control group essentially vanished (Fig. S19 in Supporting informa-
tion). Therefore, Cy5.5-H-CyN can effectively localize within mito-
chondria without the influence of changes in MMP. We proposed
that Cy5.5-H-CyN, similar to mitochondrial respiratory inhibitors,
could bind a specific protein within the mitochondrial respiratory
chain [28], enhancing its affinity with mitochondria. To validate
this hypothesis, we evaluated the ATP levels in HeLa cells after
the addition of Cy5.5-H-CyN. As illustrated in Fig. S20 (Support-
ing information), introducing Cy5.5-H-CyN resulted in a noticeable
reduction in ATP levels within HeLa cells compared to the con-
trol group. For example, with the introduction of 6 umol/L Cy5.5-
H-CyN, the ATP levels were approximately 70% lower than in the
control group. These findings proved that Cy5.5-H-CyN indeed en-
hanced its ability to localize mitochondria by binding to proteins
within the respiratory chain.

To quantitatively determine the pH value in mitochondria, it is
necessary to calibrate the intracellular pH. HeLa cells were initially
incubated with Cy5.5-H-CyN and then replaced with PBS contain-
ing nigericin (10 pumol/L) at various pH levels for a specific incuba-
tion period before cell imaging was conducted. As expected, when
the pH decreased from 8.0 to 4.0, fluorescence decreased in the
red channel while it increased in the green channel. The ratio in
the merged channel transitioned gradually from red (pH 8.0) to
orange and eventually turned green (pH 4.0). Additionally, the ra-
tio of fluorescence signal between the red and green channels also
changed progressively from red-green at pH 8.0 to blue-green un-
til it essentially disappeared at pH 4.0 (Fig. 2A). Subsequently, the
quantitative relationship between the fluorescence intensity ratio
Fl. Xex 640 nm/Fl. Aex 488 nm and pH were analyzed (Fig. 2B). In HeLa
cells, Cy5.5-H-CyN exhibited a linear response range (pH 5.0-7.0),
consistent with the results obtained in solution (Fig. 2C). These
findings indicate that Cy5.5-H-CyN can precisely track and visu-
alize mitochondrial pH changes in live cells. When mitochondria
were damaged by stress stimulation, to maintain cellular home-
ostasis and mitochondrial function, damaged mitochondria would
undergo mitophagy and fuse with lysosomes to form autolyso-
somes, resulting in a pH decrease in mitochondria.

To investigate the ability of Cy5.5-H-CyN to monitor the pro-
cess of mitophagy in living cells, various methods were employed
to induce mitophagy. As mentioned earlier, mitochondrial uncou-
plers can reduce MMP, trigger mitophagy, and acidify mitochon-
dria. However, at lower doses, mitochondrial uncouplers rapidly re-
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Fig. 2. Calibration of intracellular pH in HeLa cells with Cy5.5-H-CyN. (A) Fluorescence imaging of HeLa cells after incubation with Cy5.5-H-CyN and different pH buffers
containing 10 pmol/L nigericin. Red channel: Aex =640 nm, Aem =700-730nm; Green channel: Aex =488 nm, Aem =620-670 nm. Ratio channel: red channel/green channel.
Scale bar: 20pum. (B) Ratio channel fluorescence intensity diagram of different pH in HeLa cells. The data are expressed as the mean + SD of five measurements. (C) The
linear relationship between the ratio channel fluorescence intensity and pH in HeLa cells.
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Fig. 3. (A) Fluorescence imaging of Cy5.5-H-CyN in Hela cells at different times
after incubation with FCCP. Red channel: Aex =640nm, Aem =700-730nm; Green
channel: Aex =488 nm, Aem =620-670 nm. Ratio channel: red channel/green chan-
nel. Scale bar: 20pm. (B) The fluorescence intensity of Cy5.5-H-CyN ratio channel
in HeLa cells at different times after incubation with FCCP. The data were expressed
as mean £ SD of three measurements. (C) The mitochondrial pH of HeLa cells at dif-
ferent times after incubation with FCCP.

duce MMP and exhibit poor ability to acidify mitochondria (for ex-
ample, 10 pmol/L CCCP only reduced the pH of mitochondria from
7.8 to 7.2 [29]). Therefore, for visualization of the process of mi-
tophagy by Cy5.5-H-CyN without effects on cell viability, HeLa cells
were treated with a concentration of 50 pmol/L FCCP to trigger mi-
tophagy. The fluorescence imaging results demonstrated a signifi-
cant decrease in the fluorescence intensity in the red channel af-
ter incubation with FCCP for only 30 min, compared to the con-
trol group. Furthermore, for 120 min, the fluorescence intensity of
the red channel was remarkably lowered, while the green channel
exhibited obvious fluorescence signals (Figs. 3A and B). By utiliz-
ing the fluorescence ratio between two channels and referring to a
pH calibration curve, it is possible to calculate that mitochondrial

pH decreased from approximately 6.7 (at 30 min) to around 5.6 (at
120 min) (Fig. 3C).

Rapamycin, a widely utilized anticancer medication, could in-
hibit cell proliferation through the suppression of the mammalian
targets of the rapamycin signaling pathway, which can induce mi-
tophagy in various cells [26]. Following incubation with Cy5.5-H-
CyN in HeLa cells, rapamycin (5umol/L) was introduced to stimu-
late mitophagy. The imaging results demonstrated that compared
to the control group, there was a significant reduction in fluo-
rescence intensity in the red channel after 6h and obvious flu-
orescence signals were observed in the green channel after 12h
(Figs. 4A and B). Based on the pH calibration curve, it can be calcu-
lated that rapamycin-induced mitophagy in Hela cells with a mi-
tochondrial pH change from approximately 6.0 at 6 h to around 5.6
after 12 h (Fig. 4C).

The deficiency of cell nutrients or growth under hypoxic con-
ditions can inhibit cellular metabolism and disrupt mitochondrial
function, thereby triggering mitophagy [6,30]. Therefore, HelLa cells
were incubated with Cy5.5-H-CyN and imaged using serum-free
medium or hypoxic condition (1% O,). The imaging results revealed
a significant reduction in fluorescence intensity in the red channel
after 6 h under both culture conditions, and the green channel ex-
hibited noticeable fluorescence signals after 12h (Fig. 4A). Based
on the pH calibration curve, it was determined that nutrient defi-
ciency or hypoxia resulted in mitochondrial pH levels of approxi-
mately 6.4 and 6.2 after 6h and reached around 6.0 and 5.7 after
12 h, respectively (Figs. 4D and E). All these experimental findings
demonstrated that the application of Cy5.5-H-CyN enabled quanti-
tative visualization of mitochondrial pH to monitor the process of
mitophagy.

In the advanced stage of mitophagy, lysosomes fuse with mi-
tophagosomes to degrade mitochondria, thereby maintaining in-
tracellular homeostasis [4]. During this phase, the fusion of these
organelles induces alterations in the corresponding co-localization
coefficients as observed through cellular fluorescence imaging. To
elucidate this process, Cy5.5-H-CyN was employed as a probe for
monitoring mitophagy and commercially available dyes of Mito-
Tracker Green FM and LysoTracker Red DND 99 were utilized as
indicators for mitochondria and lysosomes respectively. By employ-
ing various established conditions to induce mitophagy, changes in
the co-localization coefficients were observed among these three
components. As shown in Figs. S21A and B (Supporting informa-
tion), where Cy5.5-H-CyN, MitoTracker Green FM, and LysoTracker
Red DND 99 were assigned to the blue, green, and red channels re-
spectively for visualization purposes. The control group was main-
tained under normal culture conditions. Following incubation with
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Cy5.5-H-CyN, MitoTracker Green FM and LysoTracker Red DND 99
were subsequently added into cells. Co-localization coefficients in
the blue-green and blue-red channels indicated mitochondrial lo-
calization of Cy5.5-H-CyN. Under normal conditions, a low colocal-
ization coefficient in the green-red channel suggested distinct sep-
aration and minimal fusion between mitochondria and lysosomes.
However, upon application of various mitophagy induction meth-
ods for a specific duration, there was an obvious increase in the
green-red co-localization coefficient, indicating fusion events be-
tween these organelles during mitophagy process. Moreover, a sig-
nificant decrease in the blue-green co-localization coefficient along
with a marked increase in the blue-red co-localization coefficient
further supported this phenomenon. Therefore, utilizing Cy5.5-H-
CyN as a probe for long-term dynamic monitoring of mitophagy is
highly feasible.

In summary, an azaindole-based asymmetric pentamethine cya-
nine dye Cy5.5-H-CyN was designed and easily synthesized, ex-
hibiting NIR fluorescence, excellent mitochondrial targeting, and
sensitive and reversible pH response-ability. Linear relationships
were obtained within the pH range of 5.0-7.0 in both aqueous so-
lution and intracellular media. By employing various mitophagy
induction methods, real-time and quantitative ratiometric fluo-
rescence imaging of mitochondrial pH changes was successfully
achieved during mitophagy in HeLa cells. Therefore, Cy5.5-H-CyN
not only provides a promising tool for monitoring pH changes dur-
ing mitophagy but also offers an effective means to investigate the
role of mitophagy in diverse intracellular pathological processes.
This asymmetric multi-methine structure enables further exten-
sion of the emission wavelength by elongating the methine chain,
thereby enhancing imaging depth and minimizing autofluorescence
interference.
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