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ABSTRACT: Mitochondria play a crucial role in regulating cellular energy homeostasis and
cell death, making them essential organelles. Maintaining proper cellular functions relies on the
removal of damaged mitochondria through a process called mitophagy. Mitophagy is
associated with changes in the pH value and has implications for numerous diseases. To
effectively monitor mitophagy, fluorescent probes that exhibit high selectivity and sensitivity
based on pH detection have emerged as powerful tools. In this review, we present recent
advancements in the monitoring of mitophagy using small-molecule fluorescence pH probes.
We focus on various sensing mechanisms employed by these probes, including intramolecular
charge transfer (ICT), fluorescence resonance energy transfer (FRET), through bond energy
transfer (TBET), and photoelectron transfer (PET). Additionally, we discuss disease models
used for studying mitophagy and summarize the design requirements for small-molecule
fluorescent pH probes suitable for monitoring the mitophagy process. Lastly, we highlight the
remaining challenges in this field and propose potential directions for the future development
of mitophagy probes.
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1. INTRODUCTION
Mitochondria are vital organelles in eukaryotic cells, serving as
energy factories for cells and playing a crucial role in cellular
energy supply, signal transduction, reactive oxygen species
(ROS) production, calcium ion storage, cell differentiation,
and cell death.1−5 Mitochondria quantity and quality are
maintained through the selective removal of damaged and
excess mitochondria, a process known as mitophagy. This
process involves the separation of damaged mitochondria into
a double-membrane vesicle called an autophagosome, which
subsequently binds to lysosomes, in which lysosomal enzymes
break down the enclosed material into amino acids or small
molecules that can be reused by the cell (Figure 1A).6−8

Mitophagy alters the microenvironment of the mitochondria,
including viscosity, polarity, and pH. Due to the participation
of two organelles, including mitochondria and lysosomes, the
change in pH is particularly obvious. Under normal
physiological conditions, mitochondria remain weakly alkaline
environment (pH = ∼8), but during mitophagy, damaged
mitochondria in lysosomes become weakly acidic (pH =
∼4.5).9−12 This shift in pH is a significant factor in the process
of mitophagy.

There are two primary pathways that regulate mitophagy:
the pathway involving protein kinase 1 (PINK1) and the
ubiquitin ligase (E3) Parkin, and the pathway involving BCL2
interacting protein 3 (BNIP3), B-cell leukemia/lymphoma 2
(Bcl-2)/adenovirus 19 kDa interacting protein 3-like

(Bnip3L), and FUN14 domain-containing 1 (FUNDC1)
nuclear fission phagocytosis receptor proteins (Figure
1B).13,14 In the PINK-Parkin pathway, PINK is enriched in
the outer mitochondrial membrane (OMM) and becomes
activated through phosphorylation.15,16 Parkin then is recruited
and localized to the OMM to bind with PINK1. Subsequently,
microtubule-associated protein 1 light chain 3 (LC3) binds to
form autophagosomes, which eventually fuse with lyso-
somes.17,18

Receptor-mediated mitophagy involves mitophagy receptor
proteins such as BNIP3, Bnip3L, FUNDC1, located in the
OMM, which bind to LC3 to facilitate the clearance of
damaged mitochondria.3,19 The phosphorylation level of
FUNDC1 is regulated by Casein kinase II (CK2) under
hypoxic conditions, which affects mitochondrial dynamics and
the onset of mitophagy. Mitophagy receptors also actively
regulate the degradation and release of optic atrophy 1
(OPA1) from damaged mitochondrial membranes and
complement dynamin-related protein 1 (DRP1) on mitochon-
dria, accelerating the removal of damaged mitochondria.20,21
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Abnormal mitophagy can lead to various diseases including
neurodegeneration, metabolic disorders, muscular dystrophy,
liver disease, cardiovascular disease, and cancer. For instance,
in Parkinson’s disease (PD), damaged mitochondria accumu-
late in nerve cells, resulting in the accumulation of ROS and
cell death due to inhibition of the mitophagy process.
Therefore, it is crucial to monitor mitophagy effectively to
prevent the onset of disease.22,23

Fluorescent imaging has become an important method for
monitoring mitophagy in recent years due to its high
sensitivity, exceptional spatiotemporal resolution, and strong
applicability to live cells and tissues. Several fluorescent
imaging strategies/tools are currently used for this purpose
such as immunofluorescence and fluorescent probes.24,25

However, immunofluorescence can be complex, be time-
consuming, and have high requirements for operational skills.26

Fluorescent probes, on the other hand, are more stable and
sensitive, allowing for more accurate and rapid monitoring, and
are easy to use. Small-molecule fluorescent probes, in
particular, are simple in structure, easy to design/modify, and
good in biocompatibility and have attracted increasing
attention for monitoring the mitophagy process.27−32 These
probes offer a more effective way for monitoring changes that
occur during mitophagy compared with other probes.

Considering that pH variation is a key characteristic of
mitophagy,33 pH can serve as an indicator for monitoring this
process. Therefore, pH-sensitive small-molecule fluorescent
probes have been demonstrated effective for this purpose.34,35

Furthermore, monitoring pH changes during mitophagy can
also provide valuable insights into the role of mitochondria in
physiology and pathology as abnormalities in mitophagy are
linked to various diseases. As a small-molecule fluorescent
probe based on pH detection to monitor mitophagy processes,
it typically consists of two key components: a pH-sensitive
fluorescent moiety and a mitochondrial targeting moiety. Most
of the small-molecule fluorescent probes to date developed to
monitor mitophagy have been based on simple and easily
modifiable structures such as xanthenes, BODIPY, naphthali-
mide, benzoxazole, and trichothecenes.36

Various mitochondria-targeting units, such as triphenylphos-
phine cation (TPP+), pyridinium, dequalinium, guanidine salt,
rhodamine, and transition metal complexes, are commonly

used in research.37 Many of these compounds belong to a class
known as dissociated domain lipophilic cations. Their lipid
solubility allows them to effectively cross cellular and
mitochondrial membranes, and their positive charge facilitates
their entry into the mitochondrial membrane, as the
mitochondria exhibit a negative electrochemical potential
across their membranes. Consequently, these properties
enhance the mitochondrial accumulation of probes.38,39

Small-molecule fluorescent probes that track mitophagy
have proven to be useful in the diagnosis and prognosis of
disease. However, there is a dearth of literature on designing
small-molecule fluorescent probes that can monitor mitophagy
in response to changes in pH. Given the critical role of pH
detection in monitoring the process of mitophagy, a timely
review article summarizing recent advances in the use of small-
molecule fluorescent pH probes for monitoring mitophagy
could provide valuable insights for readers in chemistry,
biology, pharmaceutical sciences, and medicine. This review
paper focuses on small-molecule fluorescence probes for
monitoring mitophagy, with an emphasis on the significance
of different charge transfer mechanisms in the design of these
probes. Special attention will be given to their electron transfer
modes and the methodologies employed in establishing cell
models for mitophagy. The goal is to encourage the
development of small-molecule fluorescent pH probes for
monitoring mitophagy, which may be useful for detecting
mitochondria-related diseases in the future due to their rapid
response and high sensitivity.

2. DISEASE MODELS FOR MITOPHAGY
INVESTIGATION

Understanding the pathogenesis of human diseases is a
complex and time-consuming process, as the human body is
a challenging subject to study. Constructing effective disease
models allows us to deliberately modify factors that are difficult
or impossible to exclude under natural conditions. Through
such models, we can obtain experimental results that facilitate a
deeper and more accurate comprehension of the mechanisms
underlying human disease development. Furthermore, these
models can help in the development of more effective
monitoring and prevention tools, enabling us to tackle diseases
more efficiently. Mitophagy, the process of the selective

Figure 1. (A) Mitophagy process. (B) PINK1 and E3 Parkin-mediated pathway (left) and outer-membrane mitophagy receptor-mediated pathway
(right).
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degradation of mitochondria, is generally characterized by low
activity under normal physiological conditions, making its
detection challenging. Nonetheless, it is possible to enhance
mitophagy through human intervention. Several methods have
been identified to increase mitophagy activity (Figure 2),
including culturing cells in serum-free conditions, introducing
compounds like cyanide 3-chlorophenylhydrazone (CCCP) or
rapamycin, and subjecting cells to hydrogen peroxide (H2O2)-
induced oxidative stress, mimicking starvation and drug-
induced models, respectively. Validating the effectiveness of
fluorescent probes in detecting mitophagy can be achieved by
employing these different mitophagy models.
2.1. Starvation-Induced Mitophagy Models

Live cells can resist starvation environments by increasing their
mitophagy levels (Figure 2).40 The starvation model is
typically implemented by culturing cells in a serum-free
medium or Earle’s Balanced Salt Solution (EBSS) medium
for extended durations. Under starvation conditions, the
cellular ROS levels significantly increase. Additionally, DNA
damage receptor proteins from the nucleus are recruited to the
mitochondria to maintain aerobic mitochondrial respiration.
Energy receptors at the mitochondria participate in this
process by phosphorylating DNA damage receptor proteins,
thereby contributing to the maintenance of aerobic mitochon-
drial respiratory activity. Finally, phosphorylated DNA damage
receptor proteins play a role in energy-deprivation-induced
mitophagy by influencing the formation of the mitophagy
complex.41 Serum-free medium refers to the culture of cells
without the inclusion of serum, which may necessitate the
addition of growth factors or cytokines to sustain the cells in a
basal state of survival. This approach can promote mitophagy
due to nutrient deficiency in the medium. Similarly, EBSS
medium, which lacks serum and amino acids, induces
mitophagy by simulating a state of starvation.
2.2. Drug-Induced Models

Mitophagy can be induced by various agents (Figure 2),
including rapamycin, CCCP, and carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone (FCCP). Rapamycin, a
macrolide antibiotic, is effective in promoting mitophagy
across different cell types by interrupting the mTOR signaling
pathway.42 CCCP, a potent mitochondrial oxidative phosphor-

ylation uncoupling agent, enhances mitophagy by increasing
the permeability of the inner mitochondrial membrane protons
(H+). This causes a loss of membrane potential on both sides
of the inner mitochondrial membrane, thereby facilitating
efficient mitophagy.43 Similarly, FCCP serves as another
uncoupling agent for mitochondrial oxidative phosphorylation.
It disrupts adenosine triphosphate (ATP) synthesis by
transporting H+ ions across the inner mitochondrial mem-
brane, ultimately leading to the depolarization of the
mitochondrial membrane potential and induction of mitoph-
agy.44

In the drug-induced models, initial colocalization experi-
ments are conducted to validate the probe’s specific targeting
of mitochondria, a prerequisite for monitoring mitophagy
within these organelles. Subsequently, cells are exposed to both
the probe and a mitophagy inducer, and the resulting samples
are analyzed by using fluorescence imaging techniques. To
show even more proof that the probe is capable of monitoring
the process of mitophagy, control experiments can be
conducted by adding drugs to inhibit the mitophagy activity.
These experiments can be carried out in reverse to
demonstrate that the probe specifically detects mitophagy.
Several drugs, such as chloroquine (CQ), liensinine, and
antimalarial drugs, are known to inhibit mitophagy. CQ
functions by increasing the pH in acidic lysosomes, leading to
the inactivation of acidic lysosomal hydrolases. This inhibition
prevents the fusion and degradation of intracellular autophagic
lysosomes, thereby inhibiting the onset of mitophagy.5 Major
isoquinoline alkaloid liensinine effectively prevents autopha-
gosomes from fusing with lysosomes, which causes buildup of
autophagosomes and mitophagosomes. It achieves this effect
by potentially blocking the recruitment of RAB7A, a member
of the RAS oncogene family, to lysosomes, but not to
autophagosomes.45

2.3. Oxidative Stress/Hypoxia Models

An imbalance between oxidative and antioxidant activity in the
body that favors oxidation is what causes oxidative stress. It
causes neutrophil infiltration into the inflammation, a rise in
the release of proteases, the generation of numerous oxidative
intermediates, and excessive ROS production will induce the
onset of mitophagy (Figure 2), as well as cells and tissues
exhibiting a variety of physiological and pathological

Figure 2. Illustration of three pathways used to construct mitophagy models.
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responses.46 ROS encompasses species such as the superoxide
anion (O2−), hydroxyl radical (·OH), and H2O2,

47 with H2O2
being the most significant mitophagy-triggering ROS. Addi-
tionally, conditions such as hypoxia or exposure to the specific
drug phorpol-12-myrice-13-acetate (PMA) can lead to
oxidative stress, making them valuable conditions for
constructing experimental models.48

3. FLUORESCENT PROBES BASED ON DIFFERENT
ENERGY TRANSFER MECHANISMS

Designing small-molecule fluorescent probes to monitor
mitophagy by detecting changes in mitochondrial pH has
become a predominant strategy, with numerous probes

reported in the literature. These probes can be classified
based on their design into four categories (Figure 3):
intramolecular charge transfer (ICT, including twisted intra-
molecular charge transfer, TICT), fluorescence resonance
energy transfer (FRET), through bond energy transfer
(TBET), and photoinduced electron transfer (PET). The
design rationale for each mechanism is discussed in detail to
provide a comprehensive understanding of how pH changes
during the mitophagy process.
3.1. ICT-Based Small-Molecule Fluorescent pH Probes

Small-molecule fluorescent probes designed to monitor
mitophagy by detecting changes in mitochondrial pH often
rely on the ICT mechanism. These probes typically have a

Figure 3. Schematic representation of the fluorescent mechanisms discussed in this review. (A) Intramolecular charge transfer (ICT). (B)
Fluorescence resonance energy transfer (FRET). (C) Through-bond energy transfer (TBET). (D) Photoinduced electron transfer (PET).

Figure 4. Small-molecule fluorescent pH probes based on the ICT mechanism.
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conjugative bridge connecting the donor and acceptor groups,
forming a D−π−A conjugate system (Figure 3A). The
fluorescence intensity and emission wavelength of the probe
are strongly influenced by the electron-donating and -with-
drawing characteristics of each group in the probe molecules. A
strong ICT effect typically results in long wavelengths and
strong fluorescence intensity, while a weak ICT results in short
wavelengths and weak fluorescence intensity.49,50 Protonation
of the electron donor group in an acidic environment or
deprotonation of the electron acceptor group in a basic
environment can weaken the ICT process, leading to reduced
fluorescence intensity and/or blue-shifted the emission wave-
length (Figure 3A left), whereas deprotonation of electron-
donating groups in an alkaline environment or protonation of
electron-withdrawing groups in an acidic environment can
enhance the ICT process, leading to an increase in the
fluorescence intensity and/or a redshift in the emission
wavelength (Figure 3A right).51−53 Numerous ICT-based

small-molecule fluorescent pH probes have been developed
for effectively monitoring mitophagy effectively. Their
molecules are shown in Figure 4, and their unique character-
istics are summarized in Table 1.

For example, in 2022, our group developed a pyrimidine-
based fluorescent probe (Z2) for monitoring mitophagy.54 The
probe utilized a D−π−A photoelectron molecular structure
with dimethylaniline serving as the electron donor group, an
alkene bond as the conjugative bridge, and a pyrimidine as the
strong electron-withdrawing group. By targeting mitochondria
via TPP+ (Figure 5A), Z2 exhibited a unique characteristic
achieved by introducing a benzyl alcohol component to the
molecular structure, which possesses a strong electron-
withdrawing effect to inhibit the ICT process and quench
fluorescence. During mitophagy, the decrease in pH led to the
protonation of the dimethylaniline moiety. It transformed the
dimethylaniline fraction from an electron-donating state to a
strong electron-withdrawing organic salt. Consequently, charge

Table 1. Parameters of Interest for ICT-Based Small-Molecule Fluorescent pH Probes

probes MW λex (nm)(pH) λem (nm)(pH) pKa solution model refs

Z2 761 450 550 4.62 PBS buffer CCCP 54
HBTB2 644 436/566 612 8.04 PBS buffer H2O2 55
PM-Mt-OH 429 410/490 580/657 PBS buffer with 0.1% DMSO rapamycin 56
CP 279 400(4)/467(9) 528(4)/606(9) 5.88 Britton-Robinson buffer CCCP 5
HXPI-Cl 460 694(8.5)/610(4.5) 714(8.5)/678(4.5) 5.77 PBS buffer rapamycin 8
NIR-HMA 554 570 675(3)/710(8) 6.50 hypoxia 57
SNRF 439 510/560 586/628 8.3 PBS buffer rapamycin 58
M-pH 354 435(3)/535(8) 552(3)/584(8) 6.87 PBS buffer sodium selenite/BSO 59
CEMT 482 480 558(4.98)/620(9) Britton-Robinson buffer CE 60
HBTMP 488 375 470(8)/580(5) 6.82 Britton-Robinson buffer CCCP 61
Mito-BNO 620 405 468(8)/520(4) 5.23 PBS buffer CQ/CCCP 62
ENBT 368 428(4.42)/503(11.40) 595(4.42)/700(11.40) 7.98 PBS buffer CCCP 63
probe A-1 570 480 558(8)/698(3) 8.26 30% ethanol serum-free medium 64
BHC 278 390/420 480 4.2/7.0 PBS buffer serum-free medium 65
HQO 520 530(8.23)/710(6.59) 650(8.23)/750(6.59) 7.15 10 mM SDS in HEPES liensinine/rapamycin 1
CM-BHNBD 346 495 516 3.91 Britton-Robinson buffer oxidative stress 66
AH+ 469 670 727 7.60 citrate−phosphate buffer FCCP 67
NIR-pH-H2O2 540 560 680 6.70 PBS buffer PMA 68
Cy-NH2 399 500 550(8)/670(3) 3.85 PBS buffer serum-free media 69

Figure 5. (A) Molecular structure and pH sensing mechanism of probe Z2. (B) Fluorescence spectra of Z2 (λex = 450 nm). (C) HeLa cells and
Parkin-HeLa cells pretreated with 10 μM CCCP, and then stained with Z2. λex/em = 458/480−520 nm. Scale bar = 20 μm. (A−C) Reproduced
with permission from ref 54. Copyright 2022 Wiley. (D) Molecular structure and pH sensing mechanism of probe PM-Mor-OH. (E) Ratiometric
emission spectra of PM-Mor-OH (λex = 458 nm) in different pH solutions. (F) Imaging of HeLa cells under different pH conditions treated with
PM-Mor-OH. Scale bar = 10 μm. (D−F) Reproduced from ref 56. Copyright 2022 American Chemical Society.
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transfer from the pyrimidine to the dimethylaniline caused
fluorescence to be activated, as evidenced by the increased
intensity at 450 nm with decreasing pH (Figure 5B). The
fluorescence quantum yield also exhibited a corresponding
increase from 0.07 to 0.62 when the pH was dropped from 9 to
3. The probe demonstrated a clear “turn-on” fluorescence
response under acidic conditions. To validate the ability of Z2
to monitor mitophagy, both HeLa cells (as a control) and
Parkin-overexpressed HeLa cells (Parkin-HeLa cells) were
pretreated with the mitophagy-inducing agent (CCCP) and
imaged at different time points (Figure 5C). The fluorescence
intensity of Z2 progressively increased with longer treatment
times, indicating an elevated degree of mitophagy and a
decrease in pH.

SNRF (Figure 4) as a probe has been successfully used to
observe the mitophagy process induced by rapamycin.58 The
probe is a rhodamine derivative synthesized from 1,6-
dihydroxynaphthalene and 4-diethylaminoketoic acid. The
researchers discovered that, in comparison to the probe-only
treated cells, the rapamycin and probe coincubated cells had
higher yellow fluorescence when they were fluorescently
imaged at various times. The changes became more and
more obvious over time, which indicated that the probe could
monitor the mitophagy process induced by rapamycin.

In the study on the Mito-BNO probe (Figure 4),62 the
probe itself is composed of a benzimidazole, a naphthalene
derivative, and a TPP+. When the pH decreased, the
benzimidazole group became protonated, generating ICT.
The researchers initially demonstrated the probe’s ability to
selectively target mitochondria and its potential for monitoring
rapamycin-induced mitophagy through colocalization experi-
ments. To further validate the probe’s effectiveness, two
control groups were established in the study. Control A
received only the probe, while control B had the probe added
and was cultured in a serum-free medium. CQ and rapamycin
were subsequently added to the cells cultured with the probe,
and fluorescence images were captured. In control A, only the
blue channel showed fluorescence. This result was consistent
with the findings observed when cells were treated with CQ.
This similarity suggests that CQ inhibited the lysosome-
dependent mitophagy process. In control B, the fluorescence
intensity of the green channel was significantly increased, a
phenomenon that suggests that the fluorescence of the probe
may be associated with rapamycin-induced mitophagy. By
combining the results of these two control experiments, it can
be confirmed that the change in fluorescence ratio is indicative
of mitophagy, thereby establishing the probe’s effectiveness in
monitoring the mitophagy process.

In 2020, Song et al. designed and synthesized a
mitochondrial biocompatible fluorescent probe HTBT2
(Figure 4) by introducing TPP+ as a mitochondria-targeting
unit into the molecule.55 HTBT2 showed a significant Stokes
shift and a long emission band, primarily due to the strong ICT
process from the naphthol group to benzothiazole. It
demonstrated orange-red fluorescence in neutral and acidic
environments. However, in weakly basic environments, the
hydroxyl group underwent deprotonation, forming naphthox-
ide (TBT), which led to fluorescence quenching due to
unstable charge separation in the ICT state. The fluorescence
intensities of HTBT2 at 612 nm indicated a linear correlation
with pH values between 8.70 and 7.20. The determined pKa
value of HTBT2 was 8.04 ± 0.02, which closely corresponds to
the pH of mitochondria (pH ∼ 8.0). Remarkably, HTBT2

accurately distinguished between cancerous and healthy cells
by detecting pH changes in living cells. These findings strongly
suggest that HTBT2 holds great potential for investigating
physiological processes associated with pH alterations.

In addition to targeting mitochondria using the TPP+

fraction, another approach involves using the morpholine
fraction. Samanta et al. have developed a fluorescent
ratiometric probe named PM-Mor-OH (Figure 5D),56 which
is a conjugated pyridine derivative of the morpholine ligand.
Normally, probes with the morpholine fraction localize to
lysosomes, but interestingly, PM-Mor-OH demonstrated a
specific affinity for mitochondria. This probe existed in two
distinct forms within mitochondria and mitolysosomes,
characterized by protonation and deprotonation, respectively.
Under excitation at 480 nm, a shift in pH from 8.5 to 4.0
(Figure 5E) led to a noticeable alteration in ratiometric
emission intensity, transitioning from 657 nm (red) to 580 nm
(green). Thus, the probe exhibited both an “on” and
“ratiometric” response, indicating its capability to respond to
changes in pH. The fluorescence image in Figure 5F vividly
illustrated the variation in emission intensity in the green and
red channels as a result of 488 nm laser irrdiation. Notably,
during mitophagy, PM-Mor-OH underwent protonation in an
acidic environment, resulting in an enhanced green fluo-
rescence. These results strongly support the conclusion that
PM-Mor-OH is a ratiometric fluorescent probe, effectively
enabling the monitoring of mitophagy.

In 2015, Yu et al. developed a mitochondria-targeting
ratiometric fluorescent probe (CP, Figure 4) based on
pyridinium-functional 7-hydroxycoumarin linked by a double
bond.5 The design of CP aimed to leverage the excellent
electron absorption and mitochondrial targeting properties of
the pyridine cation, along with its ability to form a conjugated
system with coumarins, to achieve a strong ICT effect.
Regarding its optical properties, CP exhibited high sensitivity
to changes in pH. As the pH decreased, there was a blue shift
in the maximum absorption band, while an enhancement at
606 nm was followed by a decrease at 528 nm as the pH
increased. This characteristic enabled ratiometric detection.
The pKa value of the CP was determined to be 5.88, and the
quantum yields under pH 4.0 and pH 9.0 conditions were
determined to be 0.0584 and 0.0159, respectively. The
researchers conducted various experiments to test the pH
sensitivity of CP, including manipulating mitochondrial
acidification, lysosomal alkalinization, increasing H2O2-induced
ATP hydrolysis acidification, and augmenting the glutathione
(GSH) content with N-acetyl-L-cysteine (NAC) to promote
cellular redox stability. This study represented the first
exploration of ratiometric fluorescent probes for detecting
mitochondrial pH in living cells, providing valuable insights for
the design of future probes for studying mitophagy.

Using the starvation model, the researchers are able to verify
the capability of the probes to monitor the mitophagy process.
For example, researchers employed this model to investigate
the labeling of the mitophagy process using the Cy-NH2 probe
(Figure 4).69 The Cy-NH2 probe comprises a xanthenesemi-
cyanine and a terminal indole with a primary amine. At
physiological pH, the probe exhibited a solely green
fluorescence. However, under acidic conditions, the primary
amine was protonated. As a result, the green fluorescence
declined but the near-infrared (NIR) fluorescence was
restored. To induce mitophagy, cells were cultured in a
serum-free medium, and real-time fluorescence images were
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captured. During mitophagy, lysosomes and mitochondria
merged to form autolysosomes, causing an increase in the
fluorescence intensity of the red channel and a decrease in the
intensity of the green channel. This observation confirms that
the probe underwent protonation and highlights its potential
for monitoring mitophagy.

Apart from a serum-free culture, EBSS can also induce
mitophagy by creating a starvation environment. An
observation made regarding the NIR-HMA probe (Figure
4),57 it was observed that NIR-HMA accumulated specifically
in mitochondria, where its 4-nitrobenzene group was
converted to an amino group by nitroreductase and then
eliminated through a 1,6-rearrangement mechanism. To
investigate mitophagy induced by the EBSS medium,
researchers incubated cells containing NIR-MAOH as a
contrast probe with EBSS. Fluorescence imaging revealed a
strong fluorescent signal from the probe, indicating its
potential utility for monitoring mitophagy induced by EBSS.

TICT is a fluorescence quenching mechanism that is
deemed an “extreme form” of ICT. It is a photophysical
phenomenon that occurs in molecules with a donor−acceptor
structure, usually connected by a single bond between the two
donor and acceptor planes. When excited, these molecules
undergo conformational twisting in a polar environment and
relax to their ground state without radiation emission. The

formation of TICT depends on two factors: a spatial resistance
and an electron push−pull effect.70 In 2020, Tan et al.
conducted an investigation and developed a probe CM-
BHNBD (Figure 4),66 which was designed to accurately detect
pH levels across a wide range, operating through an proton-
driven TICT mechanism. The design of CM-BHNBD involved
utilizing the fluorophore NBD (4-nitrobenzo-2-oxa-1,3-diazo-
le), with the inclusion of a benzyl chloride moiety for
mitochondrial fixation purposes. This modification was aimed
at forming a covalent bond between the probe and
mitochondrial proteins,71 preventing its leakage from mito-
chondria and facilitating its preferential accumulation within
these organelles. Under acidic conditions, the protonated
nitrogen atoms of the probe adopted a planar conjugated p−π
structure, triggering the occurrence of a TICT mechanism
upon sensing H+. The researchers introduced CM-BHNBD
into cultured cells in the presence of MTR (MitoTracker Red)
and exposed them to various pH buffers. The CM-BHNBD’s
fluorescence intensity demonstrated an increase as the pH
decreased. The colocalization of CM-BHNBD and MTR in the
mitochondria was verified by merged images. By analyzing
these colocalization images, the researchers determined that
CM-BHNBD could offer pH-dependent linear signals within
the pH range of 7.00 to 2.00. Furthermore, the study validated

Figure 6. Small-molecule fluorescent pH probes based on the FRET mechanism.

Table 2. Parameters of Interest for FRET-Based Small-Molecule Fluorescent pH Probes

probe MW λex (nm)(pH) λem (nm)(pH) pKa solution model refs

G-Mito 402 405 550 PBS buffer H2O2/CQ 27
R-Lyso 456 550 590 PBS buffer H2O2/CQ 27
FMOTY 567 430 480 Tris-HCl buffer serum-free medium 78
AMTC 624 550 590 Tris-HCl buffer serum-free medium 78
SCY-4 588 559 581 PBS buffer rapamycin 79
DMOTY 586 405 510 PBS buffer rapamycin 79
RC-TPP 1064 425/585 475/615 Britton-Robinson buffer CCCP 80
CRT 1056 400(9)/560(3) 475(9)/590(3) DMSO PMA 81
probe 8 620 405 472/576 6.96 PBS buffer H2O2 82
probe D 682 436(3)/540(7) 470(3)/660(7) 6.01 PBS buffer 83
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the capability of the probe to monitor mitophagy through ratio
fluorescence measurements.
3.2. FRET-Based Small-Molecule Fluorescent pH Probes

Through intermolecular interactions, the nonradiative process
of FRET allows energy to be transferred from the excited state
of the donor to the excited state of the acceptor. When a donor
absorbs a specific frequency of photons, it becomes excited to a
higher electronic energy state. Before the electron returns to its
ground state, it transfers energy to the adjacent acceptor via
dipole interactions (Figure 3B).72−75 For this process to occur
successfully, The FRET donor and acceptor must be physically
close to one another, and the donor fluorescent molecule’s
emission spectrum must successfully overlap the acceptor
fluorescent molecule’s absorption spectrum. Additionally, their
excitation light must be sufficiently separated, and the dipole
moment orientations of the donor and acceptor must align in a
specific way.76,77 As shown in Figure 6, it illustrates
representative molecules utilized as mitophagy probes based
on the FRET mechanism. The top panel shows FRET
molecular pairs, while the bottom panel features one-molecule
probes. Table 2 summarizes the unique characteristics of
reported FRET-based small-molecule fluorescent pH probes.

Many probes designed based on the FRET mechanism take
advantage of the fact that lysosomes and mitochondria are
both connected to the process of mitophagy. The specificity of
the light signal generated only when mitochondria and
lysosomes fuse makes it an excellent indicator of mitophagy.
For example, in 2022, Tian et al. designed two fluorescent
probes (G-Mito and R-Lyso) for directly visualizing mitophagy
in a two-color manner (Figure 7A).27 The FRET process was
examined by mixing G-Mito (10 μM) with various R-Lyso (0−
20 μM) concentrations and recording their fluorescence
spectra under 405 nm excitation (Figure 7B). As the R-Lyso
concentration increased, the emission at 550 nm of G-Mito
decreased, while the emission at 590 nm increased, indicating
that the FRET process occurred once the two molecules were
combined. It was expected that before mitophagy G-Mito

resided primarily in mitochondria and emitted green
fluorescence while R-Lyso localized in lysosomes and emitted
faint red fluorescence under excitaion. At high levels of
mitophagy, the red fluorescence of R-Lyso increased
significantly as G-Mito was sent into the lysosome in the
proximity of R-Lyso, triggering the FRET process (Figure 7A).
The feasibility of the G-Mito and R-Lyso pair for mitophagy
monitoring was examined in live cells by costaining experi-
ments (Figure 7C). Bright green fluorescence of G-Mito under
405 nm excitation in the microfilament form indicated
localization to mitochondria, while speckled red luminescent
spots of R-Lyso under 561 nm excitation suggested lysosomal
staining (panel a in Figure 7C). Live cells costained with the
two probes under 405 nm excitation showed intense minimal
red emission and green fluorescence (panel b in Figure 7C),
indicating that the FRET process was inhibited due to the two
probes’ differing subcellular localizations. The cells treated with
H2O2 exhibited a remarkable increase in fluorescence in the
red channel, indicating significant enhancement in the
mitophagy process and the recovery of the FRET process
(Figure 7D). These findings demonstrate that both probes
effectively visualized mitophagy in a two-color approach.

In a similar fashion, in 2021, Sun and colleagues developed
two FRET-based probes (FMOTY and AMTC, Figure 6)
targeting mitochondria and lysosomes, respectively.78 The
probe pair exhibited an FRET effect specifically when
mitochondria fused with lysosomes during mitophagy.
FMOTY and AMTC were not inherently associated with
mitochondria or lysosomes and did not generate background
signals that could interfere with FRET. Fluorescent signals
were exclusively generated in the presence of mitophagy,
establishing these molecules as highly specific FRET pairs for
monitoring mitophagy. However, the cyan dye used in the
FRET probes has a relatively low fluorescence quantum yield,
resulting in only partial overlap between the acceptor and
donor dyes. Consequently, higher probe concentration was
required for effective cellular imaging.

Figure 7. (A) G-Mito and R-Lyso’s chemical compositions and proposed response mechanism to detect mitophagy. (B) Combined, normalized
fluorescence spectra of G-Mito (10 μM) and R-Lyso (0−20 μM) with a 405 nm excitation. (C) G-Mito and HepG2 cell coculture images (2 μM,
λex = 405 nm) and R-Lyso (4 μM, λex = 561 nm) for 30 min. (D) Images of H2O2-treated HepG2 cells using G-Mito (2 μM, λex = 405 nm) and R-
Lyso (4 μM, λex = 561 nm). Scale bar = 20 μm. Reproduced from ref 27. Copyright 2021 American Chemical Society.
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Apart from the dual-probe method that monitors mitophagy
by targeting mitochondria and lysosomes with probes emitting
different fluorescence, the FRET mechanism can also be
observed by using a one-molecule probe. In 2017, Han et al.
developed a probe named RC-TPP, which exhibited distinct
response signals in mitochondria and lysosomes (Figure 8A).80

This probe consists of rhodamine-lactam, coumarin, and TPP+.
Coumarin fluorescence remained constant, while rhodamine-
lactam under acidic conditions underwent ring opening to
generate strong fluorescence. The probe specifically targeted
mitochondria through TPP+. Rhodamine fluorescence was
minimal at pH 7.0−9.0, but as the pH decreased from 6.5 to
4.5, (Figure 8B), rhodamine fluorescence increased due to the
proton-mediated opening of intramolecular spirolactams. To
confirm the ability of RC-TPP to monitor the mitophagy
process, the researchers introduced both CCCP, a mitophagy-
inducing drug, and the probe into cultured cells (Figure 8C).
As expected, cells in control groups exhibited predominantly
blue coumarin fluorescence signal localized in the mitochon-
dria, whereas CCCP-treated cells displayed reduced blue
fluorescence mainly from coumarin and a significantly
enhanced red fluorescent signal mainly from rhodamine.
These observations validated that RC-TPP can fluorescently
visualize the mitophagy process by responding differently to
the temporal sequence of mitophagy induced by CCCP. This
innovative approach offered a novel paradigm for investigating
pH variations during mitophagy.

Mitochondria in their normal state produce ROS for normal
cellular physiological responses, whereas in a state of hyperoxia

or hypoxia, an irregular production of ROS can cause
mitochondrial damage and thus induce mitophagy to
occur.84 Therefore, in experiments, it is possible to evaluate
whether a probe can monitor mitophagy by creating a model of
oxidative stress. For instance, in experiments involving the
CRT probe (Figure 6),81 synthesized from 7-hydroxycoumar-
in, rhodamine B, and TPP+, researchers initially confirmed the
probe’s ability to target mitochondria through colocalization
experiments in cells. The probe was then introduced into two
groups of cells cultured in a serum-free medium and treated
with PMA, respectively. Fluorescence imaging of the two
groups of cells showed nearly identical fluorescence, indicating
that PMA may induce mitophagy, and the probe effectively
monitored this process. This observation suggests that reduced
oxidative stress greatly suppressed mitophagy, thus confirming
that oxidative stress induced by PMA treatment can induce
mitophagy.

Similar to elevated ROS levels, long-term hypoxia also
increases the level of cellular oxidative stress, which damages
the mitochondria and triggers mitophagy. For example, in the
experiment on the NIR-HMA probe (Figure 4),57 the
researchers established an anoxic model (0.1% O2) as well as
a control group in a normal oxygen environment (20% O2).
Cells were cultured under both conditions and exposed to the
probe. Fluorescence imaging showed weak fluorescence in the
normal oxygen environment but significantly enhanced
fluorescence in the low oxygen environment, confirming the
occurence of hypoxia-induced mitophagy.
3.3. TBET-Based Small-Molecule Fluorescent pH Probes

TBET is an additional energy transfer mechanism used in the
construction of small-molecule fluorescent pH probes. This
mechanism involves the covalent bonding of the donor and
acceptor components within the molecular structure of the
probe (Figure 3C).85 The acceptor group receives energy from
the donor group via electronically conjugated rigid structures,
often facilitated by a π-system linker such as a phenyl or triple
bond.86 Both FRET and TBET involve the transfer of energy
between pairs of fluorophores, while the other serves as the
energy acceptor and the former serves as the energy donor.
However, there are significant differences in their mechanisms
and requirements. The intensity of the donor’s fluorescence is
reduced while the acceptor’s fluorescence is increased in FRET
because the donor’s excitation energy is directly transferred to
the acceptor fluorophore through a nonradiative mechanism.
Spatial proximity is crucial for FRET to occur effectively. In
contrast, TBET operates through a different mechanism and is
not subject to the same spatial proximity requirements as
FRET. In addition, unlike FRET, TBET does not rely on the
donor and acceptor’s spectrum overlap. Through electronically
conjugated rigid π-system connections, the excitation energy of
the donor fluorophore is transmitted to the acceptor, twisting
the donor and acceptor groups out of coplanarity. This unique
mechanism, coupled with the energy transfer occurring
primarily through chemical bonding, leads to higher energy
transfer efficiency and the potential for an easier ratiometric
fluorescence response in TBET. Distinct mechanism and
composition principles of TBET make it advantageous for
efficient energy transfer and potential applications in
ratiometric fluorescence response.87 However, TBET often
encounters interference from ICT and FRET, making it
difficult to definitively characterize this process in many
instances. Compared to FRET-based probes, TBET-based

Figure 8. (A) Intramolecular spirolactam of RC-TPP is fluorogeni-
cally opened by a proton to release the amide form. (B) RC-TPP (20
μM) fluorescence emission in a buffer with a pH range of 4.5 to 9.0
(λex = 425 nm for coumarin and λex = 585 nm for rhodamine). (C)
RC-TPP-loaded Tom20-GFP+ HeLa cells were treated without or
with CCCP (20 μM). Colocalization of Tom20-GFP (green) and
mitochondrial RC-TPP (blue) is shown in cyan. Scale bar = 10 mm.
Reproduced with permission from ref 80. Copyright 2017 Royal
Society of Chemistry.
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probes are less commonly reported due to the inherent
challenges associated with this mechanism. Table 3 provides a
summary of two well-defined TBET probes along with their
significant sensing properties.

Probes A and B (Figure 9) share a similar structural
composition, both consisting of a cyanine dye functioning as

the donor and utilizing hemicyanine as the acceptor. These
probes employ TBET as a mechanism for ratiometrically
detecting mitochondrial pH.88 Probe A, for instance, has a

positively charged cyan dye donor that is coupled to a
negatively charged NIR semicyan acceptor via a biphenyl
bridge that is mediated by a spironolactam switch that prevents
the π-conjugation of the donor and acceptor (Figure 10A).
The addition of morpholine functional groups to the molecule
enhances the hydrophilicity of the probe. Additionally, it
lowers the pKa value of the receptor, resulting in the
suppression of its fluorescence, specifically in the weakly
alkaline environment of mitochondria. Under weakly acidic
conditions, the spironolactam group within the hemicyanine
acceptor molecule underwent ring opening. This ring-opening
process enabled efficient TBET from the hemicyanine acceptor
molecule to the cyanine donor molecule. In the context of
mitophagy, the hemicyanine acceptor molecule exhibited
fluorescence due to the formation of a helical lactam ring
resulting from the ring opening under acidic conditions.
Simultaneously, the fluorescence intensity of the cyanine donor
decreased as the mitophagy progressed. At basic or neutral pH,
the probe displayed two primary absorption peaks at 380 and
558 nm (Figure 10B). However, when the pH gradually
decreased, an additional absorption peak appeared at 715 nm
due to acidic conditions resulting in the hemicyanine receptor’s
spirolactam ring opening, which increased π-conjugation. The
probe displayed only one emission peak at 588 nm (λex = 520
nm) under weakly basic or neutral pH conditions. However, in
an acidic environment, a new emission peak at 740 nm was
seen (λex = 520 nm; Figure 10C). Defective mitochondria
eventually joined with lysosomes during mitophagy to create
acidic autolysosomes, which caused the pH to drop. To verify
its capability to monitor mitophagy in live cells, HeLa cells

Table 3. Parameters of Interest Are Based on TBET Small-Molecule Fluorescent pH Probes

probe M.W λex (nm) λem (nm)(pH) pKa solution model refs

probe A 574 520 588(7.6)/740(2) 3.92 10% ethanol serum-free medium 88
probe B 537 520 582(7.6)/752(2) 3.67 10% ethanol serum-free medium 88

Figure 9. Small-molecule fluorescent pH probes based on the TBET
mechanism.

Figure 10. (A) Ratiometric fluorescent probe A and its structural responses to pH changes. (B) Absorption spectra of probe A at different pH
values. (C) Fluorescence spectra of probe A (10 μM, λex = 520 nm) with pH changing from 7.6 to 2.0. (D) HeLa cells were imaged using
ratiometric fluorescence with probe A in a serum-free solution at different periods of donor and acceptor excitation with scale bars of 50 μm. By
dividing the visible fluorescence in the first channel by the near-infrared fluorescence in the second channel, ratio images were created. Reproduced
with permission from ref 88. Copyright 2020 Royal Society of Chemistry.

Chemical & Biomedical Imaging pubs.acs.org/ChemBioImaging Review

https://doi.org/10.1021/cbmi.3c00070
Chem. Biomed. Imaging 2024, 2, 81−97

90

https://pubs.acs.org/doi/10.1021/cbmi.3c00070?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00070?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00070?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00070?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00070?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00070?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00070?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.3c00070?fig=fig10&ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.3c00070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


were subjected to incubation with probe A in a serum-free
culture medium, while varying the duration of starvation from
10 min to 2 h. During this time, a notable decrease in the
visible donor fluorescence was observed in channel I, whereas
the near-infrared acceptor fluorescence in channel II exhibited
a gradual increase (Figure 10D). Following 1 h of incubation,

there was a noticeable color shift in the ratio image between
the visible fluorescence in channel I and the near-infrared
fluorescence in channel II, appearing as a dark blue color.
Subsequently, after 2 h of starvation, the color transitioned to a
shade of purple-brown (Figure 10D).

Figure 11. Small-molecule fluorescent pH probes based on the PET mechanism.

Table 4. Based on PET and Other Relevant Parameters of Small-Molecule Fluorescent pH Probes

probe MW λex (nm)(pH) λem (nm)(pH) pKa solution model refs

probe 1 731 391(2)/411(10) 525 6.18 PBS buffer serum-free medium 91
Z3 903 520(4)/530(7.4) 700(4)/720(7.4) 6.00 50% acetonitrile CCCP 7
MTpH 599 440 525 5.77 PBS buffer CCCP 93

Figure 12. (A) Ratiometric fluorescent probe 1 and its structural response to pH changes. (B) Absorption and (C) fluorescence spectra of
compound 2, an analogue of probe 1 lacking the benzyl chloride functionality, recorded at different pH values. (D) Time course (0−360 s) images
of nutrient-deprived cells. With a 488 nm excitation wavelength and 510−550 and 570−660 nm band-path emission filters, all pictures were
captured. Reproduced from ref 91. Copyright 2014 American Chemical Society.
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3.4. PET-Based Small-Molecule Fluorescent pH Probes
PET is an important mechanism for energy transfer. In a
typical PET system, the analyte-receptor component consists
of an electron donor linked to a fluorophore through a spacer
group. The fluorophore absorbs and emits fluorescence, while
the receptor binds to the target of interest. The spacer group
plays a crucial role in connecting the electron donor and
fluorophore, forming a covalent connection system. This
system serves the dual function of recognizing the target and
providing the optical signal in the form of light.89 In PET
fluorescent probes, fluorescence quenching occurs due to light-
induced electron transfer between the fluorophore and the
acceptor unit, where electrons are transferred from the electron
donor to the electron acceptor. As a result, the probe does not
show any fluorescence until it binds to the target (Figure 3D).
In PET-based pH probes, the fluorophore remains quenched
under neutral or basic conditions due to the PET, which can be
inhibited by protonation, thus turning on the fluorescence.90

Figure 11 shows representative examples of fluorescent probes
based on the PET mechanism. Additionally, Table 4 provides a
summary of the crucial sensing parameters associated with
PET-based small-molecule fluorescent pH probes.

In 2014, Kim et al. developed a fluorescent probe made of
piperazine, TPP+, and benzyl chloride that is pH-sensitive
(Figure 12A).91 The benzyl chloride functional group can
anchor within the mitochondria, while the TPP+ group is
responsible for mitochondrial targeting. The piperazine-based
naphthalimide group is a fluorophore that provides an “off-on”
fluorescent signal via protonation-induced suppression of the
neutral form of PET at acidic pH levels. However, the
researchers acknowledged that the fluorescence response of
probe 1 could potentially be affected by the benzyl chloride
portion because it might be hydrolyzed or interact with other
biologically relevant substances. To address this concern and
minimize interference, they utilized compound 2 (Figure 11),
which is an analogue of probe 1 but lacks the benzyl chloride
functional groups. By using compound 2, the researchers
aimed to evaluate the effect of pH without potential
complications arising from the benzyl chloride portion. The
effect of pH was then investigated by absorption spectra
(Figure 12B) and fluorescence spectra (Figure 12C) of
compound 2. The absorption peak gradually changed from
411 to 391 nm, with an evident isosbestic point at 409 nm, as
the pH value dropped from 11 to 2. With a drop in pH, the
fluorescence intensity at 525 nm grew monotonously. To
monitor mitophagy, a starvation model was established in
HeLa cells. During mitophagy, damaged mitochondria might
be phagocytosed by autolysosomes, and starved cells were then
labeled with probe 1 and LTR (LysoTracker Red) (Figure
12D). As the starvation time increased, the green fluorescence
of probe 1 gradually increased and overlapped with the
fluorescence of LTR, a sign that the mitochondria had become
more acidic. Therefore, probe 1 was capable of measuring
changes in mitochondrial pH as well as monitoring mitophagy.

While most probes targeting mitochondria rely on negative
mitochondrial membrane potentials, they often leak from the
mitochondria and may not be suitable for tracking the
evolution of mitochondrial pH over time. Therefore, to solve
these problems, current research concentrates on creating
immobilized fluorescent probes.92 In recent years, numerous
pH probes have been created by researchers to investigate
mitochondrial immobilization. Traditionally, a typical immobi-
lization method utilizes the reaction between benzyl chloride

with the thiol proteins in mitochondria. However, this
immobilization method could cause irreversible damage to
the mitochondrial structure function. In 2021, Yu’s team
devised a solution for this problem by utilizing the fluorescent
group naphthalimide to create a pH-sensitive fluorescent probe
named MTpH (Figure 11).93 This probe consists of a
pyridinium with a long alkyl chain and a nonconjugated
morpholine component. The design of MTpH allows for
immobilization within the mitochondria through interaction of
the long chain with the mitochondrial membrane via physical
hydrophobic interactions. This approach effectively addresses
the problem at hand. MTpH responded sensitively to a wide
range of pH changes and restored fluorescence by preventing
the protonation of morpholine, which prevented it from being
converted into naphthalimide during the PET process.94 It was
validated by staining cells with MTpH and LTDR (Lyso-
Tracker Deep Red) in PBS, followed by CCCP and gastrin A-
induced mitotic processes.

4. CONCLUSIONS AND PERSPECTIVE
As an energy-supplying organelle, a vital role for appropriate
mitophagy in the cell and the entire living body and abnormal
autophagy is closely associated with the development of many
diseases. Therefore, real-time monitoring of cellular mitophagy
is of great importance for its application in life sciences and
diseases diagnosis in the clinical setting. In recent years, there
has been great development of small-molecule fluorescent
probes that can dynamically monitor mitophagy have been
developed. Most of the probes are designed according to the
differences in the microenvironment of different stages of
cellular mitophagy, such as pH, viscosity, and polarity.
Mitophagy is often monitored by assessing and observing
changes in pH, as alterations in the pH are particularly notable
in this process. Among the probes, a part only targets
mitochondria containing autophagosomes without labeling
lysosomes, showing high detection accuracy. Some probes
target mitochondria and lysosomes separately and fluoresce
when mitophagy occurs, which improves the accuracy of
monitoring the pH changes during mitophagy. Moreover,
some ratiometric probes can show different fluorescence
changes depending on the microenvironment in which they
are placed, allowing a molecular probe to visualize the various
stages of mitophagy.

In the current review, we outline four mechanisms, namely,
ICT (including TICT), FRET, TBET, and PET, that are
utilized in the development of mitophagy probes. Over the past
decade, it has been observed that the majority of probes are
constructed based on ICT and FRET mechanisms, with the
design of ICT-based probes being more predominant. In the
case of FRET probes, employing a single molecular FRET
response approach offers a novel perspective for studying
alterations in mitophagy processes through pH changes as
opposed to using separate molecules that target mitochondria
and lysosomes individually for monitoring mitophagy. TBET is
an effective means of an effective Stoke shift and high
sensitivity sensing. The majority of TBET probes are based on
the rhodamine system, which has a high energy conversion
efficiency, and its structural systems are very straightforward
for fluorescence probes using TBET technology. However,
they also have certain limitations. TBET-based probes pose
challenges in introducing response sites for analyte detection
due to the limited number of active sites on the molecule.
Further, it is difficult for TBET systems to completely avoid
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interference from the ICT and FRET processes. Therefore,
future probe studies of TBET still need further develop-
ment.95,96 PET-based fluorescent probes have a very strong
quenching effect on fluorescence, thus providing advantages
such as an exceptional signal-to-noise ratio, remarkable
sensitivity, and high temporal and spatial resolution. However,
these probes suffer from proton interference, which can have a
significant impact on the PET response, and lowering the pKa
value is expected to overcome these effects.75

In the design of probes for monitoring mitophagy, lipophilic
cations are usually introduced as targeting groups so that the
probes can collect in the mitochondrial matrix under the
influence of transmembrane potential after passing through the
phospholipid bilayer. The probe molecules’ cation content also
increases their water solubility, allowing them to pass through
the cell membrane and into the interior of the cell. However,
targeting groups still need to be optimized. For example, TPP+

is the most commonly used mitochondrial targeting group, and
with the increase of probe concentration, the toxicity of TPP+

will become non-negligible. Compared to TPP+, studies have
demonstrated the feasibility of mitochondrial targeting using
low toxicity pyridines or biomolecular targeting employing
amino acid peptides.37,39,97 Hence, for the future development
of probes targeting mitochondria, these motifs can be
considered as alternatives to TPP+ for achieving efficient
mitochondrial targeting.

Next, the sensitivity of the probes to the mitochondrial pH
changes is still insufficient. Most current pH probes follow the
Henderson−Hasselbalch equation because the pKa value
(acidity coefficient) is an inherent property of the substance,
and most pH probes have high sensitivity at pKa = 6−8 to
match the pH of the mitochondria.98−101 Interestingly, the pH
within the mitochondria undergoes only a slight change prior
to the onset of mitophagy, yet this small pH variation
significantly impacts its biological function. However, the pH
response range of the mitophagy process is quite wide,
spanning approximately two pH units. As a result, the
Henderson−Hasselbalch equation is not capable of accurately
predicting these subtle pH changes. On the other hand, Hill-
type pH probes demonstrate greater accuracy and sensitivity in
detecting minor pH fluctuations, particularly in the case of acid
and weak base transitions. However, the development of
guidelines for designing small-molecule Hill-type pH probes
that are highly responsive is still a challenge. In order to create
responsive sensing systems, two parameters must be carefully
managed: the conversion range (identifying the conversion
midpoint within the desired narrow response range) and the
conversion width. However, due to limited precision and
overall complexity, adjusting the midpoint may hinder the
practical implementation of these probes.102−104 Thus, when
designing small-molecule pH probes, it is crucial to create
probes that accurately respond to the desired pH fluctuation
range while also considering that the pKa values of the probes
fall within the appropriate conversion range. One of the
primary objectives to enhance the sensitivity of the pH probe is
to investigate its capability to monitor early and late stages of
mitophagy. This is based on understanding that different stages
of mitophagy exhibit different pH values. The ability of the pH
probe to differentiate between these various stages holds
significant value as it has the potential to provide valuable
insights into the progression and dynamics of mitophagy.

Overall, we highlight the significant progress in developing
fluorescent probes based on energy transfer mechanisms for

biological applications that will be challenged and advance with
the development of improved measuring techniques, which call
for probes to detect pH changes in vitro and in vivo for
comprehending the function of mitophagy in some disorders.
However, using fluorescent probes in clinical settings still
presents significant challenges. The depth of certain human
tissues presents a significant challenge that needs to be
addressed in the design of fluorescent molecular probes for
clinical applications. it is crucial to develop probes with
improved tissue penetration and high resolution. Currently,
most fluorescent probes currently absorb and emit in the
visible range, which limits their potential for disease diagnosis.
Consequently, the design of small molecule fluorescent probes
with extended emission wavelengths to the NIR region
represents an important future direction. In addition, the
majority of fluorescent probes lack a targeting ligand and rely
on nonspecific blood transport to reach the affected area,
which can potentially affect imaging sensitivity. Therefore,
incorporating a specific targeting ligand in fluorescent probes is
essential for enhancing imaging accuracy and sensitivity.
Another critical consideration is reducing the phototoxicity
associated with fluorescent probes. High levels of phototoxicity
can cause significant alterations to cellular structures and may
result in detected states that differ from the physiological
response. Thus, minimizing the phototoxicity of fluorescent
probes is crucial to ensure accurate representation of cellular
and physiological conditions.105 Fluorescent probes have a
long way to go before they can be used. To create more useful
fluorescence probes, it is still vital to research novel designs
and response mechanisms. In the future, the design of small
molecules with simpler structures, longer excitation as well as
emission wavelengths, less phototoxicity, better transmem-
brane properties, and dual-band emission in the near-infrared
region should become an increasingly popular research
direction.
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■ VOCABULARY TERMS
Fluorescent probes: A fluorescent probe is a molecular
sensing tool designed to convert specific biological and
chemical events into measurable fluorescent signals.
Typically a fluorescent probe consists of three main
components: the fluorophore, the connecting component,
and the recognition unit.
Energy transfer mechanisms: Energy transfer involves the
change in fluorescence signal when the probes interact with
an object. Based on the energy transfer mode, the response
mechanism can be classified into intramolecular charge
transfer (ICT), twisted intramolecular charge transfer
(TICT), fluorescence resonance energy transfer (FRET),
through bond energy transfer (TBET), and photoinduced
electron transfer (PET).
Disease models: When disease-causing factors act upon
animals under specific conditions, they result in pathological
damage to animal tissues, organs, or the whole body. This
leads to a range of functional, metabolic, and structural
changes. These basic pathological processes serve as ideal
methods for studying disease mechanisms and conducting
drug screening.
Triphenylphosphine cation (TPP+): TPP+ is an organic
cation that are frequently utilized as targeting groups in
fluorescent probes for mitochondrial localization.
Reactive oxygen species (ROS): ROS are highly reactive
chemicals that contain oxygen. They include various
peroxides, superoxides, and hydroxyl radicals.
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