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ARTICLE INFO ABSTRACT

Keywords: Aristolochic acid I (AAI), a natural compound in aristolochia type Chinese medicinal herb, is generally
Aristolochic acid acknowledged to have nephrotoxicity, which may be associated with mitophagy. Mitophagy is a cellular process
Nephrotoxicity

with important functions that drive AAl-induced renal injury. Mitochondrial pH is currently measured by
fluorescent probes in cell culture, but existing probes do not allow for in situ imaging of AAI-induced mitophagy
in vivo. We developed a ratiometric fluorescent/PA dual-modal probe with a silicon rhodamine fluorophore and
a pH-sensitive hemicyanine dye covalently linked via a short chain to obtain a FRET type probe. The probe was
used to measure AAI-mediated mitochondrial acidification in live cells and in vivo. The Forster resonance energy
transfer (FRET)-mediated ratiometric and bimodal method can efficiently eliminate signal variability associated
with the commonly used one-emission and single detection mode by ratiometric two channels of the donor and
acceptor. The probe has good water-solubility and low molecular weight with two positively charged, facilitating
its precise targeting into renal mitochondria, where the fluorescent/PA changes in response to mitochondrial
acidification, enabling dynamic and semi-quantitative mapping of subtle changes in mitochondrial pH in AAI-
induced nephrotoxicity mouse model for the first time. Also, the joint use of L-carnitine could mitigate the
mitophagy in AAl-induced nephrotoxicity.

In vivo mitophagy
Fluorescent imaging
Photoacoustic imaging

1. Introduction

Aristolochic acid I (AAI), a naturally occurring compound in aristo-
lochia type Chinese medicinal herb, is generally acknowledged to have
hepatotoxicity and nephrotoxicity [1], which may associate with auto-
phagy [2]. In recent years, with the deepening of studies on aristolochic
acid, researchers have found that AAI has strong hepatotoxicity and
nephrotoxicity. Improper utilization of AA can cause severe liver and
kidney disease. Mitochondria, the main places where reactive oxygen
species (ROS) are produced, are more tend to suffer from the increase
cellular oxidative stress induced by AAI, followed with mitochondrial
damage and subsequent autophagy, during the AAI induced renal and
hepatic injury [3]. Mitochondria play a large role in autophagy, which is

also known as mitophagy, a crucial biological process that plays a cen-
tral role in regulating mitochondrial activity and controlling metabolic
quality during cell metabolism [4]. Relevant studies have indicated that
moderate mitophagy can increase cell tolerance, clear senescent or
damaged organelles, facilitate cell survival, and exerts a protective effect
[5]. While, excessive mitophagy can lead to overdone degradation of
related proteins and organelles, resulting in the death of numerous
autophagic cells, aggravating cell injury and accelerating cell death [6].
Currently, some studies have pointed out that the acute phase of
AAl-induced nephropathy is associated with induction of mitophagy
based on methods such as proteomics [7,8]. However, current methods
are failed to providing real-time and in situ information of this biological
event in vivo.
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Scheme 1. Schematic illustration of the design of a FRET-Based molecular probe SHD-SiRho, to enable the ratiometric fluorescent (FL) and photoacoustic (PA) dual-
modal imaging of mitochondrial acidification in an aristolochic acid I-induced organ injury mouse model.

Fluorescence imaging technology can fulfill the needs of real-time
monitoring the autophagy via using autophagy biomarker-activable
molecule probe [9-11]. In the past years, mitophagy, within living
cells, have been well revealed due to development of the selective
biomarker and sensitive fluorescent probes for real-time confocal fluo-
rescence monitoring the phenomenon in living cells. However, the
mitophagy within tissues and whole organisms exhibit substantial
complexities beyond those found in cell culture studies, but remaining
hardly studied [12]. Currently, the study of in vivo mitophagy has been
hindered by the lack of “tissue and mitochondria dual targeted” mole-
cule probes for real-time monitoring this event in specific organisms. For
monitoring in vivo mitophagy in AAl-induced nephropathy, it requires
the molecule probes first enrich in the renal tissues then anchor in renal
cells’ mitochondria, so as to achieve the monitoring mitophagy in kid-
neys. However, due to the uncertainty of in vivo distribution of molecule
probes [13-15], the in vivo mitophagy imaging remains big challenge.
Based on the renal metabolizing hydrophilic small molecules with mo-
lecular weight lower than 40 kDa, or small nanoparticles hydrodynamic
diameters below the kidney filtration threshold (5.5 nm), a few of
fluorescent ultrasmall gold nanoparticles, silica Cornell dots, quantum
dots, and a series of hydrophilic macromolecule probes have been
developed, which could stay in the kidneys for a period of time, to
achieve bioimaging of kidney dysfunction [16-25]. However, such

hydrophilic macromolecule probes mainly achieve kidney clearance by
modifying hydrophilic groups, such as PEG, cyclodextrin, and poly-
peptide, which make them internalized by kidney cells through the
endocytic pathway and be detained in the lysosomes. Thus, the existing
strategies for designing renal-targeted imaging probes are not suitable
for constructing molecule probe for monitoring in vivo mitophagy in
AAl-induced nephropathy.

Organic cation transporters (OTCs)-mediated cellular uptake
emerges as a feasible strategy for constructing molecule probe for
monitoring biological events in kidneys [26-31]. OCT is mainly
distributed on the basal membrane side of renal proximal tubular
epithelial cells, transporting heterocyclic weakly alkaline substances
through OC*/H" exchange, including endogenous substances (such as
polyhexylamine, adrenaline, and choline) and weakly alkaline drugs
[27]. Among them, Oct2 is the most widely expressed organic cation
transporter on the basal lateral side of the kidney, mediating the
transport of cisplatin from the blood to proximal tubular epithelial cells,
followed with cisplatin-induced renal injury [32]. Thus, cationic mole-
cule probes with good water solubility may actively enrich in the kid-
neys with the help of OTCs, and further localize in mitochondria of renal
cells via strong interaction with mitochondrial membranes. In order to
detect mitophagy in AAI induced renal injury, monitoring the dynamic
changes in pH was chosen preferentially as the pH changes from 8.0 to
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Fig. 1. The in vitro spectral testing of 5 pM SHD-SiRho in buffered solution (PBS/EtOH = 2:1, v/v, 10 mM, pH = 4.0-8.0). (A) Absorption and (B) fluorescent
emission spectra of SHD-SiRho (5 pM) with different pH in aqueous solution at 37 °C. (C) Absorbance intensity A73onm and Aggonm 0f SHD-SiRho with reversible
cycling at pH = 4.0-8.0. (D) Fluorescence intensity FLy75,m and FLggonm of SHD-SiRho with reversible cycling at pH = 4.0-8.0. Ay = 640 nm or 730 nm.

about 4.0 during the mitophagy process. Most pH repones fluorescent
probes are based on the protonation and deprotonation of hydroxyl or
amino groups [33], which are generally reversible endowing dynamic
monitoring the pH change. And the pKa value of the probes can be kept
within the range of 8.0 to 4.0 through molecular engineering, making
them suitable for detect mitophagy. Indeed, great progress has been
made in pH fluorescent probes [34-40], some of them were applied for
pH measurement in tumors [35-38]. However, mitochondrial pH is
generally measured by fluorescent probes in cell culture, but existing
probes do not allow for visualizing mitophagy in AAI induced renal
injury due to the inability of accumulation in the kidneys. On the other
hand, the in vivo determination of pH using fluorescence imaging may
also be interfered by some influences such as limited light penetration
depth, background fluorescence, as well as possible quenching of fluo-
rescence in the complicated biological issues. The aforementioned issues
can be addressed by employing fluorescent and photoacoustic (PA)
bimodal imaging. PA imaging relies on absorbance of light and emission
of ultrasound signals, exhibits greatly enhanced tissue penetration depth
and better in vivo spatial resolution compared to conventional optical
imaging techniques [41]. Moreover, molecule probes depend on single
channel signal change for in vivo imaging, which tends to be easily
interfered with various environmental factors, making it less probable
for dynamic monitoring of mitochondrial acidification in deep tissues
[42-44]. To date, no pH probes have been reported to demonstrate good
mitochondrial localization ability in kidneys, low background signals,
minimized signal variability, and high imaging resolution
simultaneously.

Herein, we developed a kidney and mitochondria dual targeted, pH
response molecule probe with ratiometric near-infrared (NIR) fluores-
cent/PA signal for in situ and dual channel and dual modal imaging of
mitophagy in AAI induced renal injury. The probe (SHD-SiRho) consists

of two NIR dyes, one is a silicon rhodamine (SiRho) fluorophore with
good water-solubility and intense fluorescence, and the other is a pH-
sensitive hemicyanine fluorophore (SHD), meanwhile both possess
high molar extinction coefficient endowing good fluorescent/PA dual
modal imaging performance (Scheme 1). These two dyes are linked via
short chains to obtain a Forster resonance energy transfer (FRET) type
probe. The FRET-mediated ratiometric method can efficiently eliminate
signal variability associated with the commonly used one-channel
detection by ratiometric two signal channels of the donor and
acceptor. With the decrease of pH from 8.0 to 4.0 in the solution, a
gradual decrease in the probe’s absorbance peak at 730 nm, resulting in
a "turn-off" PA signal at 730 nm and a gradual decrease in fluorescence at
780 nm. Conversely, the PA signal at 680 nm and fluorescence at 680 nm
from the reserved signal of SiRho remain relatively constant, which are
minimal influence form pH changes acting as internal reference signals
for fluorescent/PA imaging. Moreover, the probe molecule has good
water-solubility and small molecular weight with two positively
charged, facilitating its precise targeting into renal mitochondria. With
such a FRET-based probe, the in situ and real-time monitoring of the
process of mitophagy in AAl-induced renal injury mouse model was
achieved by fluorescent/PA dual modal and ratiometric imaging. This
work provides a novel tool for visualization of in vivo mitophagy and
promoting the mechanism study of AAl-induced renal injury.

2. Results and discussion

Optimized Design and Synthesis of SHD-SiRho. There is currently
an insufficient methodology to confirm the association between AAI-
induced nephrotoxicity and mitophagy, thereby limiting the explora-
tion of the underlying mechanisms of AAI nephrotoxicity. In order to
detect mitophagy in AAl-induced renal injury, monitoring the dynamic
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Fig. 2. The in vitro fluorescent/PA imaging of SHD-SiRho (5 pM) in buffered solution (PBS/EtOH = 2:1, v/v, 10 mM, pH = 4.0-8.0). (A) PA spectra of the 5 pM SHD-
SiRho in buffered solution (PBS/EtOH = 2:1, v/v, 10 mM, pH = 4.0, pH = 8.0). (B) PAggo nm and PA730 nm images of SHD-SiRho toward pH in buffered solutions with
different pH values. (C) PAggo nm and PA730 nm signals of SHD-SiRho toward pH = 4.0-8.0. (D) PA730 nm/PAsso nm Signal intensity ratios of SHD-SiRho based on PA
imaging data in (B). (E) Fluorescence emission images of Cy5.5 and ICG channels of SHD-SiRho toward pH in buffered solutions with different pH values. (F)
Fluorescent signals of SHD-SiRho at Cy5.5 channel and ICG channel toward pH = 4.0-8.0. (G) ICG channel/Cy5.5 channel signal intensity ratios of SHD-SiRho
samples based on fluorescent imaging data in (E). Aex = 680 nm or 730 nm for PA imaging, and Aex = 640 nm, Aeym = 650-700 nm (Cy5.5 channel) and

750-800 nm (ICG channel) for fluorescent imaging.

changes in pH was chosen preferentially as the pH changes from 8.0 to
about 4.0640 during the mitophagy process. However, currently
mitochondria-anchored pH probes failed to achieve in situ imaging of
mitochondrial acidification in an AAl-induced nephrotoxicity mouse
model. Therefore, it is imperative to develop a molecular probe capable
of targeting mitochondria and enriching in the kidneys for dynamical
monitoring the changes in pH for investigating AAI-induced mitophagy.
There are currently some strategies to achieve tissue-specific in vivo
imaging of molecular probes, such as active targeting strategies [45-48],
zwitterionic fluorophores [49], and structure-inherent targeting [50].
However, targeted imaing of mitophagy in kidneys remained challenge.
Based on our previous experimental findings, the integration of silicon

rhodamine and semi-cyanine dye had good renal metabolic ability [51],
which may be concluded that cationic molecule probes with good water
solubility may actively enrich in the kidneys with the help of OTCs. To
ensure sensitive pH monitoring, we selected a hemicyanine (SHD) flu-
orophore with hydroxyl group [52], known for its good responsive
behavior to pH, as the recognition part of our probe. Pre-experimental
results indicated that the SHD fluorophore exhibited excellent pH
responsiveness within the range of pH 4.0-8.0 (Figs. S1A and S1B). On
the other hand, a FRET-based ratiometric imaging approach can further
remarkably eliminate signal mutability related to the usually used
single-channel detection by two signal bands of the acceptor and donor.
So, we chose the Si-rhodamine (SiRho) fluorophore with excellent
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Fig. 3. Fluorescence imaging of subcellular localization of SHD-SiRho (2.5 pM). SHD-SiRho was incubated with HeLa, L-O2 and HK-2 cells at 37 °C for 6 h and then
cells were incubated with MitoTracker® Green (A) or LysoTracker® Green (B) for another 10 min, respectively. (C) Fluorescent images of HeLa cells incubated with
SHD-SiRho and then exposed under hypoxia (~0.1 % O,) conditions for 6 h, then co-incubation with MitoTracker® Green or LysoTracker® Green, respectively for
another 10 min before imaging. LysoTracker® Green, lex = 488 nm, Aep, = 500-560 nm; MitoTracker® Green, ley = 488 nm, dey, = 500-560 nm; SHD-SiRho, Aey =
640 nm, Aey = 660—700 nm for SiRho channel and Aep, = 720—780 nm for SHD channel; Scale bar: 10 pm.

photophysical characteristics as the donor to construct the FRET system
[53]. The feasibility of FRET system was verified by density functional
theory calculation (Scheme S2) and examining the spectral properties of
the SHD and SiRho fluorophores. The fluorescence emission spectra of
the FRET donor fluorophore SiRho and the UV-visible absorbance
spectra of the acceptor fluorophore SHD exhibited significant overlap at
both pH 4.0 and pH 8.0 in the PBS buffer solution, indicating efficient
energy transfer between them and the consistent suppression efficiency
of SiRho’s fluorescence (Figs. S1C and S1D). Due to the high fluores-
cence brightness of SiRho fluorophore, a partial signal remains after
FRET (FRET efficiency is calculated to be 35 %), while SiRho is not
affected by pH, so this partial signal can be used as an internal reference
signal (Fig. S2). As a sharp contrast, the receptor SHD of the FRET system
is pH-sensitive covered the range of pH 4.0-8.0 with good reproduction
and reversibility. Thus, taking advantage of the dual FRET and ICT
mechanism, we designed and synthesized SHD-SiRho as a fluo-
rescent/PA bimodal and dual ratio-metric pH probe, which enables
targeted-imaging of mitochondrial acidification in an AAI-induced
nephrotoxicity. The detailed reaction methods are shown in Scheme
S1 in the Supporting Information, all the new compounds were
confirmed by 'H/*3C NMR and ESI-MS, and characterization diagrams
were presented.

Spectral response of probe to different pH buffer solutions. After
synthesizing the probe, we initially characterized the spectral properties
in vitro to verify whether the probe can show strong pH-dependent
behavior. The absorption spectrum of SHD-SiRho incubated within pH
buffers ranged 4.0-8.0 revealed a significantly decreased absorbance
peak at 730 nm, while a stable peak at 680 nm (Fig. 1A). The absorbance
intensity at 680 nm and 730 nm align with the desired attributes of an
internal reference ratio probe (Figs. S3A and B). Furthermore, by

analyzing the absorbance at 730 nm under different pH conditions, we
calculated the pKj, value of the probe to be 6.25, corresponding to the pH
range associated with the autophagy process. A similar result was ob-
tained in the fluorescence spectrum of Fig. 1B, which showed that the
probe’s pronounced pH dependence. In addition, under the excitation
wavelength of 730 nm and 640 nm, we collected the fluorescence in-
tensity of the SHD-SiRho at 775 nm and 680 nm at different concen-
trations of H' (pH 4.0 to pH 8.0) (Fig. 1B). Figs. S3C and S3D displayed
the fluorescence intensity maps of the probe at 680 nm and 775 nm, with
pH in the range of 4.0-8.0, under excitation at 640 nm and 730 nm,
respectively. These results exhibited that SHD-SiRho is a novel ratio-
metric probe with an internal reference. Notably, such kind of ratio-
metric probe, in which one signal can particularly respond to the analyte
of interest, and the other one is target-independent and acts as an in-
ternal reference, endows a fidelity and credible method for ratiometric
sensing and imaging [54]. We also measured the reversible response of
the SHD-SiRho to pH Fig. 1C and D illustrated that the SHD-SiRho
reversibly responded to pH changes (pH 4.0 and pH 8.0) with signifi-
cant absorbance or fluorescence changes at 730 nm and 775 nm,
respectively. After five cycles, the probe exhibited minimal attenuation
in absorbance at 730 nm and fluorescence at 775 nm, indicating its
excellent reversible response to H'. In addition, we also evaluated the
stability of SHD-SiRho in Dulbecco’s modified Eagle’s medium (DMEM)
and DPBS (12 h, 24 h and 28 h), which containing proteins or various
ions (Fig. S4). The synchronized changes of absorbance and fluorescence
at 730 nm and 775 nm confirmed the high stability of SHD-SiRho in
buffer systems. The test results clearly demonstrated that the SHD-SiRho
is sensitive and stable to pH detection in the process of protonation and
deprotonation, regardless of influence of buffer systems. To sum up, the
SHD-SiRho is capable of monitoring the dynamic process of mitophagy
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Fig. 4. Confocal fluorescence imaging of AAl-induced mitochondrial acidification in HK-2 cells. (A-C) HK-2 cells incubated with 0, 5, and 10 pM AAI, respectively,
for 4 h, and then adding the probe SHD-SiRho (2.5 pM) for another 6 h. (D) HK-2 cells incubated with 10 uM AAI and 100 pM LC for 4 h, and then adding the probe
SHD-SiRho (2.5 pM) for another 6 h. Colocalization images of SiRho with (E) Lyso-Tracker Green and (F) Mito-Tracker Green in HK-2 cells. (G) The relative
fluorescence intensity of SiRho in HK-2 cells in each group. (H) The relative fluorescence intensity of SHD in HK-2 cells in each group. (I) The relative ratio of SHD/
SiRho in HK-2 cells in each group. Green channel, SiRho imaging signal, Aex = 640 nm, Aey = 650-700 nm; red channel, SHD imaging signal, Aex = 640 nm, Aey =

720-780 nm, Lyso-Tracker Green imaging signal,
bar: 10 pm.

under physiological conditions.

To further demonstrate the pH specificity of SHD-SiRho, we con-
ducted selectivity studies to explore its response toward various poten-
tial biologically relevant substances. The results, presented in Fig. S5,
indicated tenuous changes in SHD-SiRho absorbance intensity when
exposed to common reactive oxygen species, metal ions, and amino
acids, highlighting its good selectivity. Additionally, PA selectivity
studies (Figs. S6 and S7) further confirmed the robust anti-interference
capability of SHD-SiRho. The PA detection ability of SHD-SiRho was
then tested. Considering the characteristics of the probe’s UV-vis ab-
sorption spectrum, we measured the PA spectra of the probes in pH 4.0
and pH 8.0 phosphate buffer solutions (PBS) (Fig. 2B) and the PA in-
tensities at 680 nm and 730 nm in different pH PBS buffered solutions in
the range of 4.0-8.0, respectively. Subsequently, we obtained PAggp nm
and PA730 nm images of SHD-SiRho after processing in with different pH
values. As shown in Fig. 2A and C, the PA intensity at 680 nm remained
relatively stable with the change of buffer solution pH, whereas the PA
intensity at 730 nm increased with the increase of buffer solution pH.
Interestingly, the ratio of PA signal at 730 nm/680 nm showed good pH
dependence in the range of 4.0-8.0 (Fig. 2D), which could be applicable
to ratiometric PA imaging for detecting mitophagy microenvironment.

hex = 488 nm, Aey = 500-600 nm, and Mito-Tracker Green imaging signal, Aex = 488 nm, Aepy = 650-750 nm, scale

After obtaining the absorption and fluorescence emission spectra of
SHD-SiRho, to enhance the reliability of the successful construction of
this conclusion, and to illustrate the ability of the probe for in vivo
fluorescence imaging, we carried out repones test in the 96-well plates
using small animal imaging system. The SHD-SiRho probe was tested in
different pH PBS buffered solutions. Three parallel samples of the same
pH were sequentially added to a 96-well plate in a volume of 200 pL,
followed by ICG (750-800 nm) and Cy5.5 (650-700 nm) dual-channel
imaging. Fig. 2E and F showed fluorescence images of Cy5.5 and ICG
channels, respectively. Fig. 2G displayed the data presentation in Fig. 2E
and F. The obtained results revealed that the fluorescence intensity
received in the Cy5.5 channel remained nearly unchanged, while the
fluorescence detected in the ICG channel gradually increased with the
increment of the pH. This observation aligns well with the measured
fluorescence emission spectra. Fig. 2H demonstrates a pronounced pH
sensitivity in the fluorescence signal intensity ratio of the ICG channel to
the Cy5.5 channel within the pH range of 4.0-8.0. Furthermore, the
fluorescence signal intensity ratio also displayed an incremental trend
with increasing pH. These findings further confirmed the successful
construction of SHD-SiRho as an internal reference fluorescent/PA
probe. Notably, since the emission peaks of the probe in the ICG and
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Fig. 5. In vivo fluorescence imaging of mitochondrial acidification in mice kidneys and livers, which were treated with DPBS, 200 pM AAI and 200 pM AAI together
with 1 mM LC for 24 h, respectively, with SHD-SiRho (50 pM, 25 pL in saline/DMSO, v/v = 4:1, pH 7.4). (A) In vivo dual-channel fluorescent imaging of kidneys after
i. v. injecting of probe; (B) the ratio of relative fluorescence intensity in ICG/Cy5.5 channel in A; (C) Ex vivo dual-channel fluorescent imaging of mouse kidneys after
i. v. injecting of probe for 30 min; (D) the ratio of relative fluorescence intensity in ICG/Cy5.5 channel in C. (E) In vivo dual-channel fluorescent imaging of livers
after i. v. injecting of probe; (F) the ratio of relative fluorescence intensity in ICG/Cy5.5 channel in E; (G) Ex vivo dual-channel fluorescent imaging of mouse livers
after i. v. injecting of probe for 30 min; (H) the ratio of relative fluorescence intensity in ICG/Cy5.5 channel in F. Aoy = 640 nm, Aey, = 650-700 nm and 750-800 nm

for fluorescent imaging.

Cy5.5 channels do not interfere with each other, the SHD-SiRho probe
holds promising potential for live small animal ratio fluorescence
imaging.

Subcellular localization of SHD-SiRho. Prior to conducting cell
imaging experiments, the cytotoxicity of the SHD-SiRho probe on HK-2
cells was assessed using the MTS colorimetric assay. Fig. S8 demon-
strates that after a 2 h co-incubation of HK-2 cells with different con-
centrations of SHD-SiRho, cell viability remained high, indicating low
toxicity and favorable biocompatibility of the probe. However, for
monitoring the mitophagy, considering that the probe may be require to

co-incubate with HK-2 cells for a few hours, we also studied the influ-
ence of SHD-SiRho to cell activity after pretreated the cells with it for 6
h. The results exhibited that the probe after co-incubation for 6 h,
induced obvious toxicity at a high concentration of 10 pM, which is
mainly due to the depolarizing mitochondria membrane potential [55].
Thus, a probe concentration of 2.5 pM was selected for subsequent cell
imaging experiments. Then, the co-localization study revealed that
SHD-SiRho could be located in mitochondria with a high Pearson cor-
relation coefficient. The lipophilic cationic module of SHD-SiRho sup-
ports its effective mitochondrial targeting in HeLa, L-O2 and HK-2 cells.
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Fig. 6. In vivo PA imaging of mitochondrial acidification in kidneys and livers, which were treated with DPBS, 200 uM AAIL, and 200 pM AAI together with 1 mM LC
for 24 h, respectively, with SHD-SiRho (50 pM, 25 pL in DPBS/DMSO, v/v = 9:1, pH 7.4). (A) In vivo dual-channel PA imaging of kidneys after i. v. injecting of probe;
(B) the ratio of relative PA signal intensity in PA730 nm/PAesgo nm channel in A; (C) Ex vivo dual-channel PA imaging of mouse kidneys after i. v. injecting of probe for
30 min; (D) the ratio of relative PA signal intensity in PA730 nm/PAesgo nm channel in C. (E) In vivo dual-channel PA imaging of livers after i. v. injecting of probe; (F)
the ratio of relative PA signal intensity in PA730 nm/PAego nm channel in E; (G) Ex vivo dual-channel PA imaging of mouse kidneys after i. v. injecting of probe for 30
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In sharp contrast, a slight overlap was observed between the fluores-
cence from the Lyso-Tracker channel and the SiRho channel. Therefore,
the probe SHD-SiRho accumulates predominantly in the mitochondria,
which can be applied to tracking mitophagy.

Fluorescence imaging of mitochondrial acidification in living
cells. To validate the suitability of the SHD-SiRho probe for detecting
mitophagy processes in living cells, we firstly established a hypoxia

model, in which an extremely hypoxic condition (~0.1 % O2) was
constructed with an AnaeroPack in a clear container, and cultured HeLa
cells in a container with SHD-SiRho for different time to trigger
mitophagy. With the prolongation of hypoxia, the fluorescence emission
intensity in the green channel (660-700 nm) kept bright while the
fluorescence in the red channel (720-780 nm) decreased (Fig. S9). This
observation suggests a reduction in mitochondrial pH during
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Fig. 7. Imaging of renal tissues separated and sectioned from mice, which were treated with DPBS, 200 uM AAI, and 200 pM AAI together with 1 mM LC for 24 h,
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fluorescence intensity in BCECF-AM channel in A; (D) Relative fluorescence intensity in BCECF-AM channel in C. Aex = 488 nm, Ay = 500-550 nm for fluorescent

tissues imaging.

mitophagy, leading to a weakened fluorescence intensity in the SHD
component of the probe. Then, we studied the subcellular organelle
distribution of SHD-SiRho in hypoxia-induced mitophagy by colocali-
zation experiment. As displayed in Fig. 3C and D, the HeLa cells after
coincubation with the probe for 6 h under 0.1 % O hypoxic condition,
the green signal from the SiRho showed large overlap with the Lyso-
Tracker® Green (Green and blue overlap to obtain cyan), and the red
signal from the SHD exhibited completed overlap with LysoTracker®
Green (red and blue overlap to obtain pink). These results confirmed
that SHD-SiRho was able to monitor the mitochondrial acidification
during mitophagy and could remain in mitochondria that undergo
autophagy. Subsequently, fluorescence imaging experiments were con-
ducted to investigate mitochondrial autophagy in HK-2 cells induced by
AAI. As depicted in Fig. 4, the fluorescence intensity of the SiRho
channel remained largely unchanged in the fluorescence imaging map of
HK-2. In contrast, the significantly decreased fluorescence intensity of
the SHD channel in HK-2 was observed at higher concentrations of AAIL
While, the fluorescent signal of SHD channel was restored after the HK-2
cells co-incubated with L-carnitine (LC, an antioxidant), possibly
because that the AAl-induced oxidative stress will be suppressed when
HK-2 cells were treated with antioxidant [56]. We also studied the
subcellular organelle distribution of SHD-SiRho in AAI-induced
mitophagy by colocalization experiment (Fig. 4E and F), with the

results verifying that the probe mainly remained in autophagy mito-
chondria. The fluorescence intensity and ratio of green channel (SiRho
imaging signal) and red channel (SHD imaging signal) from HK-2 cells in
each group were measured (Fig. 4G and H). The relative fluorescence
signal ratio of SHD/SiRho channel in HK-2 cells without AAI-induced
mitochondrial acidification and HK-2 cells incubated with 10 pM AAI
and 100 pM LC were parallel and significantly higher than that of HK-2
cells incubated with 5 pM or 10 pM AAI (Fig. 41). These results support
the sensitivity and stability of ratiometric imaging effect of SHD-SiRho
in cellular mitochondrial acidification. The occurrence of mitophagy
in HK-2 cells was further verified by an upregulated protein expression
of LC3-II operating the western blotting experiment (Fig. S10). These
findings confirm the direct impact of AAI concentration on the extent of
mitochondrial autophagy. The above results show that the probe
SHD-SiRho can be used to monitor the mitochondrial process in HK-2
cells and can distinguish different mitophagy processes. Besides, the AAI
may also induce hepatotoxicity, to this end, we also investigated the
occurrence of mitophagy in LO-2 cells, with similar results indicating
that AAl-induced hepatotoxicity may also associate with oxidative
stress-aroused mitophagy (Fig. S11) [57].

Fluorescent/PA dual-modal imaging of mitochondrial acidifi-
cation in living mice. To determine the optimal point of time for signal
enrichment in the kidneys and achieve optimal imaging effect, the
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fluorescence imaging at different time nodes after the probe injection
was investigated. Fig. S12 illustrated that the probe rapidly accumulated
at the kidney site within 15 min of administration, and the signal in-
tensity showed slight decrease at time point of 30 min, indicating the
good kidney targeting ability. Then, the mice were dived into three
group, treated with DPBS, 200 pM AAL and 200 pM AAI together with 1
mM LG, respectively, for two weeks with five injections per week. Then,
probe SHD-SiRho were tail vein injected and the in vivo fluorescence
imaging were carried out. As displayed in Fig. 5A, both the blank group
and AAl-treated group exhibited intense fluorescence in the Cy5.5
channels (signal came from the SiRho), while the fluorescence intensity
in the ICG channel (signal came from the SHD) was notably lower
compared to the blank group. While, when the mice were pretreated
with 200 pM AAI and 1 mM LC together, the fluorescence intensity in the
Cy5.5 channel showed similar to the above two groups, but the fluo-
rescence intensity in the ICG channel displayed recovery compared to
the only 200 pM AAI treated group. Subsequently, by calculating the
ratio value of ICG channel to Cy5.5 channel using the collected signals,
we observed that the ratio value was significantly lower in AAI-treated
mice than in healthy mice and LC-therapy mice (Fig. 5B and Fig. S13),
which clear indicated that mitochondrial acidification occurred in the
AAl-treated mice, and LC could protect the kidneys from AAI-induced
renal injury. The ex vivo imaging of the kidneys were also performed
with the results displayed in Fig. 5C. The ex vivo imaging result also
verified the low ICG/Cy5.5 ratio of the AAl-treated group compared to
healthy group and LC-therapy group (Fig. 5D). Therefore, the intensity
of the ratio signal can serve as an indicator to assess renal cell mito-
chondrial acidification in mice with renal injury.

The AAl-induced liver injury was also studied as a large portion of
the probe are preferentially enriched in the liver. As shown in Fig. 5E,
similar results could be observed in AAl-induced liver injury, i.e, both
the Control group, AAl-treated livers and LC-Therapy livers exhibited
intense fluorescence in the Cy5.5 channels, while the fluorescence

10

intensity of AAl-treated livers in the ICG channels was notably lower
compared to other groups, thus the ratiometric fluorescent signals of
AAl-treated livers was decreased during the observation period
(Fig. 5F). These experimental findings are in principle consistent with
previous research results based on proteomics [7,8]. Similarly, the
corresponding ratiometric fluorescence signal of the ex vivo liver was
also significantly reduced in the AAl-treated group compared to healthy
group and LC-Therapy group (Fig. 5G and H). The above results
demonstrated that SHD-SiRho were capable of NIR fluorescent/PA
bimodal imaging of mitochondrial acidification in AAl-induced kidney
and liver injury, with an interesting experimental finding that joint use
of LC could mitigate the mitophagy in AAl-induced kidney and liver
injury.

The fluorescence is only one-dimensional imaging, and fluorescent
imaging is susceptible to tissue depth. The PA imaging can achieve
higher penetration depth and spatial resolution than fluorescence im-
aging. By complementing the advantages of the fluorescent/PA bimodal
imaging and verifying their imaging results with each other, more
comprehensive information can be provided for in vivo mitophagy.
Therefore, the PA imaging was also adopted to visualize mitochondrial
acidification in vivo by the equal method. As shown in Fig. 6, the results
of the PA imaging experiment for SHD-SiRho also showed the accordant
trend as the fluorescence imaging experiment. Comparative analysis of
the ratio in each group indicated that the probe can effectively monitor
mitochondrial acidification in mice with renal injury. Comparative
analysis of ratiometric photoacoustic signals in each group indicated
that the probe can effectively monitor mitochondrial acidification in
mice with renal and hepatic injury. In details, the photoacoustic imaging
of kidneys and livers in healthy mice, AAl-treated mice and LC-therapy
mice was executed at different time nodes after the probe injection
(Fig. 6A and E). And the ratiometric photoacoustic signals of PA73p nm/
PAggo nm in AAl-treated kidneys (Fig. 6B) and AAl-treated livers (Fig. 6E)
were notably lower compared to other groups. Notably, the
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corresponding ratiometric fluorescence signals of the ex vivo kidneys
(Fig. 6C and D) and livers (Fig. 6G and H) were also significantly reduced
in the AAl-treated group compared to healthy group and LC-Therapy
group.

In addition, after in vivo imaging experiment, the mice were
dissected and prime organs were separated and sectioned for tissues
fluorescent imaging and hematoxylin-eosin (H&E) staining. We used
BCECF-AM, a fluorescent pH indicator that penetrates the cell mem-
brane and can display intense fluorescence under alkaline environment,
to detect the pH of renal tissue. As shown in Fig. 7A, the fluorescence
intensity of BCECF-AM in the healthy and LC-therapy Treated kidneys
and LC-therapy Treated livers were intense, while negligible in the AAI-
Treated kidneys (Fig. 7A and B) and AAI-Treated livers (Fig. 7C and D).
The H&E staining of main organs, including heart, liver, spleen, lung
and kidney, displayed that the liver and kidney of mice treated with AAI
showed obvious damage, including large areas of necrosis and edema in
the liver (red circles and arrows); necrosis in the glomeruli (blue circles
and arrows); no significant organ damage was observed in the LC-
cotreatment mice; and the probes exhibited no significant toxicolog-
ical effects on the organs of healthy mice (Fig. 8).

3. Conclusion

In conclusion, we successfully developed the SHD-SiRho probe, an
internal reference ratio-type near-infrared probe, for in vivo monitoring
of AAl-induced mitochondrial acidification. The probe exhibited
remarkable sensitivity and specificity to changes in both solution and
intracellular pH, and demonstrated a reversible response within the
physiological pH range. As the pH decreased, the fluorescence at 680 nm
remained nearly unchanged, while the fluorescence at 780 nm exhibited
obvious variations. Similarly, the absorbance at 680 nm remained nearly
unchanged, while the absorbance at 730 nm exhibited obvious varia-
tions. These changes in dual signals enable ratiometric NIR fluorescent/
PA dual-modal imaging. Furthermore, colocalization studies of the
probe indicated its effective targeting of mitochondria. Notably, imaging
of HK-2 cells in the AAl-induced renal injury and hepatic injury model
revealed that the probe exhibited mitochondrial enrichment and
demonstrated sensitivity in detecting mitochondrial acidification during
mitophagy. Moreover, the probe could quickly accumulate in kidney
and liver, successfully applied for fluorescent/PA dual-modal imaging of
AAl-induced mitophagy in vivo in a ratiometric manner by generating
different fluorescence signals. Therefore, this work provides a great tool
for in vivo noninvasive, real-time, semi-quantitative pH imaging,
particularly useful for the investigation of kidney microenvironment, as
well as for the prognosis of drug induced renal injury.
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