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Highlights

• Two ratiometric probes (A and B), incorporating FRET/TBET mechanisms and 
spirolactam-switched rhodamine acceptors, enable sensitive, real-time tracking of 
mitochondrial pH with enhanced specificity, particularly under oxidative stress, hypoxia, 
and mitophagy.

• Coumarin and nitrobenzofurazan fluorophores are employed as energy donors via FRET 
or TBET mechanisms activated by a spirolactam ring switch attached to a near-infrared 
rhodamine acceptor. 

• Probes exhibit high sensitivity to both acidic and alkaline pH conditions, enabling the 
visualization of transient pH shifts within mitochondria and lysosomes.

• Probe A can be used to track the viscosity changes in cells at a fixed pH value.

Abstract 
The spirolactam on/off switch attached to rhodamine dye is known to be a highly selective 

and sensitive fluorescent probe, yet few studies have explored extending the π-conjugation system 
within its skeleton for pH detection in live cells. An extended π-conjugated rhodamine section 
should enable ratiometric pH detection in the near-infrared region. In this study, we synthesized 
probes A and B by coupling a rhodamine derivative with 7-nitrobenzofurazan and 7-
(diethylamino)-2-oxo-3,8a-dihydro-2H-chromene-3-carbaldehyde sections, respectively. Probe A 
exhibits absorbance via a Förster resonance energy transfer (FRET) mechanism. Under excitation 
at 370 nm, the conjugated 7-nitrobenzofurazan in probe A exhibits fluorescence at 465 nm in the 
ring-closed state, while fluorescence at 660 nm appears in the ring-open state due to increased 
conjugation in the rhodamine moiety. Excitation of probe B at 325 nm resulted in reduced emission 
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around 350 nm and a significantly enhanced response at 525 nm. Probe A was evaluated for 
mitochondrial pH detection through ratiometric fluorescence emission measurements. Additional 
tests in living HeLa cells, including responses to stimuli such as carbonyl cyanide-
4(trifluoromethoxy)phenylhydrazone (FCCP), hydrogen peroxide (H₂O₂), N-acetyl cysteine 
(NAC), mitophagy induced by nutrient deprivation, and hypoxia triggered by cobalt chloride 
(CoCl₂) treatment, as well as pH changes in fruit fly larvae, further validated its applicability for 
ratiometric measurement of mitochondrial pH variations. Probe A’s emission was dependent on 
the pH level under basic conditions, but under acidic conditions, the change in conformation upon 
ring opening resulted in the emission also being affected by viscosity.
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Introduction
Intracellular pH is a critical factor regulating key biological processes, including ion 

transport, cell signaling, energy metabolism, division, migration, apoptosis, and protein folding.1–7 
The pH varies across different cellular regions, with each organelle maintaining distinct pH levels 
suited to its functions.8,9 For instance, mitochondria exhibit an alkaline environment (pH ∼8.0) 
due to proton extrusion through the electron transport chain.10,11 This alkaline pH is essential for 
mitochondrial function, including ATP production, calcium homeostasis, reactive oxygen species 
(ROS) signaling, and regulation of cell aging and death.12–15 Minor pH fluctuations can 
significantly impact mitochondrial activity, particularly under stress conditions such as hypoxia, 
oxidative stress, or starvation, where acidification often occurs.16 For example, during 
mitochondria-associated autophagy (mitophagy),17,18 mitochondrial pH may decrease from 8.0 to 
4.5, a disruption linked to neurodegenerative diseases, cardiomyopathy, cancer, and metabolic 
disorders.19 Thus the importance of acidic pH-activatable fluorescent probes for live-cell organelle 
targeted imaging.20–22 Similarly, oxidative stress-induced ROS accumulation triggers pH changes, 
reflecting mitochondrial dysfunction or adaptive responses. Monitoring these dynamic pH shifts 
is crucial for understanding mitochondrial physiology and its role in health and disease. 
Conventional fluorescence intensity-based probes are widely used for pH monitoring but suffer 
from limitations such as photobleaching, probe concentration dependence, and environmental 
variability. In contrast, ratiometric fluorescence probes offer superior reliability through self-
calibration, reduced background interference, and enhanced accuracy, making them ideal for 
studying complex cellular systems.

Recent advances23,24 include biocompatible pH-sensitive fluorescent probes, such as those 
developed by Lee et al.,20 featuring a piperazine-based naphthalimide for real-time monitoring of 
mitochondrial acidification during mitophagy, and Bai et al.’s reversible rhodamine-based 
ratiometric probe for dual-emission imaging of mitochondrial pH. Rhodamine, with its spirocyclic 
structure,25,26 has gained attention for its unique fluorescence activation under acidic conditions,27 
high optical performance, targeted tracking of organelles,28,29 and low detection limits.30,31 
However, conventional rhodamine-based probes often emit in the visible spectrum, increasing the 
risk of photodamage.32 Fluorescence resonance energy transfer (FRET)-based ratiometric 
fluorescent probes offer distinct advantages, including self-calibration and high sensitivity.33,34 
Unlike intensity-based fluorescent probes, ratiometric probes can eliminate systematic errors 
caused by instrument calibration, sample heterogeneity, uneven dye distribution, and 
compartmental localization.35,36 

In this study, we developed two novel ratiometric fluorescent probes (probes A and B, 
Scheme 1) to monitor mitochondrial pH dynamics under oxidative stress, hypoxia, and mitophagy. 
These probes integrate coumarin and nitrobenzofurazan fluorophores as Förster resonance energy 
transfer (FRET) or through-bond energy transfer (TBET) acceptors with a near-infrared rhodamine 
derived donor. The nitrobenzofurazan donor facilitates partial opening of the rhodamine 
spirolactam ring under mildly alkaline conditions, enabling dual-emission fluorescence for precise, 
real-time pH monitoring. The positively charged rhodamine selectively targets mitochondria via 
electrostatic interactions with their negatively charged membranes. Both probes exhibit high 
sensitivity across a broad pH range, and probe A was employed to visualize transient pH shifts 
within mitochondria. Additionally, probe AH+ possesses the additional attribute of monitoring 
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viscosity at low pHs. By overcoming the limitations of conventional pH probes, probes A and 
potentially B provide robust tools for investigating mitochondrial function, viscosity, and stress 
responses in living cells. This work demonstrates their potential for advancing our understanding 
of oxidative stress, hypoxia, mitophagy, and related pathological processes, offering valuable 
insights into cellular health and disease.
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Scheme 1. Structures of probes A, AH+, B, and BH+ illustrating pH-dependent equilibria.

Experimental Section
Details of all reagents, instrumentation, solution preparations, and the synthesis procedure 

are provided in the Supporting Information (SI).
Optical Study

A stock solution (1.5 mM) of each probe was prepared in 3.0 mL of DMSO for optical 
measurements. For each measurement, 20 µL of the stock solution was diluted in 900 µL of 
DMSO, with the pH adjusted using either citrate–phosphate buffers (0.1 M) or carbonate–
bicarbonate (0.2 M) buffer solutions at various pH levels (2100 µL). All optical measurements 
were performed in 1 cm path-length quartz cuvettes across a pH range of 2.60 to 9.07. The UV-
visible spectrum of each pH-adjusted solution was recorded, and the wavelength closest to 
maximum absorption was used for excitation during fluorescence measurements.
Cellular fluorescence imaging 

Complete growth media was prepared using Dulbecco’s Modified Eagle’s Medium 
(DMEM) with a glucose concentration of 1 g/L, fetal bovine serum (FBS), penicillin, and 
streptomycin in a 5:1:1 ratio. HeLa cells were cultured in this growth media under a 5% CO₂ and 
95% air atmosphere at 37°C in cell culture dishes. Before cellular imaging, cells were seeded in 
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confocal dishes with the growth media for 24 hours and then incubated with 10 µM of probe A for 
30 minutes. Cells were washed three times with the growth media.

To monitor intracellular pH at various levels, cells stained with probe A were further 
incubated for 10 minutes at 37°C in different pH buffers containing 10 µM nigericin, which 
equilibrates the intracellular pH with buffer pH. The color scale presented in Figs. 4–7 and 9 serves 
as an approximate pH reference, qualitatively aligned with the pH values indicated on the left side 
of Fig. 4. This scale is generated automatically by the ImageJ software during the computation of 
“Ratiometric Image” columns, which display pseudocolored representations of the ratio between 
red (Channel II) and green (Channel I) fluorescence intensities. The images are first split into their 
respective channels, and the red channel is divided by the green. To enhance visual contrast, the 
FIRE-Look-Up Table or FIRE-LUT is applied, enabling subtle intensity differences that might 
otherwise be imperceptible in grayscale to be readily distinguished.

In this color mapping, FIRE-LUT assigns colors to pixel values based on a gradient: lower 
values correspond to cooler tones (e.g., black), while higher values map to warmer tones (e.g., 
yellow). This visualization approach highlights the pH sensitivity of probe A, as reflected by the 
variations in pseudocolor intensity across different conditions. The resulting pseudocolor images 
can be interpreted semi-quantitatively by referencing the corresponding color bar, allowing for 
approximate estimation of local pH values. For instance, the bright yellow regions observed at pH 
3.3 in Fig. 4 suggest a highly acidic environment. However, at this pH, the ratiometric image 
suffers from reduced intensity due to the scarcity of signal in Channel I, leading to division by zero 
in some regions—manifested in the software as “NaN” (Not a Number) values.

Oxidative stress on intercellular pH fluctuation was investigated by chemical treatments 
with redox-active chemicals. Cells incubated with the probe were further treated with hydrogen 
peroxide (H2O2, 100 μM), carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, 10 
μM), and N-acetylcysteine (NAC, 1 mM) for 30 mins in pH 7.4 DMEM. 

Cells stained with probe A were washed and the starvation test was performed in a serum-
free medium at various time intervals (0, 45, 75, 120, and 150 mins.).

A chemical hypoxia test was conducted by incubating cells with varying concentrations of 
CoCl2 (0, 50, 100, and 150 µM) before probe addition. After incubation, confocal dishes were 
washed three times with complete growth media, followed by the addition of 10 µM of the probe 
and a 30-minute incubation. The dishes were then washed again three times with complete growth 
media, and 1 mL of growth media was added before imaging. Results from different CoCl2 
concentrations are compared with images from control cells not treated with CoCl2. Ratiometric 
fluorescence imaging was captured between 425-525 nm (green channel) with excitation at 405 
nm, and between 600-700 nm (red channel) with excitation at 559 nm. 

For the colocalization study, probe A and IR780 were added to the cultured cells in 
confocal dishes and incubated for 30 mins. After washing three times with complete growth media, 
fluorescence images were captured immediately. The fluorescence of IR780 is collected at 700–
800 nm with excitation at 635 nm (Alexa Fluor 635).

The nystatin tests, Fig. 11, consisted of incubating HeLa cells with 10 μM of probe A in a 
standard culture medium for 30 mins. The cells were washed three times with standard culture 
medium and incubated with nystatin (0, 10, 20, and 30 μM ), 500 μL standard culture medium, 
and 500 μL of pH buffer (pH = 3.8) for 10 mins. The green channel (Channel I) was employed to 
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detect visible fluorescence from probe A in the emission range of 425–525 nm, while the red 
channel (Channel II) was used to capture near-infrared fluorescence between 600–675 nm.

 In Fig. 12, the intensity measured at pH 3.8 for the control used identical parameters to 
those for the standard pH determinations, specifically HV (Alexa Fluor 405 = 517 V, Alexa Fluor 
568=420 V), Gain (Alexa Fluor 405 = 3x, Alexa Fluor 568=3x), Offset (Alexa Fluor 405 = 99 %, 
Alexa Fluor 568=9 %), and laser (Alexa Fluor 405 = 54 %, Alexa Fluor 568=40 %). DIC60 
condense, LSM mirror, and PLAPON n60x O objective lens on the Olympus FluoView FV1000 
Confocal Microscope.
Fruit fly studies 

Wingless D. Melanogaster flies from a commercial source were utilized for this study. 250 
to 500 adult flies were placed into a container with agar plates at the bottom; the agar plates were 
coated with a Baker’s yeast paste and were supplemented with Baker’s yeast, sucrose, and malt 
powder. The flies were left in this container for 24 to 48 hours until eggs were laid, and larvae 
hatched. The larvae were gathered by flooding the agar plate with PBS buffer and rubbing the plate 
with a swab to release the larvae from the plate. The larvae solution was then serially diluted to 
remove particulate and other contaminants from the solution. The larvae were then collected from 
under a microscope using a pin when they were in the instars 1 or 2 stage of development. 125 to 
150 larvae were collected and were placed into a well plate. The larvae were divided between 5 
wells, each containing 350 μL of buffer solutions with increasing pH levels. The larvae were 
allowed to incubate in the pure buffer solution for 1 hour. Then, 50 μL of a 10 μM solution of 
probe A was added to each plate. The larvae were allowed to further incubate for 4 hours. The 
larvae were then removed from each well, placed onto a glass slide, and washed twice with distilled 
water. A cover slip was then applied for fluorescence imaging using 405 and 559 nm excitation.
Theoretical Calculations

Optimization and frequency calculations for probe A were performed at the APFD/6-
311+G(d) level37 using the Gaussian 16 suite38 of programs. No imaginary frequencies are 
observed. The first ten excited states are evaluated through TD-DFT39 optimizations within a 
Polarizable Continuum Model40 (PCM) of water. The results are analyzed using GausView41 for 
all additional data but figures were generated using Mercury.42 XYZ coordinates and specific 
conditions for the pKa calculations are provided in the SI.
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Results
Design and Synthesis of probes A and B

A rhodamine acceptor connected with two different donors was designed and synthesized 
for pH detection yielding probes A and B. The synthetic routes are presented in Scheme 2 and 
the syntheses of compounds 1 and 2 are described in Supporting Information. Compound 3, a 
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rhodamine dye containing an amine residue was synthesized through a two-step process. Initially, 
a condensation reaction was carried out between 2-(4-(diethylamino)-2-hydroxybenzoyl)benzoic 
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acid and 6-amino-3,4-dihydro-1(2H)-naphthalenone in concentrated sulfuric acid. This was 
followed by cyclic amide formation with hydrazine, facilitated by the coupling reagent 
benzotriazol-1-yl-oxy-tris-(dimethylamino)-phosphonium hexafluorophosphate (BOP). The 
rhodamine-bearing amine, receptor 3, is then connected to 7-nitrobenzofurazan, and 7-
(diethylamino)-2-oxo-3,8a-dihydro-2H-chromene-3-carbaldehyde donor to prepare probes A and 
B, respectively. The structures of the synthesized probes in the closed spirolactam state are 
confirmed by 1H and 13C NMR, ESI-LCMS, MALDI, and FTIR spectra which are detailed as 
Supporting Information. Evidence of the open state is in the 1 in the presence of 1 and 2 equivalents 
of trifluoracetic acid where two NH signals (closed, A,  10.96 and open, AH+,  11.04 and 11.45) 
are observed, Figs. S5a-S5c. We anticipated that the extended π-conjugation system within the 
rhodamine core, coupled with distinctly visible fluorophores as donor groups, would exhibit 
ratiometric fluorescence emission via a Förster Resonance Energy Transfer (FRET) mechanism, 
Scheme 3.
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Scheme 3. FRET and   * absorption mechanisms within probes A and AH+.

UV-Vis and Fluorescence spectra characteristics 
The absorption and emission spectra of both probes were recorded in buffered solutions 

containing 30% DMSO as co-solvent. Under acidic conditions, the absorption peaks of probe AH+ 
at about 621 nm and 445 nm gradually decrease in intensity as the pH increases, Fig. 1 (a). Upon 
reaching a pH of 6.29, a new absorption peak emerged at 482 nm due to the formation of probe A, 
which progressively increased in intensity with further increases in pH. A broad peak is observed 
at 320 nm, which gradually increases in intensity and sharpens into a narrower band as the pH 
increases. Upon excitation at 370 nm, an emission peak at 660 nm is observed for probe AH+ at 
pH 3.50 (Fig. 1b). This emission is attributed to the acid-activated open form of the spirolactam, 
which generates a conjugated π-system. As the pH increases, the intensity of the emission peak at 
660 nm steadily decreases and undergoes a blue shift to 645 nm, indicating the transition to the 
ring-closed form of the spirolactam. At a high pH of 9.10, an emission band appears at 465 nm, 
attributed to the presence of nitrobenzofurazan moieties. The intensity of the 465 nm peak steadily 
decreases with a reduction in pH, due to energy transfer from the nitrobenzofurazan moieties to 
the spirolactam via a Förster Resonance Energy Transfer (FRET) mechanism. 
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The absorption spectrum of probe B, containing the 7-(diethylamino)-2-oxo-3,8a-dihydro-
2H-chromene-3-carbaldehyde donor group, is also pH dependent and, under acidic conditions at 
pH 2.60, a large absorption indicative of probe BH+ at 440 nm with a shoulder at 376 nm is 
observed, Fig. S15. This transforms into two large absorptions at 454 and 329 nm under basic 
conditions. Under basic conditions, probe B displays a broad fluorescence band at 570 nm under 
excitation at 325 nm, Fig S15. Decreases in pH result in increases in the intensity of the coumarin 
emission signal at 510 nm, while the orange-colored broad emission at 570 nm decreases 
completely. This is caused by ring opening of the spirolactam bond upon protonation resulting in 
extended conjugation within the coumarin moiety. The pKa values for probes A and B are 
determined to be 4.43, and 4.14 respectively, Fig. S16. While both probes exhibit ratiometric 
fluorescence responses to pH changes, those for probe A are more pronounced than those for probe 
B judging from their emission spectra, Figs. 1(b) and S15. 

Figure 1. (a) Absorption and (b) fluorescence spectra with excitation at 370 nm of probe A (10 µM) 
recorded in various pH buffer solutions containing 30% DMSO.  

Theoretical Calculations:
Theoretical calculations (full details in SI) were conducted to assess both the changes in 

geometry that result from the protonation of probes and the nature of the electronic transitions. In 
probe A, Fig. S20, the two benzene rings attached to the central pyran moiety of the rhodamine 
are twisted by 19.2o, whereas in probe B, Fig S29, this interplanar angle is smaller at 13.6o. The 
dialkylaminorhodamine section is joined via an almost perpendicularly arranged aminoisoindolin-
1-one group in probe A (89o) to the planar 7-nitrobenzofurazan moiety and to a 
diethylaminochromene group which is oriented away from the dimethylamino section of the 
rhodamine in probe B (86.8o). The arrangement enforces approximate co-planarity between the 
rhodamine and the 7-nitrobenzofurazan moieties separated by a distance of 3.167 Å in probe A, 
Fig S20. Protonation of the N atom in the pyrrolidin-2-one ring in A to produce AH+ results in a 
reduction of the twist between the two benzene rings in the rhodamine section to 14.9o which is 
caused by increased π-conjugation and planarity in the central pyran. In probe AH+, the C-C atom 
linkage between the aminoisoindolin-1-one group and the pyran section of the rhodamine is rotated 
~180o compared to probe A, resulting in interplanar angles between these planes of 77.8o and those 
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between the rhodamine and the nitrobenzofurazan is at 57.8o. This shows that protonation of probe 
A resulted in probe AH+ adopting a more conjugated planar rhodamine moiety producing the shift 
in the absorbance to longer wavelengths, Fig. 1. This conformational difference is shown in an 
overlay diagram of one of the benzene rings in the rhodamine section for the two probes, Fig. S21, 
which depicts a similar rhodamine section and the dramatic difference in the position of the 
nitrobenzofurazan moieties. The difference in conformation between probes B and BH+ is depicted 
in an overlay diagram, Fig, S30. Protonation of probe B results in dramatic changes in the geometry 
as the chromene moiety is arranged stacked over the dimethylamino-rhodamine section, perhaps 
indicative of  interactions, Fig. S34. The interplanar angles of the outer benzene rings in the 
rhodamine moiety have increased from 13.6o in B to 18.0o in BH+, Fig. S34, and the 
aminoisoindolin-1-one group is now at 74.5o with respect to the central pyran to accommodate this 
 interaction. 

Selected calculated bond distances are tabulated in Table 1. The shorter C1-N2 and N2-N3 
distances between the probes’ series are due to the C1-N2 double bond in probe B which may 
perhaps indicate increased conjugation to the chromene moiety. The C4-C5 and C5-C6 distances 
show slight increases upon protonation with C6-C7 and C7-C8 decreasing due to increases in 
bonding and conjugation. This suggests that changes in the rhodamine conformers of the probes 
are responsible for the change in the emission wavelength observed experimentally upon 
protonation.

Table 1. Comparison of selected bond distances between probes A, AH+, B, and BH+. 

Probe A AH+ B BH+

C1-N2 1.368 1.360 1.277 1.272
N2-N3 1.383 1.370 1.350 1.358
N3-C4 1.374 1.372 1.375 1.366
C4-C5 1.480 1.492 1.474 1.502
C5-C6 1.390 1.405 1.386 1.406
C6-C7 1.507 1.482 1.508 1.487
C7-C8 1.497 1.407 1.496 1.390

There were slight differences (within the allowed ranges43) in the calculated absorption 
conducted at the APFD/6-311+G(d) level with probe A containing major absorptions at 478 and 
397 nm (expt. 482 and 320 nm), probe AH+ at 528, and 392 nm (expt. 621 and 445 nm), probe B 
416 and 324 nm (expt. 520 and 370 nm), and probe BH+ at 528 nm (expt. 621 and 438 nm). The 
Tauc plot44 contained values for the bandgap for probes A and AH+ at 2.29 and 1.88 eV, Fig. S14, 
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and these differed from the calculated values obtained for the HOMO to LUMO transitions at 2.08 
and 2.39 eV respectively. Inspection of the current density diagram for transition ES 2 (478 nm) 
for probe A, Fig. 2, indicates that the electronic transition originates from the rhodamine region 
ending up on the nitrobenzofurazan moiety. Orbitals on the bridging aminoisoindolin-1-one 
moiety are not involved with this transition which would suggest a FRET mechanism is operative. 
The lower wavelength transition on probe A (397 nm) also involves similar transfer to that in ES 
2 except that * transfer on the nitrobenzofurazan moiety contributes, Fig. S24. Protonation of 
the distal N atom in the bridging aminoisoindolin-1-one group in probe A results in an increased 
separation of the rhodamine and the nitrobenzofurazan groups reducing the possibility of FRET 
transfer. Indeed, a main transition, ES 2, (528 nm), is a * transfer localized on the rhodamine 
orbitals with some involvement of orbitals on the aminoisoindolin-1-one group. A second 
transition, ES 6, (362 nm) is mostly (84%, Fig. 2) a -* transfer localized on the 
nitrobenzofurazan moiety, Fig. 2, with a much smaller contribution (10%) restricted to -* 
transfer localized on the rhodamine group. For probe B, a weak transition (416 nm) based on 
movement of electron density from the diethyl group on the chromene towards the bridging group 
is calculated, Fig. 2.  The main transition at 324 nm originated from the dimethyl group attached 
to rhodamine moiety towards the center part of the rhodamine and also involving lobes on the 
bridging aminoisoindolin-1-one group, Fig. 2 and S33. Interestingly, a large transition for probe 
BH+ at 528 nm was based on movement from the diethyl section on the rhodamine towards the 
center and almost completely localized on this group. 
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A ES4 478 (482) nm
167 170, 63%; 169 171, 35%. ±7.5e-5

AH+ ES2 528 (621) nm
169 171, 98%. ±2.5e-5

A ES6 397 (320) nm
165 170, 53% 166 170, 44%. ±5.5e-5

AH+ ES6 392 (445) nm
167 170, 84% 168 171, 10%, ±5.5e-5

B ES1 416 (456) nm
188 190, 82% 
188 191, 18%. ±9.5e-5

B ES7 324 (334) nm
189 192, 96%. ±5.5e-5

BH+ ES2 528 (438) nm
188 190, 98%. 
±1.2e-5

Figure 2. Current density difference drawings as isosurfaces for probes A, AH+, B, and BH+. The number 
of excited states (ES), the calculated (and experimental) wavelengths, and the transitions together with 
percentage contributions are listed. The range values for the color scale illustrated at the top of the figure 
are also listed. Drawings of the numbered LCAOs are available in the Supporting Information.

Fluorescence Imaging in HeLa Cells

Probe A, Fig. 1, exhibited more clearly defined ratiometric emissions compared to probe 
B, Fig. S15, which led to the selection of probe A for fluorescence imaging in live cell assays. The 
probes enter the cells through either endocytosis or passive diffusion; however, the exact 
mechanism of uptake has not been conclusively determined.45 The subcellular distribution was 
examined by staining HeLa cells with probe A and a commercially available mitochondria-specific 
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dye (IR-780)®. The intracellular fluorescence of the probe shows that the probe predominantly 
localizes in the mitochondria, as demonstrated by the strong co-localization of probe A red 
emission with IR-780's magenta emission (Pearson correlation coefficient (PCC) = 0.931, Fig. 3). 
A similar measurement using lysosome tracker (probe 5)46 resulted in a PCC of 0.59, Fig. S39. 
Therefore, the probe effectively and selectively stains mitochondria with high correlation but does 
have a low to moderate correlation with lysosomes in living cells. Notably, probe A can be 
employed to monitor mitophagy, as demonstrated by its response to rapamycin treatment in HeLa 
cells.47 Upon rapamycin incubation, a marked increase in the PCC between probe A and 
lysotracker 546 was observed, rising from an initial value of 0.64 to 0.92 after 120 minutes (Fig. 
S40). This increase is attributed to rapamycin-induced mitophagy, during which mitochondria are 
engulfed by lysosomes, leading to the co-localization and subsequent encapsulation of probe A 
within the autolysosomal structures.

The positively charged ring-open forms of probes A and B remain in equilibrium with their 
closed-ring counterparts even at pH values exceeding 8.5, as shown in Figs. 1(b) and S15(b), 
respectively. The open cationic species becomes electrostatically sequestered by the negative 
mitochondrial membrane potential and is unable to diffuse out. This drives the equilibrium toward 
regeneration of the open form, thereby promoting selective accumulation of the probe within 
mitochondria. Notably, probe A exhibits a slightly positive zeta potential48 of 0.466 mV, indicating 
a net surface charge, Fig. S41. 

Figure 3. Fluorescence images of HeLa cells were captured after a 30 min incubation with 10 μM probe A 
and 10 μM of IR-780 dye. The green channel (I) was used to observe the visible fluorescence of probe A 
in the 425-525 nm range, while the red channel (II) captured near-infrared fluorescence from probe A (600-
700 nm). The green channel employed Alexa Fluor 405 (excitation at 405 nm), and the red channel utilized 
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Alexa Fluor 568 (excitation at 559 nm). The magenta channel (III) was used to detect near-infrared 
fluorescence from the mitochondria-specific dye (IR-780) in the 700-800 nm range, with Alexa Fluor 635 
(excitation at 633 nm). Scale bars represent 20 μm. A PCC value of 0.929 was obtained for the channel II / 
IR 780 overlay.

The effect of pH on living cells in the presence of probe A was investigated by capturing 
fluorescence images of HeLa cells incubated with five different pH buffers. The intracellular 
fluorescence of probe A was subsequently analyzed. As shown in the laser confocal microscopy 
images, Fig. 4a, strong red fluorescence (Channel II, 600-700 nm) was observed when cells were 
treated with a pH 3.3 buffer, with minimal green fluorescence (Channel I, 425-525 nm) detected. 
As the intracellular pH increased (5.6, 6.9, 8.0, and 9.0), green fluorescence intensified while red 
fluorescence diminished. An incremental change in the intensities of green and red fluorescence, 
observed in opposite directions, indicates the pH-dependent response of the probe within living 
cells. This behavior is consistent with the proportional fluorescence responses of the probe in 
various pH buffer solutions. The merged images of cells containing the probe exhibit a distinct 
color transition from red to green as the intracellular pH increases from 3.3 to 9.0. The ratiometric 
images, obtained using the ImageJ image calculator with pseudo-coloring, show a color shift from 
yellowish-purple to bluish-purple corresponding to changes in intracellular pH from 3.3 to 9.0. 
Additionally, the histogram, Fig. 4b provides quantitative data demonstrating a regular increase in 
green channel intensity and a decrease in red channel intensity as the pH value rises. The ratio of 
red to green fluorescence (I₂/I₁) decreases as the pH increases from 3.3 to 9.0. These results 
confirm that probe A is cell membrane-permeable and responsive to pH changes, effectively 
monitoring fluctuations in intracellular pH levels in live cells. The probe’s sensitivity to pH 
variations enables it to provide real-time insights into the cellular environment. The probe exhibits 
a ratiometric on–off fluorescence response upon mitochondrial acidification, enabling accurate pH 
measurement within living cells. In contrast to other mitochondria-targeted probes with single-
wavelength emission profiles reported in the literature, Table S9, our rhodamine-based probe 
features a low pKₐ and ratiometric emission behavior. These attributes enhance its sensitivity and 
suitability for monitoring dysfunctional mitochondria undergoing mitophagy.
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Figure 4. (a) Fluorescence imaging of HeLa cells treated with 
10 µM of probe A in a series of pH-adjusted buffers, each supplemented with 10 µM nigericin. The green 
fluorescence channel (I) captures the emission of probe A within the range of 425–525 nm, while the red 
fluorescence channel (II) detects near-infrared emission spanning 600–700 nm. Green fluorescence was 
visualized using Alexa Fluor 405 (excitation at 405 nm), and red fluorescence was monitored using Alexa 
Fluor 568 (excitation at 559 nm). Scale bars in all images represent 50 μm. (b) Histograms illustrating the 
emission intensities from channel I (green) and channel II (red) (top), and the fluorescence intensity ratio 
of channel II to channel I for probe A in HeLa cells (bottom) under varying pH conditions, as quantified 
from the fluorescence images with SD bars based on n=3.

Mitophagy, a specialized form of autophagy, plays a critical role in maintaining cellular 
homeostasis and metabolic efficiency by selectively removing damaged mitochondria and 
recycling their components through a lysosome-dependent pathway.49 During this process, 
mitophagosomes fuse with nearby lysosomes to form autolysosomes, where mitochondrial 
constituents are degraded, resulting in a reduction of pH within the mitochondria. Here, we utilized 
probe A to monitor mitophagy by assessing pH changes within mitochondria. For starvation-
induced stimulation, HeLa cells were incubated with 10 µM of probe A in serum-free DMEM for 
varying durations, ranging from 0 to 150 minutes. 

Fluorescence imaging revealed a progressive increase in red-channel fluorescence intensity 
(channel II) and a corresponding decrease in green-channel fluorescence intensity (channel I) over 
the 150-minute starvation period, as shown in Fig. 5(a). A noticeable color shift from reddish-
green to yellowish-red was observed in the merged images of channels I and II. The ratio images 
of channel II to channel I displayed a transition from bluish-purple to yellowish-purple after 150 
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minutes of nutrient deprivation. The histogram in Fig. 5(b) quantitatively illustrates the 
fluorescence intensity changes in Channel I, Channel II, and the ratio of Channel II to Channel I, 
based on the acquired fluorescence images. The increasing ratio of channel II to channel I reflects 
a decrease in pH within the autolysosomes over time. This pH reduction, induced by mitophagy 
triggered under nutrient deprivation, caused protonation and subsequent ring opening of probe A, 
thereby enhancing the fluorescence intensity in the red channel over time.

 

Figure 5. (a) Fluorescence 
imaging of HeLa cells was performed using 10 M of probe A incubated in a serum-free medium for 
varying time intervals. The green channel (Channel I) was employed to detect the visible fluorescence of 
probe A in the range of 425–525 nm, while the red channel (Channel II) captured near-infrared fluorescence 
between 600–675 nm. Green fluorescence was visualized using Alexa Fluor 405 (excitation at 405 nm), 
and red fluorescence was monitored using Alexa Fluor 568 (excitation at 559 nm). All fluorescence images 
are presented with a scale bar of 50 μm. (b) Histograms depicting the emission intensities of Channel I 
(green) and Channel II (red) (top), and the fluorescence intensity ratio of Channel II to Channel I for probe 
A in HeLa cells (bottom) over different time intervals, as quantified from the fluorescence images with SD 
bars based on n=3.

Oxygen is essential for most living organisms, functioning as a scavenger to remove 
harmful electrons and hydrogen ions generated during mitochondrial oxidative phosphorylation.50 
A condition of low oxygen levels (typically below 2%), known as hypoxia, can occur in specific 
organs, tissues, or cell types. Hypoxia is implicated in the pathology of numerous major diseases, 
including cancer, cardiovascular diseases, chronic kidney disease, metabolic disorders, 
preeclampsia, and endometriosis.51 In particular, hypoxia in cancer cells plays a critical role in 
tumor progression, angiogenesis, metastasis, and drug resistance.52 
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Probe A was employed to monitor hypoxic conditions within HeLa cells. A hypoxic 
environment inside the cells was simulated using cobalt chloride (CoCl₂),53 which stabilizes 
hypoxia-inducible factors (HIFs). As the concentration of CoCl₂ increased from 0 to 150 µM, a 
corresponding increase in red-channel fluorescence intensity and a decrease in green-channel 
fluorescence intensity were observed, as shown in Fig. 6(a). The merged images of Channels I and 
II revealed a shift in color from yellowish-green to yellowish-red. Ratiometric images 
demonstrated an increase in yellowish-purple intensity with rising CoCl₂ concentrations.

The histogram in Fig. 6(b) illustrates the mean fluorescence intensities of Channel I 
(green), Channel II (red), and the ratio of Channel II to Channel I. The ratio of Channel II to 
Channel I increased with higher CoCl₂ concentrations, indicating intracellular acidification and 
rhodamine ring opening of probe A under hypoxic conditions. These findings confirm that low 
oxygen levels lead to increased H⁺ concentrations and reduced pH, which can be effectively 
monitored using probe A in live cells.

 

Figure 6. (a) Confocal 
fluorescence microscopy images of HeLa cells incubated with 10 µM of probe A under varying hypoxic 
conditions induced by CoCl₂ at concentrations of 0, 50, 100, and 150 µM. The green channel (Channel I) 
was used to detect the visible fluorescence of probe A in the emission range of 425–525 nm, while the red 
channel (Channel II) captured near-infrared fluorescence in the range of 600–675 nm. Green fluorescence 
was visualized using Alexa Fluor 405 (excitation at 405 nm), and red fluorescence was detected using Alexa 
Fluor 568 (excitation at 559 nm). All images are presented with a scale bar of 50 µm. (b) Histograms 
depicting the emission intensities of Channel I (green) and Channel II (red) (top), and the fluorescence 
intensity ratio of Channel II to Channel I for probe A in HeLa cells (bottom) under different CoCl₂ 
concentrations, as quantified from the fluorescence images with SD bars based on n=3.
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The mitochondrial pH in living cells can be significantly altered by specific chemical 
stimuli. To assess the performance of probe A in monitoring mitochondrial pH changes, HeLa 
cells stained with probe A were treated with carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone (FCCP), N-acetyl-L-cysteine (NAC), and hydrogen peroxide 
(H₂O₂). FCCP is a protonophore that stimulates respiration, increases oxygen consumption, and 
disrupts the proton gradient across the inner mitochondrial membrane, thereby uncoupling 
mitochondrial oxidative phosphorylation.54 Fluorescence microscopy images of probe A-stained 
HeLa cells following FCCP treatment were collected and are presented in Fig. 7(a). After 20 
minutes of treatment with 10 µM FCCP in DMEM at pH 7.4, a marked increase in fluorescence 
intensity in the red channel (Channel II) and a corresponding decrease in the green channel 
(Channel I) was observed compared to the untreated control. This indicates that the mitochondrial 
membrane potential was disrupted, resulting in a slight decrease in pH due to mitochondrial 
acidification. The ratio of Channel II to Channel I increased significantly, from 0.55 in the control 
to approximately 3.38 after FCCP treatment, as shown in Fig. 7(b).

NAC, a precursor to glutathione (GSH), reduces oxidative stress and mitigates 
mitochondrial dysfunction.55 Fluorescence imaging of probe A-stained HeLa cells treated with 
NAC also demonstrated mitochondrial acidification, characterized by decreased fluorescence in 
the green channel and increased fluorescence in the red channel, as shown in Fig. 7(a). NAC, acting 
as a proton donor, increased the ratio of Channel II to Channel I from 0.55 in the control to 
approximately 1.87, as illustrated in Fig. 7(b).

Furthermore, probe A-stained HeLa cells were treated with hydrogen peroxide (H₂O₂). 
H₂O₂ is known to disrupt H⁺ ion distribution by impairing the vacuolar proton pump (V-ATPase), 
which can lead to mitochondrial acidification through ATP hydrolysis.56 Furthermore, the 
oxidation of H₂O₂ generates intracellular hydroxyl free radicals, contributing to intracellular 
acidosis.57 These hydroxyl radicals also inhibit glycolysis, promoting ATP hydrolysis and further 
reducing intracellular pH.58 Following H₂O₂ treatment, fluorescence imaging of probe A-stained 
HeLa cells revealed a substantial increase in red-channel fluorescence intensity (Channel II) and a 
corresponding decrease in green-channel fluorescence intensity (Channel I), as shown in Fig. 7(a). 
This indicates significant intracellular acidification due to H₂O₂ exposure. The merged images of 
Channels I and II demonstrate a shift in color from green to yellowish-red after H₂O₂ treatment. 
The histogram in Fig. 7(b) shows that the ratio of Channel II to Channel I increased markedly from 
0.55 in the control to approximately 2.67 after H₂O₂ treatment, further confirming the acidification 
of the intracellular environment induced by H₂O₂.

Finally, the emission intensities of probes A and B remained unaffected in the presence of 
100 µM peroxynitrite, hydrogen peroxide (H₂O₂), and 100 µL of hydrogen sulfide (H₂S) gas in 
PBS solution, as shown in Fig. S42. These experiments were conducted to evaluate the probes’ 
stability in the presence of reactive nitrogen species (RNS), reactive oxygen species (ROS), and 
reactive sulfur species (RSS). Based on these results, we conclude that probe A is suitable for 
monitoring intracellular pH without interference from other biologically relevant reactive species.
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Figure 7. (a) Fluorescence images of 
HeLa cells were captured following 20 minutes of treatment with FCCP (10 μM), NAC (1 mM), or H₂O₂ 
(500 μM) while incubated with 10 μM of probe A in standard culture medium. The green channel (Channel 
I) was employed to detect visible fluorescence from probe A in the emission range of 425–525 nm, while 
the red channel (Channel II) was used to capture near-infrared fluorescence between 600–675 nm. Green 
fluorescence was visualized using Alexa Fluor 405 (excitation at 405 nm), and red fluorescence was 
monitored using Alexa Fluor 568 (excitation at 559 nm). All images are presented with a scale bar of 50 
μm. (b) The histograms illustrate the emission intensities of Channel I (green) and Channel II (red) (top), 
and the fluorescence intensity ratio of Channel II to Channel I for probe A in HeLa cells (bottom) treated 
with the different chemicals, as quantified from the corresponding fluorescence images with SD bars based 
on n=3.

The cytotoxicity of probe A on HeLa cells was assessed using an MTT assay59, as shown 
in Fig. 8. HeLa cells were incubated with varying concentrations of probe A for 24 hours. Even at 
high concentrations of 20 μM and 25 μM, cell viabilities of 90.3% and 81.2%, respectively, were 
observed. These results demonstrate that probe A exhibits low cytotoxicity, highlighting its 
potential as a safe fluorescent probe for monitoring dynamic biological processes in live cells.
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Figure 8. Assessment of cytotoxicity and cell proliferation using an MTT assay for probe A. HeLa cells 
were exposed to probe A at concentrations of 5, 10, 15, 20, and 25 μM for 24 hours. Cell viability was 
subsequently evaluated by introducing an MTT reagent (0.5 mg/mL) and measuring absorbance at 570 nm. 
The cell viability, directly proportional to the absorbance at 570 nm, was normalized against control cells 
(untreated with probe A). Error bars represent the mean ± standard deviation based on three independent 
measurements.

Due to their nearly transparent body, small size, short generation time, and ease of 
cultivation, Drosophila melanogaster first-instar larvae are widely used as models for in vivo 
imaging.60 In this study, first-instar larvae were incubated with probe A (10 μM) in five different 
buffer solutions for 6 hours. In a basic environment (pH 9.0), the larvae exhibited strong 
fluorescence in the green channel (Channel I) but very weak fluorescence in the red channel 
(Channel II), resulting in a yellowish-green appearance in the merged fluorescence image, as 
shown in Fig. 9(a). With increasing H⁺ ion concentrations, a gradual increase in red-channel 
fluorescence and a corresponding decrease in green-channel fluorescence were observed. In an 
acidic environment (pH 3.3), the larvae displayed intense fluorescence in the red channel and weak 
fluorescence in the green channel, producing a yellowish-red appearance in the merged image. 
Fig. 9(b) illustrates the percentage increase in intensity of Channel II and the percentage decrease 
in intensity of Channel I with increasing pH values. These results demonstrate that the ratiometric 
fluorescence response of probe A to pH functions effectively in a physiological environment, 
making it a suitable tool for monitoring pH fluctuations in various biological and pathological 
processes.
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Figure 9. (a) Fluorescence images of 
Drosophila melanogaster first-instar larvae treated with 10 µM probe A in buffers of varying pH were 
captured. The green channel (Channel I) was used to visualize the probe's fluorescence within the emission 
range of 425–525 nm, while the red channel (Channel II) detected near-infrared fluorescence from 600–
700 nm. Green fluorescence was observed using Alexa Fluor 405 (excitation at 405 nm), and red 
fluorescence was monitored using Alexa Fluor 568 (excitation at 559 nm). All images are presented with a 
scale bar of 50 μm. (b) The histogram displays the emission intensities of Channel I (green) and Channel II 
(red) for probe A in D. melanogaster first-instar larvae at different pH levels, as quantified from the 
fluorescence images. The error bars are based on experiments conducted three times.

Fig. 10 illustrates a plot of the intensity ratio (i.e., channel II 600–700 nm/channel I 425–525 nm) 
versus pH, revealing a significant deviation in the data for HeLa cells and fruit fly larvae at low 
pH, whereas values at pH > 7 show closer correlation. This discrepancy may be attributable to 
viscosity effects. Interestingly, no significant changes in the ratiometric intensities were observed 
at pH 8.29, Fig. 10 (b), whereas a marked increase in ratiometric intensity was observed at pH 
3.5, Fig. 10 (c) with increasing glycerol concentration. There is also a correlation (Pearson’s r = 
0.94) with the fluorescence intensity ratios (654/465 nm) and glycerol concentration as shown in 
Fig. S44. These findings suggest that for the probe to function as an effective pH sensor within 
HeLa cells and fruit fly larvae, it is essential to generate cell-specific ratiometric intensity plots 
versus pH, using healthy cells and larvae. This would allow for the establishment of a similar 
correlation to that observed for ratiometric intensities in buffers of varying pH, as shown in Fig. 
10(a). Furthermore, the probe has the potential to monitor viscosity changes in cells at low pH. 
Notably, the viscosity-dependent effect of probe A at low pH, resulting in AH+, Scheme 3, arises 
from ring opening, which induces a more flexible molecular structure. The fluorescence response 
mechanism is governed by the viscosity-dependent inhibition of molecular rotor rotation. In low-
viscosity environments, free rotation facilitates the formation of a twisted intramolecular charge 
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transfer (TICT) state, leading to weak fluorescence. In contrast, higher viscosity restricts rotor 
rotation, thereby suppressing TICT and enhancing fluorescence intensity.61–63   

                                                                                                                        

Figure 10. (a) Fluorescence intensity ratios of red (650 nm) to green 560 nm) channels from pH-
dependent optical fluorescence measurements in solution (fluorometer), HeLa cells, and Drosophila 
melanogaster first-instar larvae treated with 10 µm probe A in buffers of varying pH. (b) Fluorescence 
spectra of probe A in buffer (pH 8.29) and in a 50% glycerol mixture. (c) Fluorescence spectra of probe 
AH+ in buffer (pH 3.50) with varying concentrations of glycerol. Error bars based on n = 3 
determinations.

In order to explore the applicability of probe A to monitor viscosity, the effect of different 
concentrations of nystatin on HeLa cells was examined, Fig. 11. Nystatin binds to ergosterol on 
the cell membrane creating pores resulting in increased permeability. This has been shown to 
increase intracellular viscosity and molecular crowding.64 We decided to conduct these 
experiments at a pH of 3.8 to see if with “healthy” HeLa cells the channel intensity ratio would 
fall on the line connecting the polynomial fitted points in Fig. 10 for the HeLa cell data. As can be 
seen in Fig. 12, the data for the control is situated on the line from the pH data in Fig. 10 suggesting 
that these would be the data to employ if one was measuring the pH levels in “healthy” HeLa cells. 
As can be seen in Figs. 11 and 12, changes in viscosity can also be monitored with probe A as 
there is an increase in the channel ratio with a corresponding increase in nystatin. Unfortunately, 
at concentrations greater than 30 mM of nystatin, the cells were not viable and died.  These 
experiments suggest that to employ probe A to measure pH, the polynomial plot using the data in 
Fig. 10 for the HeLa cells and fruit fly larvae could be used for pH values greater than 7.  However, 
if the ratio of the channel intensities is higher than the respective polynomial plots, then another 
probe should be utilized to independently verify the pH level since there may be viscosity issues. 
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These results suggest that changes in fluxionality in a molecular probe as the pH varies may 
influence emission intensity due to its response to viscosity.
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Figure 11. Fluorescence images of HeLa cells were captured following 320 minutes of treatment with 
different concentrations of nystatin (10, 20, and 30 μM) at pH 3.8. Green fluorescence was visualized using 
Alexa Fluor 405 (excitation at 405 nm), and red fluorescence was monitored using Alexa Fluor 568 
(excitation at 559 nm). All images are presented with a scale bar of 50 μm. The histograms illustrate the 
emission intensities of Channel I (blue), and Channel II (red) (top), and the fluorescence intensity ratio of 
Channel II to Channel I (green) for probe A in HeLa cells (bottom), as quantified from the corresponding 
fluorescence images with SD bars based on n=3.
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Figure 12. The pH versus channel intensity ratios were fitted using polynomial fitting. The channel 
intensity ratios for the control at pH 3.8 are found on the polynomial fitted line of the pH plot obtained 
using the data for the HeLa cells in Fig. 10. 

Conclusion

In this study, we developed two fluorescent probes through straightforward synthetic 
protocols: Probe A, created by coupling a rhodamine moiety with a 7-nitrobenzofurazan group, 
and probe B, synthesized by linking a rhodamine moiety with a 7-(diethylamino)-2-oxo-3,8a-
dihydro-2H-chromene-3-carbaldehyde group. Optical measurements revealed ratiometric 
emission profiles with pKa values of 4.430 for probe A and 4.144 for probe B, making them 
suitable for intracellular pH detection in living cells. Probe A demonstrated reversible ratiometric 
fluorescence responses to pH changes, enabling the monitoring of mitochondrial acidification in 
live HeLa cells treated with FCCP, NAC, H₂O₂, under hypoxia, or during mitophagy induced by 
nutrient deprivation. Furthermore, probe A was successfully employed to track pH changes in 
Drosophila melanogaster first-instar larvae using ratiometric emission intensities under two 
excitation channels. This study highlights the utility of a nontoxic, mitochondria-targeting probe 
A for selective pH monitoring through ratiometric fluorescence in living systems, offering a 
valuable tool for studying dynamic biological and pathological processes. An examination of the 
data obtained by looking at a graph of channel intensity ratios vs pH indicated deviations with the 
data for HeLa cells and fruit fly larvae. These were demonstrated to be viscosity-induced and 
confirmed by tests with nystatin. These results showed that the probe exhibited dual-probe 
capabilities and could be used to assess pH levels accurately at pH > 7, but for lower pH, the probe 
could qualitatively assess viscosity, if the pH was verified using another probe.
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Supporting Information

Syntheses and characterizations of fluorescent probes, evaluations of their photostability and 
cytotoxicity, and their applications in live-cell imaging and pH monitoring. Detailed NMR, LC-
MS, and fluorescence analyses, including pH-dependent fluorescence response, stability, and 
selectivity against ions and amino acids. Confocal imaging for lysosome localization and 
fluorescence spectra in varying glycerol concentrations. Results of theoretical calculations 
including xyz coordinates, vibrational spectra, UV-Vis spectra, and molecular orbital 
representations.
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