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a b s t r a c t

Cell stress responses are associated with numerous diseases including diabetes, neurodegenerative dis-

eases, and cancer. Several events occur under cell stress, in which, are protein expression and organelle-

specific pH fluctuation. To understand the lysosomal pH variation under cell stress, a novel NIR ra-

tiometric pH-responsive fluorescent probe (BLT) with lysosomes localization capability was developed.

The quinoline ring of BLT combined with hydrogen ion which triggered the rearrangement of π elec-

trons conjugated at low pH medium, meanwhile, the absorption and fluorescent spectra of BLT showed

a red-shifts, which gived a ratiometric signal. Moreover, the probe BLT with a suitable pKa value has

the potential to discern changes in lysosomal pH, either induced by heat stress or oxidative stress or

acetaminophen-induced (APAP) injury stress. Importantly, this ratiometric fluorescent probe innovatively

tracks pH changes in lysosome in APAP-induced liver injury in live cells, mice, and zebrafish. The probe

BLT as a novel fluorescent probe possesses important value for exploring lysosomal-associated physiolog-

ical varieties of drug-induced hepatotoxicity.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Once cell stress occurs, the foremost action is to defend that

promotes cell survival [1]. However, when cell adaptive capabil-

ity is inadequate, cell death programs are initiated. Several events

occur under cell stress, in which, are protein expression and

organelle-specific pH fluctuation. Organelle pH, which is critical for

maintaining a stable intracellular environment, is affected by stres-

sors. Lysosomes are compartments in cells, with a low pH of 4.0-

5.5 [2–5], and the lysosomal acidic play key roles in diverse biolog-

ical events [6–8]. Aberrant pH values in lysosomes can cause cell

dysfunction that affects normal function and further cause myriad

diseases, such as Alzheimer’s disease and serious tumors [9–11].

Therefore, to understand lysosome-associated physiological events,

it is essential for tracking lysosomal pH mediated by pathological

stressors [12].

Fluorescence imaging technology has provided considerable

value for investigating various ion metabolism, intracellular pH

change and biomolecular events since its simplicity and great re-

sponse sensitivity [13–15]. Especially near infrared region (NIR)
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fluorescence imaging (650-900 nm) showed great advantages, in-

cluding excellent tissue penetration ability and minimum autoflu-

orescence interference in biological system [15–20]. Currently, sev-

eral fluorescent molecules have been explored for dynamically ob-

serving and imaging lysosomal pH (Table S1 in Supporting infor-

mation). Wang’s group and Feng’s group reported NIR fluorescent

probes using rhodamine as the fluorophore which were triggered

by H+ to open ring and emit fluorescent [18,21]. However, those

off-on probes with single emission band were difficult to get accu-

rate data because the data was easy to be influenced with variable

probe concentration and environment. Fortunately, some ratiomet-

ric fluorescent probes can effectively solve these problems by mea-

suring the values of the fluorescence intensity ratio when response

occurs [22–26]. However, to date, there are a few NIR ratiometric

fluorescent probes for detecting lysosomal pH changes with flu-

orescence wavelengths greater than 600 nm. Meanwhile, due to

the range of the lysosomal pH, some existing ratiometric fluores-

cent probes have some limitations, such as insignificant changes

in fluorescence under acidic conditions (pH 4-6) and high pKa

[22,24]. In addition, many ratiometric fluorescent probes were ap-

plied to study the varieties of lysosome pH during apoptosis stimu-

lated by drugs such as dexamethasone, which had achieved certain

application value [18,21,27-29]. However, ratiometric fluorescent
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Scheme 1. Schematic diagram of BLT for the ratiometric monitoring lysosome pH

under cell stress.

probes were hardly used to explore lysosome-related physiologi-

cal changes upon drug-induced injury. So far, drug-induced liver

injury arises widely concern, which is responsible for acute hepa-

totoxicity and the withdrawal of the clinical drug [30,31]. There is

an urgent need to develop methods to detect drug-induced hepa-

totoxicity which is beneficial to improve the efficacy of drug treat-

ment in patients [32]. Therefore, it is important to exploit a novel

ratiometric NIR lysosomal pH probe possessing appropriate pKa, fa-

vorable sensitivity to develop more biological applications.

Herein, a new lysosomal targeted pH response NIR ratiomet-

ric fluorescent probe BLT was designed to monitor pH changes

in lysosome under cell stress. The probe BLT utilized a hemicya-

nine skeleton, N-(2-aminoethyl)morpholine as the lysosomal target

group was selected to achieve lysosome specific staining. In acidic

medium, the N atom of quinoline ring was protonated, then the

rearrangement of the π electron conjugation in the fluorophore

was triggered. Finally, the absorption and fluorescence spectra ex-

hibit a distinct red-shifts. The probe BLT showed the sensitivity of

pH response characteristics with ratiometric sensor. Moreover, the

probe BLT with a suitable pKa value has the potential to discern the

pH changes in lysosome under cell stress induced by heat, oxida-

tive stress or APAP-induced injury (Scheme 1). Importantly, as far

as we know, this ratiometric fluorescent probe innovatively tracks

changes in lysosomal pH in APAP-induced liver injury in mice and

zebrafish. The novel fluorescent probe BLT is valuable for exploring

lysosomal-associated physiological varieties of drug-induced hepa-

totoxicity.

The synthetic method of hemicyanine dyes BLT was depicted in

Fig. S1 (Supporting information). The experimental compound was

verified by 1H NMR, 13C NMR and MS (Figs. S12-S17 in Supporting

information).

To explore the sensitivity to acidity, the absorption and emis-

sion spectra of BLT at various pH phosphate buffer solutions were

evaluated. With the acidity of the solution system elevated, the ab-

sorption peak at 580 nm raised while the spectral band at 400-500

nm decreased, which meant that BLT has gradually transformed

into an acid form (Fig. 1A). When the pH of test solution varied

from 6.8 to 4, the emission peak at 670 nm of BLT (λex =580 nm)

raised dramatically with acidity of solution environment raised,

and the peak at 610 nm (λex =480 nm) concomitantly decreased

(Figs. 1B and C). At the same time, we can also see the color of

the solution changes with pH value (Fig. S2 in Supporting informa-

tion). There are two emission bands at 610 nm and 670 nm, corre-

sponding to products in alkaline and acid media respectively. The

offset between the two emission bands was 60 nm, which avoided

spectral crosstalk and was conducive to imaging living organism

clearly (Fig. 1D). Because of markedly reversed pH responses of

the two emission bands, BLT has the basic characteristics of ra-

tiometric detecting pH. For instance, the fluorescence intensities

ratio (I670/I610) revealed a 14-fold enhancement from pH 4 to pH

6, which was lysosome acidity window (pH 4-6), indicating that

BLT was able to detect lysosomal pH. As shown in Figs. 1E and F,

the pKa value of BLT was measured to be 4.38 refer to Henderson-

Hasselbalch formula (log10[(Imax − I)/(I− Imin)]=pH−pKa). BLT has

a suitable pKa value and fluorescence wavelength as a lysosomal

pH indicator. The quantum yields of BLT are 0.14 at pH 4 and 0.13

at pH 6 (λex =580 nm), and 0.045 at pH 4 and 0.326 at pH 6

(λex =480 nm).

To explore whether the polarity of the environment affected the

pH detection of BLT, the absorption and fluorescence spectra of BLT

in different solvents were measured. As shown in Fig. S3 (Support-

ing information), the absorption and fluorescence spectrum of BLT

changed with different solvents, while the change of fluorescence

had no obvious regularity with the polarity of the solvent. To ex-

clude the interference of polarity under physiological conditions,

the absorption and emission spectra of BLT in different ratios of 1-

4 dioxane and PBS buffer solution (pH 7.4) mixtures which were

better for simulating physiological conditions were performed. PBS

solution as the large polar system is used to avoid the effect of

pH. As depicted in Fig. S4 (Supporting information), with the in-

crease of the polarity of the solution (the proportion of 1-4 diox-

ane from 10% to 90%), the absorption and fluorescence spectra of

BLT changed. Fortunately, the fluctuation of fluorescence intensity

ratio I670/I610 of BLT could be ignored compared to approximately

135-fold pH response change of BLT in the physiological range (pH

4-7.4), which revealed that the polarity of the environment has lit-

tle effect on the pH detection of BLT under physiological condi-

tions. Subsequently, the absorption and emission spectra of BLT in

different ratios of glycerol and methanol mixtures were tested. As

the viscosity increased (glycerol from 10% to 70%), the fluorescence

under both 480 nm excitation and 580 nm excitation increased,

which made I670/I610 remain stable (Fig. S5 in Supporting informa-

tion). Those results showed that the viscosity did not interfere with

the pH detection of BLT.

Time-dependent fluorescent intensities of BLT were also tested

under the pH of solution environment at 4 and 6, which was stud-

ied by measuring the ratios of fluorescence intensity (I670/I610), and

it was found that I670/I610 rapidly changed and reached saturation

almost immediately when BLT added into phosphate buffer solu-

tions (Fig. 2A). The rapid response sensitivity enables BLT to track

changes of pH in real time. Furthermore, the pH reversibility ex-

periment of BLT between pH 3 and 8 was conducted. The probe

exhibited excellent reversible response with fast sensitivity, which

suggested that BLT had the ability for real-time monitoring in live

cell (Fig. 2B).

After that, in order to explore whether pH is the most impor-

tant factor affecting the fluorescence of BLT, the emission spec-

tra of BLT in phosphate buffer solutions which contained differ-

ent inorganic salts, amino acid and reactive oxygen species was

recorded, including SDS, MgCl2, NaCl, NaAc, KCl, Hcy, Cys, H2O2,

ClO–, ONOO–. The control group was measured in phosphate buffer

solution at pH 7.4 without adding any other species. SDS is an

anionic surfactant, which can lower the local pH of the solution

and act as a hydrogen ion response group [33]. As depicted in

Fig. 2C, among various tested species, only BLT with the addi-

tion of SDS showed a distinguished fluorescence intensity ratio

(I670/I610) increase, suggesting that other tested species unable to

cause changes in fluorescence of BLT and BLT possess highly se-

lective to pH. In view of the above spectral results, the response

mechanism of BLT to H+ are shown in Fig. 2D. In acidic medium,
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Fig. 1. (A) Absorption spectra of BLT (10 μmol/L) at phosphate buffer solutions with various pH (1% DMSO), the insert shows the colors of BLT in phosphate buffer solutions

at pH 4 (left) and pH 8 (right). (B) Fluorescence spectra of BLT at phosphate buffer solutions with various pH (λex =580 nm). (C) Fluorescence spectra of BLT at phosphate

buffer solutions with various pH (λex =480 nm). (D) Fluorescence spectra of BLT at acidic and basic conditions. (E) Plot of fluorescence intensity ratio (I670/I610) versus pH for

BLT. (F) The plot of log10[(Rmax – R)/(R – Rmin)] versus pH. R is the ratio of fluorescence intensity (I670/I610).

the N atom in the quinoline ring of BLT was protonated, which in

turn changed the π-electron conjugate system. The color of BLT

solution also transformed and got purple, which can be clearly

seen from Fig. 2D. To further verify BLT response mechanism, 1H

NMR titration analysis of BLT using HCl in DMSO-d6 was con-

ducted. With the addition of HCl, the protonation of the N atom

on the quinoline ring was formed and triggered π-electron rear-

rangement, which promoted downfield shifts of the H1, H2 and

upfield shifts of the H3 in BLT (Fig. 2E). At the same time, it could

be obvious seen that there was an extra proton peak at the chem-

ical shift 10.39 ppm, which was assigned to the H4’ proton on the

nitrogen atom of the previous quinoline ring. Moreover, the den-

sity functional theory (DFT) calculations of BLT were performed to

study the extraordinary shifts in absorption and emission spectra

of neutral form and ionic form by using the B3LYP 6-31G∗ level. As

depicted in Fig. S6 (Supporting information), the calculated energy

gap (HOMO-LUMO) of the ionic form of BLT is smaller than that of

neutral form, 2.600 eV and 2.948 eV, respectively, which theoreti-

cally verified that the neutral from is transformed into ionic form

with spectral red shift.

Next, cytotoxicity of BLT was evaluated by MTT method, in

which MCF-7 (human breast cancer cells), U87 (human glioma

cells) and L02 (human hepatocytes) were performed. BLT did

not show any conspicuous cytotoxicity at different concentrations

(Fig. S7 in Supporting information). Then, the ability of BLT co-

localization with lysosomes was examined using LysoTracker Blue.

As depicted in Figs. S8A and B (Supporting information), BLT ex-

hibited fluorescence signals in the green channel (λex =488 nm),

and the red channel also emitted fluorescence (λex =543 nm), in-

dicating that BLT can enter the cell membrane as a neutral form

and be converted into an ionic form to reside in the cell. More-

over, the red fluorescence of BLT (λex =543 nm) completely over-

laps with the blue fluorescence of LysoTracker Blue. As depicted in

Figs. S8C and D (Supporting information), the corresponding over-

lap coefficient (OLC) and Pearson’s correlation coefficient (PCC) of

BLT (λex =543 nm) with LysoTracker Blue were 0.90 and 0.92 for

MCF-7 cells, and 0.90 and 0.91 for U87cells, respectively. Based on

the above-mentioned imaging finds, it can be indicated that the

fluorescence of BLT (λex =543 nm) seemed that BLT can accumu-

late in lysosomes with high selectivity.

Subsequently, whether BLT detected pH alters in living cells was

tested. Cells were stained with BLT in PBS containing 10 μmol/L

of nigericin at various pH values. Nigericin which is an H+/K+

ionophore, can balanced the lysosomal internal and surrounding

pH [26,34]. As represented in Fig. 3A, the green fluorescence grew

stronger (λex =488 nm) and the red fluorescence gain weaker in

MCF cells (λex =543 nm), with the pH of the incubation increased.

At the same time, the dramatic color of the two-overlay channels

varied from bright orange to yellowish green. As the pH increased,

the ratio (Ired/Igreen) gradually decreased (Fig. 3B). In addition, sim-

ilar results were observed for U87 cells (Fig. S9 in Supporting in-

formation). These results indicated that BLT possessed the charac-

teristic of monitoring alters of lysosomal pH value in living cells.

Furthermore, BLT was applied to observe alters in lysosomal

acidity of cells under heat stress. As revealed in Fig. S10A (Sup-

porting information), MCF-7 cells were stained by BLT at 37, 41

and 45 °C. 41 and 45 °C served as the heat stress group. Com-

pared with group at 37 °C, the green fluorescence weakly in-

creased at 41 and 45 °C, and accompanied by the red fluorescence

channel decreased. Moreover, although the fluorescence change

of the individual channels is not particularly obvious, the color

of the two-overlay channel changed from orange to yellow-green

(Fig. S10A). The fluorescence intensity ratios (Ired/Igreen) exhibited a

temperature-dependent feature (Fig. S10C in Supporting informa-

tion). With the culture environment temperature rises to 45 °C,
Ired/Igreen gradually decreases. Similar experiments were imple-

mented for U87 cells (Fig. S10B in Supporting information) and the

phenomenon was the same as MCF-7 cells. All above results re-

vealed that pH of lysosome rose after cells undergoes heat stress.

Next, whether BLT can detect lysosomal pH changes under ox-

idative stress was investigated. Oxidative stress inducer H2O2 can

redistribute H+ to the cytoplasmic compartment from acidic com-

partments by damaging vacuolar proton pump, and this process re-

quires ATP consumption to import H+. Oxidation stress lysosome

alkalization and cytoplasmic acidification have also been reported

in some literatures [35]. As depicted in Fig. 3C, compared to the

normal group, the green fluorescence in the cells pretreated with

H2O2 increased while the red fluorescence decreased. Moreover,

Ired/Igreen was lower than that of normal group (Fig. 3D). Together,

the present findings confirmed that the pH of lysosomes increased

under cell oxidative stress.

Subsequently, we wondered whether the drug-induced injury

stress would affect the pH of the lysosome in live cell. Overdose

APAP induces acute liver injury has been confirmed in some liter-

ature [30]. As depicted in Fig. 3C, compared to normal group, the

green fluorescence of cells after APAP-induced stimulation raised

while the red fluorescence decreased. Moreover, the color of the

two-overlay channel changed from orange to yellow, which was
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Fig. 2. (A) The fluorescence intensity ratio (I670/I610) of BLT (10 μmol/L) changes over time in phosphate buffer solutions with pH 4 and 6. (B) The fluorescence intensity

ratios I670/I610 of BLT (10 μmol/L) to various interferents (10 mmol/L for inorganic salts, amino acid; 50 μmol/L for H2O2, ClO
–
, ONOO

–) in phosphate buffer solution at pH 7.4.

(C) pH reversibility of BLT in PBS buffer solution (pH=3 and 8). (D) Structural interconversion between the ionic and neutral forms of fluorophore BLT. (E) 1H NMR titration

spectra of BLT with 0 equiv. of HCl and 1 equiv. of HCl in DMSO-d6 .

more intuitive than the change of the fluorescence intensity of the

single channel. The ratios Ired/Igreen of APAP-induced injury group

displayed decrease (Fig. 3D). The reason for this phenomenon can

be speculated that the permeability of the lysosomal membrane

changes after cell treated with APAP, which leads to the leakage

of hydrogen ions in the lysosome. These results demonstrated that

BLT can monitor the changes in lysosomal pH under cell APAP-

induced injury.

After achieving live cell imaging with BLT, whether BLT can

track the change of lysosomal pH in liver tissue injury model was

further explored, the liver tissue of mice induced by APAP was

stained with BLT. First, we explored whether the probe can co-

localize with lysosomes on liver tissue. As shown in Figs. S11A

and B (Supporting information), the fluorescence of BLT and com-

mercial lysosomal probes LysoTracker Blue on liver tissue sections

had a good overlap. Three-dimensional (3D) reconstructed images

of liver tissues displayed the distribution of lysosomes on the tis-

sue, as is revealed in Fig. S11C (Supporting information), lysoso-

mal blue fluorescence is almost the same as the red fluorescence

of BLT for spatial distribution. It shows that BLT can also stain well

with lysosomes on liver tissue. After that, as shown in Fig. 4A, we

constructed an APAP-induced liver injury mouse model. Histologi-

cal analysis of liver tissue was implemented. Compared with saline

group, moderate edema of hepatocytes was found in the liver tis-

sues in APAP-induced group (Fig. 4B). This hinted that APAP can

cause liver toxicity in mice. At the same time, green fluorescence

increased on APAP-induced liver tissue group while red fluores-

cence decreased, which can also be observed from the relative flu-

orescence intensity (Fig. 4C). The ratios (Ired/Igreen) of APAP-induced

injury group exhibited decline (Fig. 4D). Those above results indi-

cated that BLT can track the increase of lysosomal pH in the liver

tissue of APAP-induced liver injury mice. The results of experiment

found clear support for that BLT possesses potential functions in

investigating the physiological processes related to drug-induced

hepatotoxicity.

Finally, inspired by the outstanding fluorescence characteristics

of the probe from the above results, the pH variations of lyso-

somes in live zebrafish by APAP-stimulated were also monitored

by BLT. The zebrafish were divided into two groups, one of which

is the control group, cultured in normal medium, and the other

is the APAP-induced injury group (Fig. 5A). As depicted in Fig.

5B, the zebrafish stimulated by APAP and BLT revealed brighter

green fluorescence intensity and lower red fluorescence intensity

at liver area and the color of the merge channel changed from yel-

low to greenish-yellow clearly, which were shown in the enlarged

area. The relative fluorescence intensity of the image also exhibited

same conclusion (Fig. 5C). Moreover, the ratio (Ired/Igreen) in APAP-

induced injury group showed a downward trend (Fig. 5D). These

results indicated that the pH of the lysosome in zebrafish liver has

increased. It can be anticipated that lysosomal-targeting and ratio-
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Fig. 3. (A) Fluorescence imaging of MCF-7 cells cultured with BLT (10 μmol/L, λex, 488 nm and 543 nm) at various pH. (B) The fluorescence intensity ratios (Ired/Igreen) at

various pH in MCF-7. (C) Fluorescence imaging of L02 cells cultured with BLT (10 μmol/L, λex, 488 nm and 543 nm) under oxidative stress and APAP-induced injury stress.

(D) The fluorescence intensity ratios (Ired/Igreen) under different stress conditions in L02 cells. Scar bar: 10 μm. The statistical differences were conducted via Student’s t-test.
∗∗ P < 0.01.

Fig. 4. (A) Schematic diagram of experiment model in mice. (B) Fluorescence imaging and hematoxylin-eosin staining of liver tissues stimulated by saline or APAP (300

mg/kg, intraperitoneally) stained with BLT (50 μmol/L, λex, 488 nm and 543 nm). (C) The relative fluorescent intensities of liver tissues stimulated by saline or APAP. (D) The

fluorescence intensity ratios (Ired/Igreen) of liver tissues. Scale bar: 100 μm. The statistical differences were conducted via Student’s t-test. ∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗ P <

0.001.
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Fig. 5. (A) Fluorescence imaging of zebrafish stimulated by saline or APAP (1000 μmol/L) stained with BLT (20 μmol/L, λex, 488 nm and 543 nm). (B) The relative fluorescent

intensities of zebrafish stimulated by saline or APAP. (C) The fluorescence intensity ratios (Ired/Igreen) of zebrafish. (D) Schematic diagram of zebrafish experiment model. Scale

bar: 100 μm. The statistical differences were conducted via Student’s t-test. ∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗ P < 0.001.

metric probe displays good performance in the investigations on

pH-relevant biological processes.

In conclusion, a NIR ratiometric pH-responsive fluorescent

probe with hemicyanine skeleton was developed. This probe exhib-

ited excellent ratiometric pH sensitivity characteristics with a suit-

able pKa for lysosomes and good targeting ability to lysosomes. Im-

portantly, BLT possessed considerable value for investigating lyso-

somal pH varieties associated with heat stress, oxidative stress

or drug-induced injury. This ratiometric fluorescent probe innova-

tively tracks changes in lysosomal pH in APAP-induced liver injury

in live cells, mice, and zebrafish. Moreover, we anticipate that this

development of novel fluorescent probes fluorescent probe may

contribute a new idea for exploring lysosomal-associated physio-

logical varieties of drug-induced hepatotoxicity.
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