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a b s t r a c t

Owing to the anaerobic metabolism in the tumor, abundant acidic metabolites are produced and accu-

mulated in the cells. Therefore, the cells in different tumor layers are directly linked to the pH micro-

environment. Nevertheless, due to the lack of robust tools, the high-efficient evaluation of the acidic

micro-environment of tumor stratification faces the challenge of accurate diagnosis. We designed a new

pH sensitive fluorescent lifetime probe target to lysosomes. As we expected, the fluorescence lifetime of

PLN possesses a good linear fit to the pH value, which could detect the pH change at a single lysosome

level in real time, and then evaluate the different acidity of tumor stratification. The probe PLN is suc-

cessfully used to evaluate the tumor stratification by fluorescence lifetime imaging microscopy (FLIM) for

the first time, which is of great significance in the preoperative diagnosis of clinical tumor treatment or

evaluation of drug delivery effect.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cancer has become the leading cause to the worldwide death,

whose early detection, diagnosis and treatment are the key to its

cure [1–3]. The carcinogenesis is a complex process characterized

not only by abnormal proliferation, division and metastasis, but

also by changes in the intracellular microenvironment such as pH,

polarity, lack of oxygen and viscosity [1,4]. During the growth of

tumor, due to the exuberant anaerobic metabolism in tumor tis-

sue, a large number of acidic metabolites are produced, and the

local vascular distribution in low density in tumor tissue makes

the acidic metabolites hard to be discharged to the periphery of

tumors and accumulated in the cells, which lead to the decrease

of pH value [5]. Moreover, the intracellular pH is the core to the

normal operation of various biological processes, and the stabil-

ity of pH is crucial in these physiological and pathological pro-

cesses, including cell proliferation, apoptosis, and endocytosis [6–

8]. Therefore, monitoring pH changes is important in the fields of

chemistry, biology, and medicine. Present in all eukaryotic cells,

lysosomes are acidic organelles which play an important role in

biological processes such as proteolysis, autophagy and apoptosis

[9,10]. Abnormal lysosomal pH is strongly associated with cancer

initiation and treatment [11–13]. Lysosomal pH in cancer cells (pH

3.8–4.7) [14,15] has been reported to be lower than that in normal
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cells (pH 4.5–6.0) [16–19]. It is particularly significant to develop a

feasible and proven technique to detect lysosomal acidity.

Supported by fluorescence imaging techniques, many fluores-

cent probes have been developed to monitor lysosomal pH value

[20–25]. As far, detection of lysosomal pH by fluorescence intensity

variation has been reported in the literature [26]. However, the use

of simple small molecules probes to detect the pH in a single lyso-

some level is still scarce. Due to the fluctuation of fluorescence in-

tensity, the influence of excitation intensity, sample concentration

and distribution will lead to biased results [27,28]. On the contrary,

fluorescence lifetime imaging microscopy (FLIM) shows an evident

superiority since it is immune to the variations in the excitation

luminescence intensity and the concentration of the fluorophore

[29–31]. Therefore, there is an urgent need to invent a FLIM-based

fluorescent probe to evaluate the pH of lysosomes.

In this work, we reported a novel fluorescent lifetime probe

PLN based on pyridine [32–35] to detect the variations pH of lyso-

somes. The fluorescence lifetime of PLN has a good linear fitting

to the change of pH value. Throughout the experiment to adjust

the acidity of cells in various external pH environments, it is ver-

ified that the probe can be used in FLIM imaging of living cells

and detecting the pH microenvironment in cells. In addition, the

probe PLN responded to the variations in lysosomal pH when the

pH environment outside the cell changes. Furthermore, the probe

PLN was used to determine the pH change of lysosomes under

the stimulation of different drugs such as chloroquine [21,36,37],
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Scheme 1. The design concept of the probe PLN.

NH4Cl [38], carbamazepine [1] and adenosine-triphosphate (ATP)

[39]. Foremost, probe PLN has capacity in detecting the tumor

stratification in accordance with the pH fluctuations at depths of

various slices, offering a promising strategy to significantly realize

the clinical treatment to tumors.

7-Diethylaminocoumarin fluorescence platform is characterized

by its high fluorescence quantum yield and large absorption and

emission spectra in the visible region [32–35]. Thus, we choose

7-diethylaminocoumarin as the fluorophore for fluorescence life-

time imaging. Pyridine group as acceptor for H+, when N atom

on pyridine group combines with H+, it shows stronger electron

absorption ability. Moreover, the photophysical properties of the

probe are changed through the alteration in the electron absorp-

tion capacity. Therefore, we speculate that the fluorescence lifetime

of the probe will change in acidic environment. The morpholine

group can target the probe to the lysosomes, so that the change in

the lysosomal acidity can be detected by fluorescence lifetime in

Scheme 1. Based on the above reasons, we designed and synthe-

sized the probe PLN, and detected the change of pH value in lyso-

some by FLIM. Detailed synthesis steps and characterization are

shown in the Supporting information.

We firstly determined the absorption and emission spectra of

PLN in Britton-Robison buffer solutions with various pH values.

The absorption peak of PLN in different pH solutions only took

little redshift in Fig. S6 (Supporting information). The excitation

and emission spectrum of PLN in pH 7.04 solution was shown in

Fig. S7 (Supporting information), the maximum excitation peak of

PLN is 471nm, the maximum emission peak is 596nm, and the

Stokes shift is about 120nm. The fluorescence spectrum of PLN

in varied pH solution was shown in Fig. 1A, and the maximum

emission peak of PLN at 596nm exhibits a large variation in flu-

orescence intensity. When the pH values in the solution gradually

decreased from 10.12 to 2.04, the fluorescence intensity decreased

by approximately 48 times. This may be because the N atoms on

PLN-H pyridine combine with free hydrogen ions in the acidic en-

vironment to form N positive ions, which enhances the charge

absorption, thereby enhancing the intramolecular charge transfer

(ICT) effect of PLN-H and quenching the fluorescence. The fluores-

Fig. 1. (A) Fluorescence emission spectra of PLN (10 μmol/L) in BR buffer at dif-

ferent pH values (λex=460nm); (B) Fluorescence decays of PLN in BR buffer at

different pH values (2.63–9.55), λex=500nm, λem=550–800nm.

cence emission intensity of PLN has a good linear fit (R2 =0.9956)

to the pH value of the solvents (the curve in Fig. 1A). The calcu-

lated pKa value is 3.88, indicating that PLN is suitable for monitor-

ing the pH fluctuations of lysosomes with weak acidity (Fig. S8 in
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Supporting information). In addition, the interference tests showed

that the active substance had no effect on the emission intensity

of PLN in the solutions of pH 3.11 and 9.06 in Fig. S9 (Supporting

information). In order to verify the suitability of PLN in fluores-

cence lifetime imaging, we determined the fluorescence lifetime of

PLN in Britton-Robison (BR) buffer solutions with different pH val-

ues (Fig. 1B). As we expected, the fluorescence lifetime of PLN in-

creases regularly with the increase of pH value. The fluorescence

lifetime of PLN is linearly fit (R2 =0.9508) to the pH values of the

solvent with a fine linearity (the curve in Fig. 1B). The result shows

that the lower the pH value, the shorter the fluorescence lifetime.

As shown in Figs. S10A and B (Supporting information), solvent po-

larity and viscosity have almost no influence on the detection of

PLN. Photophysical experimental results proved that the intrinsic

fluorescence lifetime of the probe PLN could be used to determine

pH changes in biological environment by FLIM technology. Before

performing intracellular experiments, a standard MTT assay was

performed to assess the cytotoxic effect of PLN. PLN was found to

exhibit negligible cytotoxicity, as nearly 95% of 4T1 cells remained

visible even though the concentration of PLN reaches 50 μmol/L

(Fig. S11 in Supporting information). The results proved that the

probe PLN had a good bio-compatibility and was competent to be

a useful tool to detect the pH in biological systems. Consequently,

to investigate the subcellular localization properties of PLN, the

commercially available lysosomal specific dye, Lyso Tracker Blue,

was co-incubated with PLN in normal 4T1 cells (Fig. S12 in Sup-

porting information). Granular dots were observed in both red and

blue channels, which are typical shapes of lysosomes. Pearson’s co-

localization coefficient was as high as 0.88. The overlapping curve

of the two channels further confirmed PLN has a fine lysosomal

labeling ability. Experimental results show that in living cells, PLN

has an excellent ability to target lysosomes.

Encouraged by the above experimental results, we applied the

probe PLN to cellular fluorescence lifetime imaging. First, we de-

tected the pH difference of lysosomes in different cell lines by

using PLN. In this work, 3T3, 4T1 and PC12 cell lines were in-

cubated with PLN and used for fluorescence lifetime imaging. As

shown in Fig. S13 (Supporting information), the difference in aver-

age lifetime of PLN in 3T3, 4T1 and PC12 were slightly. The fluo-

rescence lifetime decay curves of PLN in a, b and c are illustrated

in Fig. S14 (Supporting information). More interestingly, we could

observe pH differences in individual lysosomes due to the quan-

titative characteristics of the fluorescence lifetime and the sensi-

tivity to the pH of PLN. Thus, the magnified diagrams of the four

pH gradients lysosomes at a, b, c in Fig. S13 are used to analyze

the different pH individual lysosomes with the fluorescence life-

time of PLN. In 3T3 cells, the fluorescence lifetime of PLN at the

four gradients in lysosomes of region of interest (ROI) a1–ROI a4

is 2.055± 0.012ns to 2.433± 0.024ns. Histograms of fluorescence

lifetime values correspond to Fig. S13B. The fluorescence lifetime

fitting curve of PLN in ROI a1–ROI a4 is illustrated in Fig. S15A

(Supporting information). While in 4T1 and PC12 cells, the fluo-

rescence lifetime at the four gradients in lysosomes of ROI b1-

ROI b4 (1.981± 0.013ns to 2.312± 0.027ns) and ROI c1–ROI c4

(1.865± 0.015ns to 2.201± 0.018ns) was lower than that of 3T3

cells in general. The fluorescence lifetime in numerical histogram

is correspondent to Figs. S13C and D, respectively. The fluorescence

lifetime decay curves of PLN in ROI b1–ROI b4 and ROI c1–ROI c4

are illustrated in Figs. S15B and C (Supporting information). This

may be because 3T3 is normal cell lines, while 4T1 and PC12 are

cancer cell lines. As we known, the lysosomal pH of normal cells is

slightly higher than that of cancer cells [40,41]. In conclusion, this

result indicated that the acidity of a single lysosome can be quanti-

fied by the variations in the fluorescence lifetime of PLN, and nor-

mal cells and cancer cells can be differentiated by the acidity of

lysosomes.

In order to detect the pH difference exhibited by lysosomes in

different extracellular pH environments, we cultured 4T1 cells un-

der different pH environments, thus changed the pH of lysosomes

by adjusting the pH environment inside the cells. As illustrated in

Fig. S16 (Supporting information), as cells are cultured in BR buffer

of pH 5.15, the cells shrink into clusters immediately, and the tar-

geted organelles of PLN are in vague in the meantime. The av-

erage lifetime of PLN in cells in acidic environment is estimated

to be 2.064± 0.014ns. Interestingly, while the pH value comes

to 5.93, the probe targeted lysosomes significantly. Then, the av-

erage fluorescence lifetime of PLN increases to 2.366± 0.006ns.

When the pH value increases up to 8.08, the cells become slightly

swollen in alkaline. Simultaneously, the average lifetime of PLN

was 2.300± 0.009ns, which was almost unchanged compared with

the average fluorescence lifetime at pH value of 7.01. The fluores-

cence lifetime decay curves of PLN in these four pH environment

stimulated cells are illustrated in Fig. S17 (Supporting information).

This result indicated that the average lifetime of PLN gradually in-

creased in cells with the increasing pH values in the environment,

and the pseudo-color gradually changed from blue (shorter life-

time) to green (longer lifetime).

In addition, various drugs have a great influence on the acid-

ity of lysosomes in cells, and the acidity of lysosomes will af-

fect the physiological metabolism of cells. Therefore, visualiza-

tion of lysosomal acidity is very critical to clarify the process of

drug induced cell metabolism. Respectively, carbamazepine, ATP,

chloroquine and NH4Cl were cultured in 4T1 cells to establish cell

pathological models of different lysosomal acidity in this study.

Among them, ATP and carbamazepine drugs can reduce the pH

value of lysosomes [1,39]. Nevertheless, chloroquine and NH4Cl

can reduce the concentration of proton in lysosomes and induce

the increase of pH value in lysosomes [21,36–38]. As depicted

in Fig. 2A in cabamzepine and ATP-stimulated cells, the fluores-

cence lifetime pseudo-color of PLN is almost blue, and that of

control group is cyan. While in chloroquine and NH4Cl-stimulated

cells, pseudo-color of PLN is yellow. As the pH in lysosomes in-

creases, the fluorescence lifetime of PLN gradually increases. The

fluorescence lifetime decay curves of PLN in a, b, c, d and e of

Fig. 2A are illustrated in Fig. S18 (Supporting information) when

ATP and carbamazepine stimulated cells, the average fluorescence

lifetime of PLN were 2.245± 0.017ns and 2.277± 0.007ns. The

average fluorescence lifetime of PLN in cells of control group is

estimated to be 2.339± 0.014ns. The pseudo color changed from

blue to green. However, to the chloroquine and NH4Cl stimulated

cells, the fluorescence lifetime increased up to 2.424± 0.010 and

2.424± 0.013ns, and the pseudo-color changed from green to yel-

low. The results confirmed that the fluorescence lifetime of PLN

had accurate response to variations in lysosomal acidity. Besides,

to examine the pH difference of individual lysosomes in different

drug-stimulated cells, four acidity gradients of lysosomes at a, b,

c, d and e in Fig. 2 are individually enlarged partially. The fluores-

cence lifetime pseudo-color of PLN gradually changes from blue to

green in lysosomes with four acidity gradients. The large fluores-

cence lifetime difference in numerical histogram is correspondent

to Figs. 2B and C, and the fluorescence lifetime decay curves of PLN

in ROI a1–ROI a4 and ROI b1–ROI b4 are illustrated in Figs. S19A

and B in Supporting information. In the cells stimulated by car-

bamazepine and ATP, the fluorescence lifetime of PLN in the four

acid gradients of lysosomes are determined from 1.890± 0.010ns

to 2.192± 0.014ns (ROI a1–ROI a4) and from 1.780± 0.017ns to

2.178± 0.013ns (ROI b1–ROI b4). In the control group, the flu-

orescence lifetime in numerical histogram was corresponded to

Fig. 2D and the fluorescence lifetime decay curves of PLN in ROI

c1–ROI c4 are illustrated in Fig. S19C (Supporting information). The

fluorescence lifetime of PLN at the four gradients of lysosomes, ROI

c1–ROI c4, was depicted from 1.941± 0.016ns to 2.336± 0.012ns.
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Fig. 2. (A) FLIM images of PLN (8 μmol/L) in control and cells stimulated by ATP, carbamazepine, chloroquine and NH4Cl. (B) Histograms of the PLN fluorescence lifetime in

ROI a1–ROI a5. (C) Histograms of the PLN fluorescence lifetime in ROI b1–ROI b5. (D) Histograms of the PLN fluorescence lifetime in ROI c1–ROI c5. (E) Histograms of the

PLN fluorescence lifetime in ROI d1–ROI d5. (F) Histograms of the PLN fluorescence lifetime in ROI e1–ROI e5. λex=500nm, λem=550–800nm. Scale bar: 10 μm.

To the cells stimulated by chloroquine and NH4Cl, the fluorescence

lifetime pseudo-color of PLN gradually changes from green to yel-

low in lysosomes with four acidity gradients. The large fluores-

cence lifetime difference in numerical histogram is correspondent

to Figs. 2E and F, and the fluorescence lifetime decay curves of

PLN in ROI d1–ROI d4 and ROI e1–ROI e4 are illustrated in Figs.

S19D and E (Supporting information). The fluorescence lifetime of

PLN at the four gradients in chloroquine and NH4Cl of lysosomes

is generally higher than that in the control group. The PLN has

a large difference in fluorescence lifetime in lysosomes with four

acidity gradients, ranging from 2.121± 0.009ns to 2.469± 0.010ns

(ROI d1–ROI d2) and 2.096± 0.011ns to 2.405± 0.014ns (ROI e1–

ROI e2), respectively. In conclusion, these experiments demonstrate

that the acidity of individual lysosomes in cells can be quantified

by the change in PLN fluorescence lifetime.

Based on the excellent characteristics of PLN for the quantita-

tive detection of single lysosomes, we applied PLN to the detected

the pH of different layers of tumor tissue. In this work, we in-

jected 4T1 cells into subcutaneous tissues of nude mice to estab-

lish tumor models. All mice were purchased from School of Phar-

maceutical Sciences, Guangxi Medical University, and the studies

were approved by the Animal Ethical Experimentation Committee

of Guangxi Medical University. All animals were kept during ex-

periment according to the requirements of the National Act on the

use of experimental animals (China). After 10 days, when the tu-

mor grew to 1.2 cm, the tumor tissue was dissected for fluores-

cence lifetime imaging [42]. We then cut samples from the center

of the tumor (ROI 1) at 0.6 cm from tumor boundary “a” in Fig. 3,

the position (ROI 2) between the tumor center and edge at 0.3 cm

from tumor boundary “b” in Fig. 3, and the tumor boundary posi-

tion (ROI 3). After incubation of these samples with PLN, fluores-

cence lifetime imaging was performed. As depicted in Fig. 3A, the

fluorescence lifetime of ROI 1, ROI 2 and ROI 3 are 2.228± 0.003ns,

2.353± 0.006ns, and 2.446± 0.008ns, respectively. The pseudo-
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Fig. 3. (A) FLIM images and fluorescence decay of tumor stratification, “a” refers to the distance from ROI 1 to ROI 3, “b” refers to the distance from ROI 2 to ROI 3. (B) The

fluorescence lifetime decay curve of PLN in ROI 1–ROI 3. (C) Histograms of the PLN fluorescence lifetime in ROI 1–ROI 3. λex=500nm, λem=550–800nm.

color of fluorescent life gradually varies from cyan to green. The

fluorescence lifetime decay curves of PLN in ROI 1–ROI 3 are illus-

trated in Fig. 3B, and the fluorescence lifetime difference in numer-

ical histogram is correspondent to Fig. 3C. Compared with outer

sections, the fluorescence lifetime of PLN in ROI 1 decreased obvi-

ously, which indicates that the micro-environmental acidity of tu-

mor inner part improved accordingly. It maybe because the highly

hard lump of the inner core shows that the accumulation of high-

density cancer cells leads to the higher degree of hypoxia areas

than that of outer slices [5]. Thus, this result suggests that the

probe PLN can evaluate the acidic environment at different tumor

stratification through FLIM imaging, which is of great significance

in evaluating the effect of intervention or drug delivery after the

clinical treatment of tumors.

In conclusion, we rationally constructed a novel pH-sensitive

fluorescent probe PLN, which can monitor changes in lysosomal

pH value. The probe PLN possesses advantages of sensitive re-

sponse to pH changes, good selectivity and fine linear correlation

between pH value and fluorescence lifetime. Co-localization experi-

ments exhibited that PLN could track lysosomes. Most importantly,

PLN can be used to quantify the pH of an individual lysosome via

the change of fluorescence lifetime. The lower the lysosomal pH,

the smaller the fluorescence lifetime of PLN. In different external

pH environments of cells, and under the stimulation of different

drugs, the pH difference of intercellular lysosomes can be detected

by PLN through FLIM imaging. Most of all, PLN is activated in the

tumor micro-acid environment to trigger its layered determination

of tumors at different levels. As the tumor depth increased, the flu-

orescence lifetime of PLN gradually decreased, indicating that the

pH value inside the tumor gradually decreased, which may be due

to the pH value of the high hardness lumps at the core of tumor

was lower than that in the outer surface. Thus, the probe PLN can

be used to evaluate the acidic environment at tumors stratification

by FLIM imaging, which underscores the great potential for highly

effective tumor visualization, accurate tumor resection and more

epidemiological studies on lysosomal pH value.
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