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a b s t r a c t

Cataracts, particularly diabetic cataracts (DC), represent a significant cause of blindness, exacerbated by

diabetes mellitus. Monitoring intracellular pH (pHi) in human lens epithelial cells (HLECs) provides valu-

able insights into the pathogenesis of DC. This study introduces a novel phenol-armed flavylium-based

fluorescent probe (FpH-2) for real-time pH monitoring in HLECs. The probe is facilely prepared to offer a

reversible and highly sensitive fluorescence response to pH changes, with a pKa value of 6.66. The probe’s

efficacy was demonstrated through its ability to monitor pH elevation under high glucose conditions, sim-

ulating diabetic stress. The study further investigates the effects of various clinical drugs on pH regulation

in HLECs, offering new perspectives for managing DC. The findings suggest that pHi serves as a critical

parameter for investigating DC pathophysiology and pharmacology, offering potential for advancing early

diagnostic and therapeutic strategies.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cataract is the leading cause of blindness with 15.2 million

cases as per the 2020 Global Burden of Disease Study [1], and di-

abetes mellitus (DM) is a major risk factor for cataract develop-

ment [2]. According to the International Diabetes Federation, the

global diabetic population exceeds 285 million and is projected

to rise to 439 million by 2030 [2]. The prevalence of diabetic

cataract (DC) among diabetic patients is as high as 63% [3]. Com-

pared to the general population, diabetic patients experience more

rapid cataract progression [4] and a 2- to 5-fold higher incidence

rate [5]. While uncomplicated cataracts can be effectively treated

with mature surgical techniques, the clinical management of DC is

more complex. Diabetic patients not only face a higher risk and

faster progression of cataracts but also a significantly increased

rate of postoperative complications, such as capsular contracture,

posterior capsule opacification, and macular edema [6], imposing

greater burdens on patients and healthcare systems. Therefore, in

addition to surgical intervention, there is an urgent need to en-
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hance preoperative drug management and early intervention for

DC. Achieving this goal depends on a deeper understanding of

its pathological mechanisms. In this context, the real-time and

dynamic monitoring of key physiological parameters has become

a research focus. Fluorescence detection techniques, particularly

imaging methods based on activatable fluorescent probes, are ide-

ally suited for this purpose by providing an indispensable tool for

probing the subtle early pathological changes in human lens ep-

ithelial cells (HLECs) under diabetic stress [7–9].

Diabetes and its complications are linked to chronic inflamma-

tion and cellular dysfunction caused by persistent hyperglycemia.

During DC progression, chronic hyperglycemia activates specific in-

flammatory pathways that contribute to HLECs injury and opacifi-

cation [10]. Separately, as a critical microenvironment, intracellular

pH (pHi) is known to modulate inflammatory responses [11]. Inte-

grating the above research advancement, we postulate that high

glucose (HG) drives inflammation with pHi disruption in HLECs.

Coincidentally, HG has been reported to directly elevate cytosolic

pH in pancreatic β-cells [12]. Therefore, constructing a powerful

pH activatable fluorescent probe to monitor pH dynamics in HLECs

under diabetic stress is immensely conducive to gain deep insight

of the pathology of DC progression.

https://doi.org/10.1016/j.cclet.2026.112487

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 1. Synthesis route of pH responsive fluorescent probes and their design

strategy.

An ideal fluorescent probe for pH sensing should meet several

requirements: (1) Reversible pH response for dynamic monitoring,

(2) a stable fluorophore for reliable signal output, (3) a sufficient

Stokes shift for crosstalk-free imaging by circumventing the over-

lap between excitation and emission spectra, (4) simple prepara-

tion with cheap and readily available chemicals for further trans-

lation, and (5) tunable structures for optimizing pH response. Al-

though a mountain of pH-activated fluorescent probes has been

documented so far, few of them integrate the above merits

[13–27]. Therefore, constructing desirable pH-responsive structures

is still in urgent demand.

Herein, we presented a one-step construction of fluorescent

FpH dyes baring a phenol group as the pH regulating site. Prop-

erties of these probes, including stability, photophysical properties,

and pH response could be tuned by exploiting commercial reactant

analogues. FpH-2 with optimized performance was employed for

monitoring pH fluctuations in HLECs, and confirmed the elevated

pHi induced by HG stimulation. Intriguingly, while we treated HG-

stressed HLECs with various clinical drugs for cataract, different pH

regulation outcomes were recorded, and the mechanisms of action

of two anti-inflammatory agents were inspected, suggesting the

potential of pHi as a valuable index for investigating DC pathology

and pharmacology.

Due to its sensitivity toward physiological pH and adjustable

pKa, phenol-armed fluorophores have been widely used in the de-

sign of pH-activatable probes [28]. However, these probes were

synthesized through multiple steps, and usually needed strong

Lewis acid-assisted demethylation of methoxy group to gener-

ate phenol tail. Here, starting from amino salicylaldehyde and

4-hydroxyacetophenone, we can facilely obtain phenol-installed

flavylium dyes. The synthesis of these fluorophores was quite

straightforward and the post-reaction processing was very simple

by filtration and washing in high yields of 70%−80% (Scheme 1).

The 1H NMR, 13C NMR, and HRMS spectra of these dyes were

shown in Supporting information.

To our surprise, although FpH-1 showed an obvious batho-

chromic-shift in its absorption spectrum when the pH value of

the test solution shifted from 5.0 to 8.0, indicating the formation

of its deprotonation pattern, negligible increase in emission inten-

sity (1.4 folds) and quantum yield was observed (Fig. S1 and Ta-

ble S1 in Supporting information). We hypothesize that the free

rotation of C–C bond between oxonium unit and phenol unit re-

sults in the nonradiative decay of the excited molecules, leading

to a weak emission of its deprotonated form. Accordingly, a five-

membered ring was introduced to strengthen the rigidity. As ex-

pected, an 8.8-fold intensity amplification was recorded for FpH-

2 in the same conditions, demonstrating the rigidity-enhanced pH

Fig. 1. (a) Emission spectra of FpH-2 (10 μmol/L) in buffer solutions with different

pH values. Slit width: 2/2 nm; λex: 530nm. (b) Fluorescence titration curve of FpH-

2 (I605) in buffer solutions with different pH values. (c) Emission spectra of FpH-3

(10 μmol/L) in buffer solutions with different pH values. Slit width: 2/2 nm; λex:

550nm. (d) Fluorescence titration curve of FpH-3 (I625) in buffer solutions with dif-

ferent pH values. The fluorescence tests were performed after a 30min-incubation

of the probes in different pH buffers.

sensitivity. Moreover, push-pull effect was tuned by enhancing the

electron-donating ability of the amino substitute to give dye FpH-

3, while a negative effect was observed that the intensity enhance-

ment decreased to 4.4 folds. It might be ascribed to the weakened

charge transfer from phenoxide anion to the electron-deficient ox-

onium center owing to the more electron-donating amino unit,

thus suppressing the sensitivity of FpH-3 toward alkali pH. Addi-

tionally, the chemostability of these three dyes were checked. Upon

the addition of common reactive oxygen and sulfur species under

pH 4 and 8 conditions, the fluorescence of FpH-1 and FpH-2 were

partially quenched by peroxynitrite (ONOO−) under basic condi-

tion, while the fluorescence of FpH-3 was completely quenched

under both circumstances, suggesting structure-tuned chemosta-

bility (Fig. S2 in Supporting information). Notably, such regulation

of pH response and structure stability can be readily achieved by

choosing commercial reactant analogues without further modifica-

tion.

Subsequently, the optical behaviors of FpH-2 and FpH-3 toward

pH alterations were examined in detail. Both probes emitted weak

fluorescence at pH 3.0. Along with the stepwise increment in the

pH values of B-R buffers, FpH-2 showed a gradual emission inten-

sity enhancement at 605nm and FpH-3 at 625nm (Fig. 1). The pKa

values were calculated to be 6.69±0.07 for FpH-2 and 7.02±0.02

for FpH-3, respectively (Fig. S3 in Supporting information), suggest-

ing these two probes are suitable for monitoring physiological pH.

Under continuous irradiation at several excitation wavelengths for

30min, both probes exhibited satisfying photostability with >90%

intensity maintained (Fig. S4 in Supporting information). On the

basis of the facts that FpH-2 showcases more obvious intensity

changes and higher brightness at pH 8.0 than FpH-3 (Fig. S1 and

Table S1), we used FpH-2 for the further experiments.

Subsequently, the emission spectra of FpH-2 in different sol-

vents were recorded, including H2O, dimethylsulfoxide (DMSO),

acetonitrile (MeCN), N,N-dimethylformamide (DMF), methanol

(MeOH), 1,4-dioxane, tetrahydrofuran (THF), dichloromethane

(DCM), and glycerol. As shown in Fig. S5 (Supporting information),

no regular relationship was observed between the fluorescence in-

tensity of FpH-2 and solvent polarity or viscosity. A 2.4-fold inten-
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Fig. 2. (a) The calculated distributions, HOMO level, and LUMO level of FpH-2. (b)

Iso-surface map of LOL-π of FpH-2 with isovalue 0.4 at B3LYP/Def2SVP level.

sity enhancement was measured in MeOH, which is much lower

than that induced by alkaline pH. Therefore, the common environ-

mental factors, such as intracellular viscosity or polarity, showed

little influence on the probe’s emission intensity.

To elucidate the underlying fluorescence response of FpH-2

toward pH, theoretical calculations were conducted. The geome-

tries of FpH-2 were optimized using the B3LYP functional and the

Def2SVP basis set, along with the SMD solvation mode [29,30].

Our results indicated that the highest occupied molecular orbital

(HOMO) and the lowest unoccupied molecular orbital (LUMO)

of FpH-2 were distributed across the entire molecule in neutral

and alkaline conditions (Fig. 2a). In acidic conditions, however,

the dimethylamine unit contributed minimally to the HOMO and

LUMO. Furthermore, compared to neutral conditions, alkaline con-

ditions led to an increase in both HOMO and LUMO energy levels,

while protonation under acidic conditions significantly decreased

these levels. Meanwhile, the energy gap of FpH-2 exhibited a slight

decrease in alkaline conditions and a substantial increase in acidic

conditions, which consists with the changes in absorption spectra.

The changes in fluorescence intensity of FpH-2 under acidic,

neutral, and alkaline conditions can be explained by the distribu-

tion of π electrons, characterized using the Localized Orbital Loca-

tor (LOL-π ) [31]. The LOL function identifies regions of high elec-

tron localization. Our results indicate that the LOL-π for FpH-2

exhibits a narrower distribution in acidic conditions compared to

neutral conditions (Fig. 2b). Specifically, the nitrogen and the oxy-

gen atoms do not participate in electron conjugation in acidic con-

ditions. In contrast, under alkaline conditions, both the nitrogen

and the oxygen atoms significantly contribute to electron conjuga-

tion. This enhanced conjugation effect results in amplified fluores-

cence intensity of FpH-2 in alkaline conditions compared to both

neutral and acidic conditions.

To precisely assess pHi changes within HLECs under diabetic

stress, obtaining a pHi calibration curve is imperative. Prior to this,

the cytotoxicity of FpH-2 was evaluated in HLECs. As shown in

Fig. S6 (Supporting information), even when the probe concen-

tration reached up to 25 μmol/L, the cell viability still exceeded

80%. In addition, after continuous imaging for thirty scans, there

was almost no loss in the fluorescence intensity, affirming the de-

sirable photostability of the probe (Fig. S7 in Supporting infor-

mation). Subsequently, cells underwent a 30-minute pretreatment

with FpH-2. Following this, the pH calibration curve was generated

by substituting the medium with buffer solutions spanning pH val-

Fig. 3. Confocal fluorescence imaging of HLECs incubated with FpH-2. (a) Cells were

treated with media containing different glucose concentrations for 24h. Alterna-

tively, cells were pretreated with FeTPPS (10μmol/L) for 4 h prior to a 24-h ex-

posure to 50mmol/L-glucose medium. All cells were subsequently incubated with

5μmol/L FpH-2 for 30min prior to imaging. (b) Fluorescence intensity analysis for

different groups. λex =530nm and λem =540–680nm. Quantitative statistical anal-

ysis was performed using one-way ANOVA. Error bars: SEM. ns: no significance;
∗∗∗∗P<0.0001. Scale bar: 50μm for original images and 10μm for enlarged ones,

respectively.

ues from 4.5 to 8.0 in conjunction with a known H+/K+ ion carrier

(Nigerian mycoplasma), and imaging the cells after a 30-min in-

cubation period. As depicted in Fig. S8 (Supporting information),

the fluorescence intensity in the cells exhibited a linear increase

with the elevation of pHi from 4.5 to 8.0, signifying the consistent

pH dependency of FpH-2′s fluorescence within living cells. The co-

localization assay was also performed. As shown in Fig. S9 (Sup-

porting information), the fluorescence of FpH-2 showed poor over-

lap with that of Lyso Tracker Green for lysosomes or Mito Tracker

Green for mitochondria, suggesting that the probe was distributed

across the whole cytoplasm. Therefore, its pHi response range of

4.5–8.0 is quite suitable for the further mapping.

Cellular DC model was established in HLECs by incubation with

high concentrations of glucose [32]. As shown in Fig. 3, along with

the elevated glucose concentrations from 5.5mmol/L to 50mmol/L,

the fluorescence intensity within the cells obviously increased,

revealing rising pHi values in HLECs during diabetic stress. As

ONOO− is endogenously generated during DC progression [33],

FeTPPS, a ONOO− scavenger [34], was pretreated with HLECs fol-

lowing by 50mmol/L glucose (HG) stimulation. It was confirmed

that the removal of ONOO− by FeTPPS showed neglectable effects

on the fluorescence intensity of FpH-2 in HG-treated HLECs, sug-

gesting that endogenous ONOO− negligibly affects the imaging ac-

curacy of FpH-2. This is might be ascribed to the much lower con-

centrations of endogenous ONOO− than that in the solution test

(100 μmol/L). Considering that the pHi level usually undergoes im-

mediate changes along with the onset of pathology, we thus pro-

pose that pHi can be a valuable index for investigating the pathol-

ogy of DC.

Given the elevated pH in the HLECs, we sought to evaluate the

pHi regulation efficacy of various drugs in treating DC. This study

examined two antidiabetic agents: Glibenclamide, which enhances

pancreatic β-cell insulin secretion [35], and metformin, which im-

proves tissue insulin sensitivity [36]. To address heightened ocular

oxidative stress caused by elevated aqueous glucose levels during

DC progression [37], we also investigated two anti-inflammatory

agents, MCC950 and SRT1720, and an antioxidant butyrophenone

[38]. Also, interventions were conducted using the aldose reduc-

tase inhibitor epalrestat and the advanced glycation end product

inhibitor naringin. Epalrestat inhibits lens opacification by correct-
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Fig. 4. Fluorescent images of HLECs stained with FpH-2 following different treat-

ments. (a) HLECs were stimulated with normal or high glucose concentrations

for 24h. Subsequently, cells were treated for 2h with glibenclamide (100μmol/L),

metformin (100μmol/L), MCC950 (1 μmol/L), SRT1720 (0.5 μmol/L), butylphthalide

(10μmol/L), epalrestat (10 μmol/L), or naringin (10μmol/L), followed by a 24-h

treatment with 50mmol/L glucose prior to staining with the probe for fluores-

cence imaging. (b) Fluorescence intensity analysis for different treatment condi-

tions. λex =530nm and λem =540–680nm. Quantitative statistical analysis was per-

formed using one-way ANOVA. Error bars: SEM. ns: no significance; ∗P<0.05,
∗∗P<0.01, ∗∗∗P<0.001. Scale bar: 50μm.

ing aberrant glucose metabolism, and naringin delays cataract for-

mation by mitigating lens protein denaturation [39,40].

Representative regions from both normal and drug-stimulated

cells were selected to analyze their relative fluorescence inten-

sity. In this experiment, HLECs were first treated with different

drugs for 2h and then exposed to 50mmol/L glucose (HG condi-

tion) for 24h to induce a hyperglycemic environment before imag-

ing analysis. As illustrated in Fig. 4, the relative fluorescence in-

tensity under the normal glucose (NG, 5.5mmol/L) condition was

significantly lower than that in the HG group. Compared to the

HG group, the intensity was obviously reduced in the cells treated

by glibenclamide, metformin, MCC950, butylphthalide, and epalre-

stat, whereas the SRT1720 and naringin treatment showed no sig-

nificant effects on the intensity. These results imply that although

all of these drugs exhibit certain treatment efficacy in treating DC,

their abilities to regulate pHi in HLECs differ.

Among these drugs, MCC950 and SRT1720 aroused our interest.

Both of them are anti-inflammatory agents, but MCC950 can in-

hibit the pHi increment under HG stimulation while SRT1720 fails

(Fig. 4), suggesting their differentiated mode of action which leads

to different regulation effects on pHi. MCC950 functions as a direct

inhibitor of NLRP3 inflammasome that is a key mediator in im-

mune and inflammatory responses and plays a crucial role in the

diabetic complications [41–43]. SRT1720 indirectly modulates the

NLRP3 inflammasome by activating SIRT1 [44].

Activation of NLRP3 inflammasome-related regulatory path-

ways and apoptosis-associated speck-like protein containing a

CARD recruitment induces pyroptosis and subsequent secretion of

the biologically active IL-1β p17 fragment [45], contributing to

hyperglycemia-induced cataract formation [46]. In cellular inflam-

matory responses, cytosolic pH acts as regulatory signals and cor-

relates with IL-1β [11]. Our experimental results confirm that the

pHi in HLECs was elevated under HG stimulation. Western-blot

analysis showed a progressive increase in NLRP3 expression and

elevated IL-1β p17 secretion with rising glucose concentrations

in HLECs (Figs. 5a-c). Pretreatment with MCC950 and SRT1720

largely attenuated the expression of NLRP3, affirming their anti-

inflammatory efficacy and the independence between NLRP3 over-

expression and pH elevation in HLECs under diabetic stress. In-

triguingly, MCC950 significantly suppressed IL-1β p17 expression

in HLECs under HG conditions, whereas SRT1720 exhibited limited

inhibitory efficacy in this context (Figs. 5d-f). In combination with

the fact that MCC950 prohibits the pHi elevation more apparently

than SRT1720 (Fig. 4), we speculate that the formation of IL-1β
p17 through the cleavage of IL-1β contributes to the pH elevation

during DC progression, which has not been discussed before. Con-

sidering that SRT1720 can partially suppress the IL-1β p17 expres-

sion but barely reduce pHi values in HLECs under diabetic stress,

we hypothesize that there must be other factors regulating the in-

tracellular acidity in DC.

In conclusion, this study highlights the development of a

flavylium-based fluorescent probe FpH-2, which enables precise

monitoring of pHi dynamics in HLECs under diabetic conditions.

The probe demonstrated excellent stability, photophysical proper-

ties, and sensitivity to pH changes, making it an ideal candidate for

studying the pathophysiology of DC. Through this tool, we identi-

fied a significant elevation in pHi in HLECs exposed to HG, a hall-

mark of diabetic stress. Moreover, the differential efficacy of var-

ious clinical drugs in regulating pHi underscores the complexity

Fig. 5. Correlation between HLECs and pyroptosis under different stimulation conditions. (a) Western blot analysis of relevant proteins in HLECs following stimulation with

varying glucose concentrations. Statistical results of (b) NLRP3 and (c) IL-1β p17 protein expression levels in HLECs following stimulation with varying glucose concentrations.

(d) Western blot analysis of relevant proteins in HLECs following stimulation with varying glucose concentrations and drugs. Statistical results of (e) NLRP3 and (f) IL-1β

p17 protein expression levels in HLECs following stimulation with different glucose concentrations and drugs. Data were analyzed by using one-way ANOVA. n=5; ns: no

significance; ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001, ∗∗∗∗P<0.0001. Error bars: SEM.
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of therapeutic interventions for DC treatment, offering valuable in-

sights into their distinct modes of action. Especially, it is uncovered

that NLRP3 overexpression in HLECs under diabetic stress barely

affects pHi while IL-1β p17 expression is probably associated with

the pHi fluctuations in this pathological process. The limitation of

this work is that the underlying regulatory factors for the pHi in

HLECs under diabetic stress have not been excavated. Briefly, by

integrating pHi as a key index for cellular health, this research

contributes to a deeper understanding of DC progression and lays

the groundwork for developing more effective diagnostic and ther-

apeutic approaches for managing this common complication of di-

abetes.
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