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a b s t r a c t

Ferroptosis is a cell death pathway that plays a crucial role in numerous biological processes. Although

closely related to ferrous ion, the execution of ferroptosis was found to be impacted by zinc ion (Zn2+)
in recent years. However, most of the related researches focused on the effects of exogenously added

Zn2+, while the fundamental understanding of endogenous Zn2+ during ferroptosis still needs further ex-

ploration. Herein, a ratiometric fluorescent probe based on pyridine-substituted boron dipyrromethene

(BODIPY) fluorophore (BDP-p) was designed to track the endogenous Zn2+ in cells during ferroptosis pro-

cess. Zn2+ coordination induced an enhancement on the intramolecular charge transfer (ICT), leading to

an obvious red shift from 563nm to 594nm. In A549 cells, we found fluorescence ratio of the probe

elevated in some discrete regions during erastin induced ferroptosis, and this change followed the same

trend as the reactive oxygen species (ROS) level. The results suggested that the Zn2+ would be localized

in some discrete areas in A549 cells during ferroptosis. This work not only provided a reliable design

strategy for developing ratiometric probes of Zn2+, but also supplemented the current understanding of

the non-negligible role of Zn2+ in ferroptosis.

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

Medica, Chinese Academy of Medical Sciences.

Ferroptosis, a type of programmed cell death that is ferrous

ion dependent and executed by lipid peroxidation, is closely asso-

ciated with various pathological processes of animals and plants

[1,2]. For human, ferroptosis involved in diseases like impairment

and cancers in liver, brain, kidney and heart [3]. Some tumors

are reported to be more fragile to ferroptosis inducers due to

enhanced iron metabolism and higher dependency on cysteine

and glutathione [4–6]. In this way, ferroptosis inducers are in-

creasingly tried out by researchers to selectively eliminate cancer

cells [7], especially those that are resistant to classical chemother-

apy drugs [8]. Besides conventional inducers like erastin and

methyl-(1S,3R)-2-(2-chloroacetyl)-1-(4-methoxycarbonylphenyl)-

1,3,4,9-tetrahydropyrido[3,4-b]indole-3-carboxylate (RSL3), metal

ions can also act as ferroptosis inducers by affecting varied cell

pathways [9]. Recent years, the crosstalk between ferroptosis-

related factors and zinc drew the interest of the researchers [10].

Exogenously added zinc salt was found to induce ferroptosis in

A549 lung cancer cells analyzed by multi-omics method [11]. Fur-

thermore, this promoting effect in the other two types of cancer
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cells (MDA-MB-231 and HT-1080) was also reported [12]. The

added zinc ion enhances the phosphorylation of the xc
− system,

consequently inhibiting its activity. Additionally, it enhances the

expression of ferroptosis-related proteins like transferrin receptor

protein 1 (CD71), transferrin, and high mobility group box 1

protein (HMGB1), while significantly reducing the expression of

glutathione peroxidase 4 (GPX4), ferritin, and solute carrier family

7 member 11 gene (SLC7A11) [11,13]. All of these alterations

facilitate the occurrence of ferroptosis. Inhibition of ZIP7 (a Zn2+

transporter) could cause endoplasmic reticulum (ER) stress, which

protected cells from erastin-induced ferroptosis, suggesting that

the transportation of zinc by ZIP7 was a key factor in ferroptosis

[12]. Nevertheless, zinc salt does not always sensitize cells to

ferroptosis. For neuron cell VSC4.1, zinc ion supplementation can

inhibit ferroptosis via nuclear factor erythroid 2-related factor

2/heme oxygenase 1 (NRF2/HO-1) pathway [14]. The reported zinc

supplementation therapy usually requires a high dose with poten-

tial toxicity and shows huge difference in efficacy determined by

cell types [12,15]. The exploration of the Zn2+ behavior in cells

may help to resolve these problems.

Zinc can stabilize proteins and adjust their functions via coordi-

nation and is released from them during oxidative stress to form a
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negative feedback regulation [16]. In terms of oxidative stress, zinc

ions can also coordinate with various biothiols in cells, mutually

regulating their free concentrations. Cells directly utilize biothiols

such as glutathione to scavenge oxidative species, and this process

is also affected by the zinc ion-regulated activity of biothiol oxi-

dase [17]. Excessive zinc ions can also displace iron in proteins for

respiratory chain, thereby promoting oxidative stress [11,18]. The

above-mentioned facts indicate that zinc may act as a messenger

in ferroptosis with oxidative context. The specific role of zinc in

cell death appears intrinsically linked to its subcellular localiza-

tion. Tracing Zn2+ with imaging technology to disclose the rele-

vant pathways can be beneficial to improve the effect of zinc ther-

apy. However, there are few literatures to disclose the behavior of

endogenous Zn2+ during ferroptosis with imaging method. A reli-

able zinc sensor is in high demand for the study of the relationship

of endogenous Zn2+ and ferroptosis. Besides fluorescence imaging,

the main detecting methods for biological Zn2+ are atomic spec-

troscopy, mass spectroscopy, magnetic resonance imaging and so

on [19], but most of them cause damage to living sample more

or less and cannot achieve flexible real-time imaging. Fluorescent

probe has been adopting as a powerful tool for biological imaging

[20], and organic small molecule probes possess the virtue of flex-

ible design, low cost, convenient use, and non-invasiveness [21]. A

variety of biomarkers have been traced using fluorescent probes

during ferroptosis to assist in the study of the effects of these

biomarkers [22,23], some of which have been reported to have

close associations with zinc ion-related pathways [24–26]. Among

fluorescent sensors, ratiometric ones usually are more attractive

due to their potential for quantitative detection [27]. There are

successful examples to devise organic small molecule Zn2+ probes

[28,29]. Unfortunately, because the hetero-atoms of the uncoordi-

nated chelators along with the mechanism of photo-induced elec-

tron transfer, only a small part of the present literatures for ra-

tiometric Zn2+ probes present significantly separated fluorescence

peaks [30,31]. Moreover, current limitations in zinc probe design,

particularly the trade-off between sensitivity, selectivity, biocom-

patibility, and spectral properties, necessitate innovative sensor de-

velopment for studying zinc biology in ferroptosis-related environ-

ments.

To address this need, we engineered a β-functionalized boron

dipyrromethene (BODIPY)-based ratiometric probe through strate-

gic heterocycle conjugation. The β-position aromatic rings mod-

ulate both the electron density of the BODIPY core and the con-

jugation range. Hence electron-withdrawing pyridine was selected

to construct an intramolecular charge transfer (ICT) system, and

the probe with electron-donating furan was set as a control

(probes BDP-p and BDP-f, respectively, Fig. 1a). The heterocycle was

bonded at the β-position to efficiently coordinate to the Zn2+ cap-

tured with the chelator N1,N1-bis(pyridin-2-ylmethyl) ethane-1,2-

diamine (BPEA) at the α-position. BPEA ensured adequate affinity

to Zn2+ and provided dissociable hydrogen atom during coordina-

tion, while its secondary amine protons participated in hydrogen

bonding with the β-pyridine nitrogen. We found that the electron-

withdrawing pyridine cycle endowed the probe BDP-p with a ra-

tiometric response in fluorescence after chelating with Zn2+. In

contrast, its furan-substituted counterpart BDP-f showed almost

no Zn2+ sensing capacity. Using BDP-p as the imaging agent, we

found the free Zn2+ level elevated during ferroptosis induced by

erastin.

Both probes were fully characterized using nuclear magnetic

resonance (NMR) and mass spectrometry (Scheme S1 and Figs. S1-

S24 in Supporting information). BDP-p showed as absorption peak

at around 540nm and an emission maximum at about 563nm.

Upon Zn2+ addition, a slight red-shifted and broadened absorption

with a distinct emission red-shift (563nm shifted to 594nm, Figs.

1b and c) were observed. However, BDP-f showed a larger Stokes

Fig. 1. The chemical structures of BDP-p and BDP-f (a). The absorption spectra

of BDP-p (b) and BDP-f (d), and the fluorescence spectra of BDP-p (c) and BDP-f

(e), tested in acetonitrile/2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid

(HEPES) buffer (50mmol/L, 100mmol/L KCl, pH 7.4)=1:1, slit=1/1nm. Inset of (c)

and (e): the corresponding photos of the solutions excited by a green laser.

shift, with minimal absorption changes and slightly decreased flu-

orescence intensity in response to Zn2+ (Figs. 1d and e). Addition-

ally, the fluorescence quantum yields (QYs) of BDP-f in methanol

(ΦF = 0.06) was remarkably lower than that of BDP-p (ΦF = 0.33).

The higher QY of BDP-p might be attributed to the smaller Stokes

shift than that of BDP-f, which usually means smaller vibrational

reorganization energy in the excited states. The results suggest that

the β-pyridine group is essential for higher QY and ratiometric

Zn2+ sensing.

To understand the mechanism of different spectroscopic and

Zn2+ sensing properties of the two probes, the 1H NMR Zn2+ titra-

tion and theoretical calculation were conducted (Fig. 2 and Fig.

S25 in Supporting information). The chemical shift of proton H1 in

BDP-p was at 10.95 (Figs. 2a and b), whereas that of BDP-f was at

7.66 (Fig. 2c). This data suggested a strong intramolecular hydrogen

bond formed in BDP-p. Moreover, β-pyridine protons in BDP-p (Ha-

Hd, marked in blue) shifted downfield, while BODIPY core protons

(H2, H4, marked in red) shifted upfield, indicating Zn²+ binding to

the β-pyridine nitrogen and deprotonation of the -NH- group (Figs.

2a and b). The deprotonation of the -NH- group could significantly

enhance the ICT effect of BDP-p, leading to the redshift on absorp-

tion and emission spectra. In contrast, for BDP-f, the signals of HA-

HD possessed obvious shift to downfield while those of H2 and H4

on the BODIPY core hardly changed (marked in red), suggesting

the distinct dipicolylamine coordination but weak coordination of

the furan O atom (Fig. 2c). The calculated ground state conforma-

tions of the two probes also supported our speculation (Fig. S25).

In the optimal ground-state conformation, the hydrogen bond be-

tween the secondary amine group and the adjacent heterocyclic

ring in BDP-p (N-H···N distance: 1.7 Å) was shorter than that in

BDP-f (N-H···O distance: 2.0 Å). The formation of the intramolecular

hydrogen bond could enhance the rigidity of the BDP-p molecule,

thereby inhibiting non-radiative transition and increasing its quan-

2



Y. Li, W. He, Y. Chen et al. Chinese Chemical Letters 37 (2026) 111337

Fig. 2. (a) The number of each hydrogen presented in the following 1H NMR spec-

tra. (b) The 1H NMR of the BDP-p before (up) and after (down) the addition of 1

equiv. of ZnCl2. (c) The 1H NMR of the BDP-f before (up) and after (down) the ad-

dition of 1 equiv. of ZnCl2 (solvent: DMSO–d6, 400MHz).

tum yield. The results demonstrated that the β-pyridine modifi-

cation not only help increasing the quantum yield of BDP-p by

facilitating the intracellular H-bond formation, but also played an

essential role in the Zn2+ coordination which leads to ratiometric

sensing ability.

Next, we conducted the fluorescent Zn2+ titration of BDP-p (Fig.

3a). The dissociation constant Kd was calculated to be 2.5 nmol/L

(Fig. S26 in Supporting information). Besides the high sensitivity,

the coordination was also very rapid (Fig. 3b). The 1:1 Zn2+ bind-

ing stoichiometry was confirmed by Job’s plot and mass spectrom-

etry (Fig. 3c and Fig. S27 in Supporting information). The selectivity

of BDP-p was also checked (Fig. 3d). The interference from most of

the common metal ions and hydrogen peroxide was in an accept-

able range. Although some ions indeed obviously impacted the ra-

tio value of the fluorescence at one equivalent concentration, their

concentrations were proved to be far lower than Zn2+ in biological

environment [32–34], so that they would not interfere with the de-

tection in cells. In this way, it could be preliminarily assumed that

BDP-p was qualified to visualize the change of Zn2+ level in cells.

Encouraged by the solution-phase results, we next investigated

BDP-p’s capability to monitor both exogenous and endogenous free

Zn2+ in live cells. As shown in Figs. 4a–j, zinc pyrithione was

used to directly supplement free Zn2+ to cells, and a well-known

biothiol scavenger N-ethylmaleimide (NEM) was used to liberate

protein-bound zinc into the labile pool (Figs. 4k–o) [35]. In these

two occasions, we found the fluorescence intensity in the green

channel decreased and that of the red channel enhanced, yielding

the elevated ratio of the two fluorescence channels. After the in-

cubation of NEM, the labile zinc was sequestered by a high affin-

ity Zn2+ chelator N,N,N′,N′-tetrakis-(2-pyridylmethyl) ethylenedi-

amine (TPEN), and the ratio value dropped dramatically (Figs. 4p–

u). Moreover, the cell viability assay confirmed the biocompati-

Fig. 3. The optical properties of BDP-p (5 μmol/L) tested in acetonitrile/HEPES

buffer (50mmol/L, 100mmol/L KCl, pH 7.4)=1:1, slit=1/1nm. (a) The fluorescence

spectra of BDP-p titrated by ZnCl2 solution, inset: the linear fitting curve within

the 0.5 equiv. titration. (b) The ratio of fluorescence intensities at 594 and 563nm

against time. (c) The Job’s plot of BDP-p, Xprobe = cprobe/(cprobe + [Zn2+]). (d) The fluo-

rescence ratio (594nm/563nm) of BDP-p mixed with varied metal ions at the pres-

ence of three equivalents of Zn2+ (red) or not (black). 1. Blank; 2. Fe2+; 3. H2O2;

4. Mn2+; 5. 0.1 equiv. Co2+; 6. 0.1 equiv. Ni2+; 7. 0.001 equiv. Cu2+; 8. 100 equiv.

Na+ +100 equiv. K+ +40 equiv. Ca2+ +40 equiv. Mg2+; 9. Fe3+; 10. Hg2+; 11. Pb2+;
12. Cd2+ 13. Cu2+ , the metal ions were 1 equiv. unless specified.

Fig. 4. Images of A549 cells incubated with 2 μmol/L of BDP-p for 1h and then

treated with the following: (a–e) culture medium (control); (f–j) 10 μmol/L of

zinc pyrithione (ZnPT), incubated for 20min; (k–o) 50 μmol/L of NEM incubated

for 20min; (p–t) 50 μmol/L of NEM incubated for 20min, and then cells were

treated with 50 μmol/L of TPEN for 15min. Green channel: 555–585nm, red

channel: 598–628nm. Both of the channels were excited at 543nm. Scale bar:

20 μm. (u) The calculation results of the ratio value in each experiment group, ra-

tio= red channel/green channel. (v) Cell viability versus the concentration of BDP-p

in methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay, the cells were incu-

bated with BDP-p for 12h. Data are presented as mean ± standard deviation (n=6

for u and n=3 for v). The significance comparison of differences between groups

was conducted using a two-tailed t-test. ∗∗P<0.01, ∗∗∗P<0.001.
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Fig. 5. Images of A549 cells treated with following species for 24h and then in-

cubated with 2 μmol/L of BDP-p for 1h or 10 μmol/L of DCFH-DA for 0.5 h: (a–e)

blank; (f–j) 10 μmol/L of erastin; (k–o) 10 μmol/L of erastin and 5 μmol/L of fer-1;

(p–t) 10 μmol/L of erastin for 24h and 40 μmol/L of TPEN for 20min. Scale bar:

20 μm. (u) The ratio value of BDP-p (RBDP-p) in each experiment group, ratio= red

channel/green channel. Green channel: 555–585nm, red channel: 598–628nm. Both

of the channels were excited at 543nm. (v) The fluorescence intensity of DCFH-DA

(FDCFH-DA) in each experiment group. The ROS levels were determined by DCFH-DA

probe. Data are presented as mean ± standard deviation (n=6). The significance

comparison of differences between groups was conducted using a two-tailed t-test.
∗∗P<0.01, ∗∗∗P<0.001.

bility of BDP-p in its imaging concentration (Fig. 4v and Fig. S28

in Supporting information). The colocalization experiments showed

no organelle-specific accumulation of BDP-p (Fig. S29 in Support-

ing information).

Finally, the fluctuation of the free Zn2+ level during ferropto-

sis process was imaged by BDP-p (Figs. 5a–d, f–i, k–n). Erastin

had been well acknowledged to induce ferroptosis in A549 cells

with specified time and concentration [36,37]. The images indi-

cated that there were some discrete zones appeared in which the

Zn2+ level elevated, as represented by fluorescence ratio enhance-

ment (Fig. 5i). Meanwhile, an increased level of reactive oxygen

species (ROS) was also observed by 2,7-dichlorodihydrofluorescein

diacetate (DCFH-DA) (Figs. 5e and j). When ferroptosis was inhib-

ited by ferrostatin-1 (fer-1), the zinc elevation was suppressed con-

sequently, concomitant with a suppressed ROS level (Figs. 5j, o, u

and v). Notably, TPEN treatment leads to a ratio decrease, suggest-

ing that the observed ratio increase during ferroptosis was caused

by enhanced free Zn2+ (Figs. 5p–u). The results indicated that the

elevated ROS during ferroptosis might lead to free Zn2+ release. To

underscore ratiometric advantage of BDP-p, we performed paral-

lel experiments with an intensity-based commercial probe Zinpyr-

1 (Fig. S30 in Supporting information). While both probes detected

erastin-induced Zn2+ increases, Zinpyr-1 exhibited probe aggrega-

tion artifacts, evidenced by the obscured true Zn2+ distribution.

Therefore, BDP-p was capable to visualize the intracellular micro-

zones where free Zn2+ elevated during ferroptosis.

In summary, we designed a ratiometric Zn2+ probe by intro-

ducing a pyridyl group at the ortho-position of the chelating group

linked to BODIPY fluorophore. After chelating with Zn2+, BDP-p

exhibited enhanced ICT effect due to the stronger electron do-

nating ability of deprotonated -NH- group and stronger electron-

withdrawing ability of β-pyridine, leading to an emission band

redshift from 563nm to 594nm. Using this probe, we found that

Zn2+ accumulated in some discrete regions in A549 cells during

ferroptosis induced by erastin. This work may be helpful to the

understanding of how the endogenous Zn2+ plays its role in fer-

roptosis. Our next efforts will be devoted to further investigate the

fluctuating Zn2+ level during ferroptosis in organelle level.
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