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a b s t r a c t

Early recognition is key to improving the prognosis of ischemic stroke (IS), while available imaging meth-

ods tend to target events that have already undergone ischemia. A new method to detect early IS is

urgently needed, as well as further study of its mechanisms. Viscosity and cysteine (Cys) levels of mito-

chondria have been associated with ferroptosis and IS. It is possible to identify IS and ferroptosis accu-

rately and early by monitoring changes in mitochondrial Cys and viscosity simultaneously. In this work,

a viscosity/Cys dual-responsive mitochondrial-targeted near-infrared (NIR) fluorescent probe (NVCP) was

constructed for the precise tracking of IS using a two-dimensional design strategy. NVCP consists of a

chromophore dyad containing diethylaminostyrene quinolinium rotor and chloro–sulfonylbenzoxadiazole

(SBD-Cl) derivative with two easily distinguished emission bands (λem =592 and 670nm). NVCP performs

the way of killing two birds with one stone, that is, the probe exhibits excellent selectivity and sensitiv-

ity for detecting viscosity and Cys in living cells with excellent biocompatibility and accurate mitochon-

drial targeting capability by dual channel imaging mode. In addition, NVCP recognized that the viscosity

increases and Cys level decreases in cells when undergoing ferroptosis and oxygen-glucose deprivation

(OGD) stress by confocal imaging, flow cytometry, and Western blot experiments. Treatment of ferroptosis

inhibitors (ferrostatin-1 (Fer-1) and deferoxamine (DFO)) could reverse the variation tendency of viscosity

and Cys. This is the first time that the relationship between ferroptosis and IS was identified through an

analysis of Cys and viscosity. More importantly, the ischemic area was also instantly distinguished from

normal tissues through fluorescence imaging of NVCP in vivo. The developed NIR dual-responsive probe

NVCP toward viscosity and Cys could serve as a sensitive and reliable tool for tracking ferroptosis-related

pathological processes during IS.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ischemic stroke (IS), characterized by local ischemia and hy-

poxia of the brain that causes disability and 9% of all deaths

around the world, has become an important public health prob-

lem as the global population ages with one in four people af-

fected over their lifetime [1,2]. Despite the management of IS has

greatly advanced, the addition of computed tomography (CT) per-

fusion imaging and angiography allows a positive diagnosis of IS,

IS patients have an early mortality rate of 10%–12% higher than the

general population [2,3].
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Current available imaging methods tend to target events that

have already undergone ischemia rather than identifying IS at an

early stage. Early recognition is key to improving the prognosis

and timely intervention of IS, which requires a deeper understand-

ing of its mechanism [4]. Ferroptosis, identified as iron-reliant pro-

grammed cell demise, exhibits lipid peroxidation and mitochon-

drial shrinkage [5] and has been linked to neurological diseases,

including neurodegenerative disease [6], cancer [7], epilepsy [8],

and ischemic stroke [9]. Studies have shown that ferroptosis could

contribute heavily to IS occurrence and development, and inhibit-

ing ferroptosis can improve IS outcomes [10-13]. However, there

are few details about how ferroptosis operates in early IS.

Cysteine (Cys), a crucial thioalcohol in maintaining redox bal-

ance, participates in energy generation and transmission through

https://doi.org/10.1016/j.cclet.2024.110166
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Scheme 1. The proposed mechanism of probe NVCP for monitoring ferroptosis during IS by response with viscosity and Cys.

chemical reactions such as fatty acid oxidation, amino acid decom-

position, aerobic metabolism, and phosphorylation in mitochon-

dria, which is closely related to IS and ferroptosis [14-17]. A sharply

reduced Cys level can be found in the brain due to an explosion of

reactive oxygen species in the early stages of IS [17]. Researchers

also found that N-acetyl-l-cysteine (NAC, a Cys derivative), an an-

tioxidant drug commonly used in clinical treatment, has the po-

tential as a thrombolytic drug for the treatment of IS [18,19]. Ad-

ditionally, Cys deprivation can lead to a decrease in glutathione

(GSH) and GSH peroxidase 4 (GPX4) levels, further leading to the

accumulation of glutamate, rendering cells more susceptible to fer-

roptosis [16,20]. These shreds of evidence indicated that Cys plays

an important role in ferroptosis and IS. The development of reac-

tive imaging tools that monitor the dynamic changes of Cys in mi-

tochondria is conducive to the research of ferroptosis during IS.

Viscosity is a major determinant of the flow state of the

microenvironment, encompassing lipids, proteins, and polysac-

charides, and is essential for signal transmission and microbial

interaction within cells [21-24]. Abnormal viscosity is intricately

linked to a range of diseases, including Alzheimer’s disease (AD)

[22], diabetes [25], cancers [26], and IS [27]. Blood viscosity is

elevated during acute and chronic periods of IS, and cases of IS are

more likely to occur in people with high blood viscosity [28,29].

In mitochondria, abnormal viscosity inhibits the electron trans-

port chain activity and leads to dysfunction of the mitochondrial

function which is followed by apoptosis [14], autophagy [30], and

ferroptosis [31-34]. Therefore, monitoring the changes of viscosity

in mitochondria in situ is also highly significant for comprehending

the role of ferroptosis and unraveling the mechanisms underlying

the development of IS.

Fluorescence imaging technology takes the advantages of sim-

ple operation, low cost, good selectivity, and real-time in situ

analysis, and has become an indispensable detection method in

biomedical research [35-38]. So far, a series of fluorescence probes

for IS imaging have been developed. The response indicators of

these fluorescent probes are mainly pH [39], thiol reductase [40-

42], metalloproteinases [43], nitric oxide [44], peroxynitrite ions

[45], Fe2+ [46], H2S [47], and viscosity [27,31-34]. Despite these

probes being useful for detecting pathological changes in IS cells

and organism, most are restricted to detecting only a single ac-

tive bioindicator, which makes it difficult to address complex bi-

ological demands [48]. Monitoring disease progress can be im-

proved by real-time synchronous imaging of multiple biomark-

ers. To this end, this work aims to design and synthesize a

mitochondrial-targeted near-infrared fluorescence probe (NVCP)

with dual viscosity/Cys-specific response for in situ tracing the spa-

tiotemporal distribution of viscosity and Cys during ferroptosis and

IS. NVCP contains two important moieties, the viscosity response

reporter and the Cys response reporter (Scheme 1), and the pos-

itively charged quinolinium promotes the probe to anchor in mi-

tochondria. NVCP could achieve in situ imaging tracing of mito-

chondrial viscosity and Cys during ferroptosis and provide a re-

liable visualization tool for recognizing and researching IS early.

To achieve simultaneous and accurate detection of mitochondrial

viscosity and Cys, a near-infrared (NIR) emissive and positively

charged rotor diethylaminostyrene quinolinium and a Cys-specific

sulfonylbenzoxadiazole (SBD) chromophore were chosen to con-

struct the fluorescent probe dyad (NVCP) with two distinguish-

able response emission bands (Scheme 1). The molecular rotor is

condensed from 4-methylquinoline quaternary ammonium salt and

N,N-dimethylamino benzaldehyde, forming a typical D-π-A system.

Under low viscosity conditions, the fluorescence of the rotor would

be quenched due to the non-radiative transition caused by the ro-

tation of internal bonds. However, in high-viscosity states, the in-

ternal rotation limitation leads to an enhanced fluorescence at the

NIR region (670nm) with a large Stoke shift (120nm). At the same

time, chloro–sulfonylbenzoxadiazole (SBD-Cl) was introduced as a

Cys-specific recognition fluorophore. In the presence of Cys, NVCP

is first cleaved through nucleophilic substitution, then followed by

intramolecular rearrangement to form amino substituted deriva-

tives and emitted orange fluorescence (592nm). In addition, the

positive charge of the probe is beneficial for anchoring in mito-

chondria. NVCP was synthesized by routine in Scheme S1 (Sup-

porting information).

With NVCP in hand, the response of NVCP for Cys was investi-

gated using absorption and emission spectroscopic measurements.

All absorption and fluorescence spectra tests were performed in

phosphate buffer (25mmol/L, pH 7.4, 30%N,N-dimethylformamide

(DMF)). For absorption spectra, NVCP displayed the maximum

absorption peak centered at 550nm, while the peak increased

slightly and accompanied with generation of an absorption shoul-

der band centered at about 440nm after incubation with Cys

(Fig. 1A). In emission response spectra, a strong emission band

centered at 592nm was generated upon the addition of Cys and

reached a plateau (63-fold enhancement) after 70min (Fig. 1B

and Fig. S1 in Supporting information). A direct linear relationship
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Fig. 1. (A) Absorption of NVCP (10 μmol/L) before and after the addition of Cys. (B) Fluorescence titration of NVCP to different concentrations of Cys (0–500μmol/L). (C)

Fluorescence response of NVCP to Cys and other analytes (H2S, GSH, Hcy, K
+ , Ca2+ , Mg2+ , dl-lysine, dl-proline, dl–serine, d-phenylalanine, l-alanine, l-glutamine, l-arginine,

l-leucine, l-threonine, l-valine, l-histidine, Glycine 100μmol/L, respectively). The above data were recorded in a PBS solution (10mmol/L, pH 7.4, 30% DMF), λex =440nm.

(D) Absorption spectra of NVCP in buffer and glycerol. (E) Fluorescence spectra of NVCP in buffer-glycerol mixtures with different viscosities. (F) Fluorescence response of

NVCP to different solvents, λex =550nm. (G) Absorption spectra of NVCP (10 μmol/L) in the absence or presence of Cys (500μmol/L) and glycerol (70% volume ratio) in

DMF. Fluorescence response spectra of NVCP to viscosity in the presence of Cys (500μmol/L) with an excitation at 440nm (H) or 550nm (I) in DMF containing different

proportions of glycerol.

ranging from 0 to 400μmol/L was shown (Fig. S2 in Supporting in-

formation) and the detection limit was 37μmol/L. Importantly, the

fluorescence intensity of NVCP did not appear any change when

treated with other bioactive agents, while Cys triggered a clear flu-

orescence enhancement at 592nm (Fig. 1C and Fig. S3 in Support-

ing information), indicating that the response of the NVCP to Cys

cannot be disturbed by these bioactive analytes. Fig. S4 (Support-

ing information) showed a strong fluorescence within the pH range

of 7–10, indicating the probe’s detection availability in organism.

These results collectively indicated that NVCP could be applied in

selectively monitoring the changes of Cys in biological samples.

Next, to verify the reliability of probe NVCP responding to vis-

cosity, the optical performance in a phosphate buffer saline (PBS)-

glycerol system was firstly investigated. As displayed in Fig. 1D,

a maximum absorption peak at 550nm was observed from NVCP

in buffer, while the absorption was enhanced with a slight blue-

shift after incubation with glycerol. In emission response spectra,

NVCP exhibited a 22-fold fluorescence enhancement upon a vis-

cosity change from 1.4 cP to 834 cP at 670nm (Fig. 1E). A direct

linear relationship from a plot of Log I670nm against Logη ranging

from 0.5 to 2.0 was also found (Fig. S5 in Supporting information).

Meanwhile, the fluorescence emission of NVCP response with vis-

cosity was hardly disturbed by biological analytes (Fig. S6 in Sup-

porting information) and rarely depended on pH (Fig. S7 in Sup-

porting information). The absorption and fluorescence spectra of

NVCP in some solvents with different polarities were measured as

polarity may influence molecular rotors’ ability to detect viscosity.

The absorption wavelength of NVCP in different polarities solvents

hardly changed (Fig. S8 in Supporting information). No obvious flu-

orescence changes were also observed at 670nm in different polar

solutions with NVCP while a significant emission was generated in

glycerol (Fig. 1F), which demonstrated that viscosity detection with

NVCP is not hindered by the polarity of environment.

To evaluate the response performance of probe simultaneously

towards Cys and viscosity, the fluorescence spectra were recorded

at different viscosity in the presence of excess of Cys (500μmol/L).

A new absorption shoulder band centered at about 440nm was

also generated in response spectra (Fig. 1G). In addition, the re-

sponse of NVCP to Cys was unaffected by the increased viscosity

with an excitation at 440nm (Fig. 1H), meanwhile, NVCP exhibited

an obvious turn-on fluorescence response to viscosity in the pres-

ence of excess Cys when excited at 550nm (Fig. 1I), which was al-

most equal with the change trends of response fluorescence of the

rotor dye NVCD towards viscosity (Fig. S9 in Supporting informa-

tion). Results from the above study demonstrated that NVCP could

be used for detecting changes in Cys and viscosity simultaneously

in a sensitive and specific manner in biological system.

To investigate whether there exists a fluorescence resonance

energy transfer (FRET) process on molecule NVCP, we supple-

mented the fluorescence spectrum of NVCP with an excitation at

SBD moiety (440nm) and rotor NVCD (550nm), respectively. As

shown in Fig. S10 (Supporting information), negligible fluorescence

was observed when excited at potential energy donor, while strong

fluorescence was generated when excited at potential energy ac-

ceptor, suggesting the excited energy of SBD moiety cannot ac-

cepted by rotor molecule NVCD. The results indicated that there

exists no FRET process on probe NVCP.

Prior to cell imaging, the methylthiazolyldiphenyl-tetrazolium

bromide (MTT) study was performed to test NVCP cytotoxicity

in PC12 cells. As shown in Fig. S11 (Supporting information),

NVCP presented more than 90% of cells survived when NVCP (0–

20μmol/L) was incubated with PC12 cells for 24h, indicating its

suitability for live cell imaging. Then the intracellular location of

NVCP was characterized using a confocal laser microscope with

Mito-tracker green and lyso-tracker green. As shown in Fig. 2,

NVCP’s red channel fluorescence image and Mito-tracker green’s

green channel fluorescence image overlapped significantly at a

high Pearson coefficient (0.94). Close synchronization of intensity

profiles was also observed between NVCP and Mito-tracker green-

stained linear regions of interest (ROIs). However, the green chan-
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Fig. 2. Confocal laser fluorescence microscopic images of PC12 cells treated with

NVCP and Mito-tracker green. (A) Red fluorescence image of NVCP (λex/λem:

594/640–710nm). (B) Green fluorescence image of Mito-tracker green (λex/λem:

488/500–520nm). (C) Overlap image of (A) and (B). (D) Merge of (C) and bright

field. Scale bar: 10 μm. (E) Intensity profile of ROI across PC12 cells. (F) Correlation

plot of Mito-tracker green and NVCP intensities.

Fig. 3. (A) Confocal imaging of exogenous and endogenous Cys in PC12 cells with

NVCP. Control group, cells were only loaded with NVCP for 30min. NEM group,

cells pretreated with NEM (200μmol/L) for 30min before being loaded with NVCP.

NEM+Cys group, cells were treated with NEM (200μmol/L) for 30min, followed by

an extra Cys (100μmol/L) for 30min incubation, λex/λem =488nm/540–600nm. (B)

Relative fluorescence intensity of images in (A). ∗∗P < 0.01, ∗∗P < 0.001. vs. NEM

group. (C) Confocal laser fluorescence imaging of NVCP in PC12 cells pretreated

with or without 10μmol/L Moe and 10μmol/L Nys for 30min, then incubated with

NVCP for 30min, λex/λem =594nm/640–710nm. Scale bar: 20 μm. (D) Relative flu-

orescence intensity of images in (C). ∗∗P < 0.01, ∗∗P < 0.001. vs. control group. Data

are presented as mean ± standard deviation (SD) (n = 3).

nel fluorescence image of lyso-tracker green and red channel flu-

orescence image of NVCP less overlapped with a low Pearson’s

coefficient (0.23) (Fig. S12 in Supporting information). These data

demonstrated NVCP accumulated in mitochondria with low cyto-

toxicity. The lipophilicity testing of probe NVCP has been also con-

ducted. NVCP exhibits significant absorption in the octanol layer,

while the water layer is relatively low (Fig. S13 in Supporting in-

formation), and the LogP value (one key consideration for crossing

blood-brain barrier (BBB) for small molecules) of NVCP was calcu-

lated to be 1.59, indicating that NVCP has good lipophilicity and

favourable BBB penetration ability.

Next, we evaluated the potential ability of NVCP for fluores-

cence imaging of Cys in living cells. As shown in Fig. 3A, PC12 cells

were only incubated with NVCP and exhibited a fluorescence sig-

nal at the green channel. By comparison, the cells pretreated with

Fig. 4. (A) Confocal laser fluorescence imaging of NVCP in ferroptosis. (A) PC12

cells were stimulated with erastin (20μmol/L, 30min) before incubation with NVCP

(10 μmol/L, 30min), with or without pretreated with Fer-1 (20μmol/L, 1 h) and DFO

(100μmol/L, 1 h). Cells only loaded with NVCP as the control group. Scale bar:

20 μm. (B, C) Relative fluorescence intensities of images in green and red chan-

nels for Cys (λex/λem =488nm/540–600nm) and viscosity (λex/λem =594nm/640–

710nm), respectively. ∗P < 0.05, ∗∗P < 0.01 vs. erastin group. Data are presented as

mean ± SD (n = 3).

N-ethylmaleimide (NEM, thiols-blocking agent) [49,50] showed sig-

nificantly lower green fluorescence signals, which implied that

NVCP was surely sensitive to the change of intracellular Cys. More-

over, the cells with additional Cys have observed notably stronger

fluorescence intensity than cells in the NEM group (Fig. 3B).

These results illustrated the sensitivity of NVCP to detect exoge-

nous/endogenous Cys in living cells, indicating that NVCP has great

potential for bioimaging Cys.

Furthermore, to validate the capability of NVCP for imaging mi-

tochondrial viscosity, fluorescence images of PC12 cells were ac-

quired in the presence of viscosity inducers. As shown in Figs. 3C

and D, cells pretreated with monensin (Moe) or nystatin (Nys) dis-

played a stronger red fluorescence signal than cells in the control

group loaded only with NVCP, indicating that the viscosity of mi-

tochondria increased after Moe and Nys stimulation, which is con-

sistent with the literature report [21,51]. These above results indi-

cated that NVCP could be used to monitor the mitochondrial vis-

cosity and Cys changes in the living system.

Recent studies have shown that Cys deprivation and abnormal

viscosity are the key aspects of ferroptosis [20,52]. In this process,

NVCP was used to monitor the changes of Cys and viscosity in liv-

ing cells to demonstrate NVCP’s universality as a non-invasive tool

to evaluate ferroptosis. Erastin (ferroptosis inducer) [53] was ap-

plied to PC12 cells in the ferroptosis group and pre-treated with

ferrostatin-1 (Fer-1) [54] and deferoxamine (DFO) [55] before in-

ducing ferroptosis in the ferroptosis inhibition group. All groups

were incubated with NVCP, and the cells were only loaded with

NVCP as a control group. As shown in Fig. 4A, the cells of the fer-

roptosis group showed weakened fluorescence in the green chan-

nel and enhanced fluorescence in the red channel when compared

to that of the control group, respectively, indicating that Erastin in-

duced a decrease in Cys and an increase in viscosity in PC12 cells.

Meanwhile, both Fer-1 and DFO reversed fluorescence changes in

the green and red channels when compared with the Erastin group
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Fig. 5. (A) Confocal laser fluorescence images of PC12 cells during an ischemic

environment. Cells in the control group were incubated with NVCP only for

30min, cells in the OGD group suffered from oxygen and glucose deprivation

for 2h, and cells in the CCCP group and LPS group were incubated with CCCP

(1 μmol/L) or LPS (5 μg/mL) for 30min and then loaded NVCP, green channel for Cys

(λex/λem =488nm/540–600nm), and red channel for viscosity (λex/λem =594nm/

640–710nm). Scale bar: 20 μm. (B) Relative fluorescence intensity in green channel

of images in (A). (C) Relative fluorescence intensity in red channel of images in (A).
∗P < 0.05, ∗∗P < 0.01 vs. control group. Data are presented as mean ± SD (n = 3).

(Figs. 4B and C). These results indicated that NVCP could visualize

ferroptosis by Cys and viscosity changes in mitochondria.

Mitochondrial viscosity and Cys also have been proven to be

important markers of IS [15-20]. Next, we also examined NVCP as

a method of detecting viscosity and Cys levels during IS in PC12

cells. Oxygen and glucose deprivation (OGD), Carbonyl cyanide 3-

chlorophenylhydrazone (CCCP), and lipopolysaccharide (LPS) were

chosen to stimulate PC12 cells to mimic the microenvironment

of IS in neuron cells [56-58]. As shown in Fig. 5A, OGD-treated

cells caused remarkably weaker fluorescence intensity in the green

channel and stronger fluorescence intensity in the red channel

than cells only loaded with NVCP respectively, which meant that a

reduction of Cys was accompanied by an increase in viscosity dur-

ing ischemic microenvironments. To imitate the complex microen-

vironment of IS in multiple aspects, CCCP was employed to induce

mitochondrial stress conditions. CCCP can lead to viscosity varia-

tion and GSH depletion of the intracellular microenvironment due

to inducing disruption of mitochondrial membrane potential and

selectively increasing the permeability of lipid membranes to pro-

tons [59]. As expected, the faded fluorescence in the green chan-

nel and increased fluorescence in the red channel were observed

in the CCCP group. In addition, the commonly oxidative stress in-

ducer LPS was also used to mimic the oxidative stress microenvi-

ronment during IS [60,61]. The fluorescence imaging results were

consistent with those of the OGD group and CCCP group (Figs. 5B

and C). These results indicated that NVCP can be well applied to

monitor the mitochondrial viscosity and Cys changes in IS-related

microenvironment.

Encouraged by the above imaging experiments, it is reasonable

to believe that monitoring the changes of Cys and viscosity in mi-

tochondria could help explain the relationship between ferroptosis

and IS. Subsequently, we examined the association between fer-

roptosis and OGD cells by NVCP (Fig. 6A). As shown in Fig. 6B, the

OGD group showed weaker fluorescence intensity in the Cys chan-

nel and stronger fluorescence intensity in the viscosity channel

when compared with the control group. However, both Fer-1 and

DFO reversed the phenomenon (Figs. 6C and D), indicating that

ferroptosis variation is primarily responsible for the fluorescence

signal changes during OGD. To further validate this result, we used

flow cytometry to detect the fluorescence intensity changes of

Fig. 6. (A) The possible mechanism of ferroptosis in OGD-induced ischemic stroke injury. (B) Confocal laser fluorescence imaging of NVCP-loaded PC12 cells. PC12 cells were

cultured with OGD (2h) followed by loading with NVCP (10 μmol/L, 30min), with or without pretreated with Fer-1 (20 μmol/L, 1 h) and DFO (100μmol/L, 1 h). Cells only

loaded with NVCP as control. Scale bar: 20 μm. (C, D) Relative fluorescence intensities of images in green and red channels for Cys (λex/λem =488nm/540–600nm, C) and

viscosity (λex/λem =594nm/640–710nm, D), respectively. (E, F) Flow cytometry analysis of panel (B) in fluorescein isothiocyanate (FITC) (E) and PerCP (F) channel for Cys

and viscosity, respectively. (G) Western blot illustrating the expression of GPX4, ACSL4, Bax, and Bcl-2 in the PC12 cells of panel (B), actin was used as a loading control.

Quantitative data of Western blot results for GPX4 (H), ACSL4 (I), and Bax/Bcl-2. (J) were normalized by ImageJ software. ∗P < 0.05, ∗∗P < 0.01 vs. OGD group. Data are

presented as mean ± SD (n = 3).
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the Cys channel and viscosity channel in each group of cells with

NVCP (Figs. 6E and F), which was consistent with imaging results.

These results confirmed that NVCP has the capability to track the

dynamic changes of Cys and viscosity during the IS process and its

ferroptosis inhibition.

Previous studies revealed that the deprivation of Cys inhibited

the expression of GPX4 and excessive lipid peroxidation, triggers

the process of ferroptosis [14,15]. IS cells and mice exhibited re-

duced Cys/GPX4 levels and increased acyl-CoA synthetase long-

chain family member 4 (ACSL4) expression and lipid peroxidation

[11,62,63]. GPX4 can inhibit excessive lipid peroxidation in neu-

rons, and its inhibition or knockout trigger ferroptosis [7,62]. ACSL4

[11], a crucial variant for the metabolism of polyunsaturated fatty

acids, plays a significant role in determining the susceptibility to

ferroptosis by increasing lipid peroxidation (Fig. 6A).

Thus, we further determined the levels of GPX4 and ACSL4 by

Western blot in the process of IS involving ferroptosis (Fig. 6G).

Our results showed that the expression levels of GPX4 were con-

siderably downregulated in the OGD group, and it was further up-

regulated by the treatment with Fer-1 and DFO (Fig. 6H). Mean-

while, the expression levels of ACSL4 were significantly higher in

the OGD group than that of the control group and further down-

regulated by the treatment of Fer-1 and DFO (Fig. 6I). In addition,

we evaluated the levels of Bax and Bcl-2, two proteins associated

with the outcome of ferroptosis. The Bcl-2 gene family contains

the apoptosis-promoting Bax, which antagonizes Bcl-2′s benefits

and leads to cell death [6]. As shown in Fig. 6J, the upregulation

of Bax/Bcl-2 was followed by OGD in living cells, and they were

reversed by the treatment of Fer-1 and DFO. These data indicated

that the interventions of ferroptosis can repair cell damage caused

by OGD to some extent. Taken together, these results demonstrate

that NVCP can be used to monitor mitochondrial Cys and viscosity

during ferroptosis-related OGD.

Motivated by the above series of imaging results in PC12 cells,

we further explored the ability of NVCP for imaging IS in vivo by

detection of viscosity-responding NIR fluorescence signal. All ex-

periments using mice were approved by Medical Ethics Commit-

tee, University of South China and operated in accordance with

University of South China guidelines on the care and use of an-

imals for scientific purposes. Before in vivo imaging, hematoxylin

and eosin (H&E) staining and some blood biochemical indexes was

performed to test the biocompatibility of NVCP in vivo (Fig. S14

in Supporting information). In addition, no noticeable difference

in organs was observed via H&E stains. Even at a concentration

of 20μmol/L, NVCP did not cause hemolysis, which indicated that

NVCP is suitable for imaging analysis of mice in situ (Fig. S15

in Supporting information). A mice model of photothrombotic is-

chemia stroke (PTS) was selected to produce a mice model suffer-

ing from IS [64].

The actual fabrication of the PTS model and imaging was ac-

complished as depicted in the experimental setup. As shown in

Fig. S16 (Supporting information), the fluorescence intensity of the

ischemic site in the PTS group increased significantly compared to

that of the sham group, probably resulting from the abnormal in-

crease of viscosity after disruption during IS, indicating NVCP can

recognize ischemic sites. Moreover, we also evaluated the loca-

tion and extent of the ischemia by stereotaxic injection of NVCP.

The NIR fluorescence intensity of the ischemic site (laser irradi-

ated site) in the PTS group was significantly enhanced compared

with the sham group only loaded with NVCP for up to 120min

(Fig. S16A). Stripping the brain tissue of mice also yielded consis-

tent results with detection in vivo, and no significant fluorescence

was observed in other major organs (Fig. S16B and C). Furthermore,

the fluorescence of the ischemic location gradually increased af-

ter tail vein injection with NVCP reaching the maximum at 20min

and maintaining it for about 60min (Fig. S17 in Supporting infor-

Fig. 7. (A) Schematic illustration of the IS model and probe treatment operation.

NIR fluorescence imaging of NVCP tail vein injected during IS in vivo (B1–D1), brain

tissue (B2–D2), and coronal brain slices (B3–D3), λex/λem =640nm/695nm. (E) Rel-

ative fluorescence intensity of images in (B1–D1). ∗∗P < 0.01, ∗∗∗P < 0.001 vs. sham

group. Data are presented as mean ± SD (n = 3). (F) Images of TTC-stained coronal

brain sections, ischemic tissue appears as white color, the quantitative analysis of

infarct volume% was shown in Fig. S19.

mation). These results proved that NVCP was suitable for in situ IS

imaging.

For patients with IS, timely restoration of blood flow is the

most important therapeutic goal, t-PA has been the most com-

monly used thrombolytic drug in first-line treatment for IS clinical

[65,66]. Therefore, we carried out the experiment of IS by treat-

ing with t-PA within 2h after PTS and examined the responses

of NVCP to the changes in ischemic range after treatment. The

IS mice model and probe treatment operation was illustrated in

Fig. 7A. As expected, a significant decrease in fluorescence inten-

sity and area was detected in mice treated with t-PA compared

with the PTS group (Fig. 7D), indicating that t-PA restores some

blood supply to the IS’s brain, and this process can be monitored

in situ by the NIR fluorescence imaging of NVCP (Fig. 7E). More-

over, organ and slice fluorescence imaging in vitro also confirm the

above results (Figs. 7B–D and Fig. S18 in Supporting information).

Additionally, 2,3,5-triphenyltetrazolium chloride (TTC) staining was

also used to confirm the ischemic area by infarct size after 24 h

TTC stains normal tissue a deep red color while ischemic tissue

unstained by TTC appears a white color. As shown in Fig. 7F and

Fig. S19 (Supporting information), the brain slices in the PTS model

showed a remarkable infarct volume compared with that of the

Sham group. The TTC-unstained infarcted area in tPA-treated mice

was smaller than that of the PTS model mice at 24h of recov-

ery, which high agreement with NVCP fluorescence imaging in vivo

and in vitro. These above results suggested that NVCP possesses

great potential for early in situ recognizing and monitoring of the

changes in ischemic area during IS.

In conclusion, a viscosity/Cys dual-responsive mitochondrial-

targeted fluorescent probe (NVCP) was reasonably developed for

precisely tracking IS using a two-dimensional design strategy.

NVCP performs the way of killing two birds with one stone, that

is, the chromophore dyad-based probe exhibits excellent selectivity

and sensitivity for detecting viscosity and Cys in living cells with

excellent biocompatibility and accurate mitochondrial targeting ca-

pability by dual channel imaging mode (λem =592 and 670nm).

The dynamic changes of viscosity increase and Cys decrease as well

as the reversal tendency after treatment of ferroptosis inhibitors

(Fer-1 and DFO) in the ferroptosis process and IS microenviron-

ment were monitored successfully with the help of NVCP. What’s

more, NVCP was applied as a visual tool to track the in situ viscos-

ity ischemia area during IS and its treatment in PTS model mice,

which was in high agreement with pathological morphology stain-
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ing. This is the first time that the relationship between ferropto-

sis and IS was identified through an analysis of Cys and viscosity.

The results above suggested that NVCP could potentially serve as a

reliable and noninvasive visual measurement tool for studying fer-

roptosis and ferroptosis-related events, such as IS.
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