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a b s t r a c t

Acute lung injury (ALI) is a serious clinical condition with a high mortality rate. Oxidative stress and

inflammatory responses play pivotal roles in the pathogenesis of ALI. ONOO− is a key mediator that ex-

acerbates oxidative damage and microvascular permeability in ALI. Accurate detection of ONOO− would

facilitate early diagnosis and intervention in ALI. Near-infrared fluorescence (NIRF) probes offer new so-

lutions due to their sensitivity, depth of tissue penetration, and imaging capabilities. However, the devel-

oped ONOO− fluorescent probes face problems such as interference from other reactive oxygen species

and easy intracellular diffusion. To address these issues, we introduced an innovative self-immobilizing

NIRF probe, DCI2F-OTf, which was capable of monitoring ONOO− in vitro and in vivo. Importantly, lever-

aging the high reactivity of the methylene quinone (QM) intermediate, DCI2F-OTf was able to covalently

label proteins in the presence of ONOO−, enabling in situ imaging. In mice models of ALI, DCI2F-OTf en-

abled real-time imaging of ONOO− levels and found that ONOO− was tightly correlated with the progres-

sion of ALI. Our findings demonstrated that DCI2F-OTf was a promising chemical tool for the detection of

ONOO−, which could help to gain insight into the pathogenesis of ALI and monitor treatment efficacy.

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

Medica, Chinese Academy of Medical Sciences.

Acute lung injury (ALI) refers to the injury of alveolar epithe-

lial cells and capillary endothelial cells caused by various non-

cardiogenic factors, with a high mortality rate [1]. Clinically, ALI

can rapidly progress to acute respiratory distress syndrome, a more

severe form of lung injury. Oxidative stress and exaggerated in-

flammatory responses are recognized as pivotal contributors to the

pathogenesis and exacerbation of ALI [2,3]. In biological systems,

the rapid diffusion of nitric oxide (NO) and superoxide anions pro-

duces endogenous ONOO−, a potent reactive species generated at a

rate hundreds of times faster than the rate of NO binding to heme

protein. ONOO− readily engages in reactions with proteins, lipids,

or nucleic acids to promote oxidation or nitration of biomolecules

that can lead to cellular damage. For instance, ONOO− can alter the

structure of proteins through the formation of nitrifying proteins,

thus affecting their physiological function [4–8]. ONOO− acts as
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a signaling molecule to participate in cell signal transduction and

various physiological processes, including gene expression regula-

tion and apoptosis [9]. On one hand, elevated levels of ONOO− dis-

rupt the lung’s antioxidant defense system, exacerbating oxidative

stress and cellular damage; on the other hand, increased ONOO−

levels significantly enhance the permeability of the lung microvas-

cular wall, which ultimately impairs lung function [10–14]. Thus,

the development of innovative tools for the detection of ONOO−

to accurately diagnose ALI will help to track disease progression in

time for early intervention and improve patient survival.

Fluorescent probes have emerged as a powerful tool for vi-

sualizing diverse physiological and pathological processes due to

their high sensitivity, non-invasiveness, and real-time imaging ca-

pabilities. Particularly, near-infrared fluorescent (NIRF) probes of-

fer superior optical penetration, less photodamage, and lower

background fluorescence. In recent years, a variety of ONOO−-
fluorescent probes have been constructed leveraging diverse reac-

tion moieties, including unsaturated double bonds, boronic esters,

boronic acids, hydrazines, and so on [15–25]. However, available

ONOO−-fluorescent probes encounter two primary challenges: (1)
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susceptible to potential interference from high concentrations of

reactive oxygen species (e.g., hypochlorite, hydrogen peroxide); (2)

prone to diffuse from the reaction site, thereby decreasing imag-

ing accuracy and signal-to-noise ratio. Hence, it is of great impor-

tance to design ONOO−-activated, proximity protein-captured, self-

immobilizing NIRF probes at the cellular or in vivo level.

Methylene quinone (QM) is an important class of electrophilic

intermediates with high reactivity in chemical reactions. In biolog-

ical applications, the QM released from the reaction of a chemical

probe with physiologically reactive species is easily trapped by nu-

cleophilic groups in nearby protein molecules [26–29]. This strat-

egy has been widely used in the design and synthesis of in situ la-

beling probes for hydrogen peroxide [30], neuraminidases [31], β-

galactosidase [32], nitroreductase [33], γ -glutamyl transpeptidase

[34], and alkaline phosphatase [35]. Inspired by these pioneering

efforts, we herein disclosed a novel activatable self-immobilizing

NIRF probe DCI2F-OTf for the detection of ONOO− in vitro and

in vivo. In this design, dicyanoisophorone derivatives (DCI) were

adopted as a NIRF signaling unit due to their excellent stability,

large Stoke shift, and ease of synthesis, while trifluoromethane sul-

fonate was employed as the reactive moiety for ONOO− owing to

its ultra-high selectivity. The molecular design of DCI2F-OTf facil-

itated its implementation for precise imaging of ONOO− in cells

and mice model of ALI. NIRF imaging allowed DCI2F-OTf to suc-

cessfully visualize changes in ONOO− levels in both cells and mice

model of ALI. Furthermore, DCI2F-OTf could serve as an indicator

to tracer the protective effect of sulforaphane (SFN) on lipopolysac-

charide (LPS)-induced ALI in mice. These findings suggested that

DCI2F-OTf could be used as a promising tool to obtain information

about oxidative stress-related diseases and to track the effects of

drug therapy.

Two DCI-type fluorescence probes DCI2F-OTf and DCI-OTf were

designed and synthesized. The chemical structures of all com-

pounds were comprehensively characterized by nuclear magnetic

resonance (NMR) and high-resolution mass spectroscopy (HRMS)

(Figs. S1–S6 in Supporting information). Of note, the fluorescence

response of DCI-OTf to ONOO− was minimal and spectrally blue-

shifted to 525nm compared to DCI2F-OTf, whereas DCI2F-OTf ex-

hibited excellent selectivity, sensitivity, and NIRF emission charac-

teristics (Fig. S8 in Supporting information). We hypothesized that

this disparity could be attributed to the electron-withdrawing di-

fluoromethyl (-CHF2) in the ortho position of the hydroxyl group,

which was able to effectively reduce the pKa value of DCI2F-

OTf, enhance its reactivity toward ONOO−, and lower the detec-

tion limit of ONOO−. It was widely known that ONOO− itself

was oxidizing and nucleophilic. In this design, the sulfur-centered

atom of the positively charged trifluoromethanesulfonyl group was

initially attacked by the nucleophile ONOO−, and then under-

went a nucleophilic addition-elimination reaction, which cleaved

the sulfur-oxygen bond to delocalize the trifluoromethanesulfonyl

group, forming the key intermediate DCI2F. Subsequently, the

DCI2F underwent intramolecular rearrangement to generate the

QM, which was captured by nucleophilic groups (e.g., hydroxyl,

amine, and sulfhydryl groups) around the active site of the pro-

tein within cells, facilitating in situ imaging (Scheme 1). To eluci-

date the reaction mechanism of DCI2F-OTf with ONOO−, the mix-

ture of DCI2F-OTf reacting with ONOO− was analyzed by HRMS.

The results revealed a mass peak at m/z=361.1372, which was at-

tributed to DCI-H2O and different from the mass peak of DCI2F-OTf

at m/z=472.0889. The plausible reaction mechanism involved the

reaction of DCI2F-OTf with ONOO− to release QM, followed by nu-

cleophilic attack by H2O in the mixed system to form the product

DCI-H2O, consistent with the mechanism of protein capture of QM

(Fig. S7 in Supporting information).

The change of fluorescence emission spectra of DCI2F-OTf to-

ward ONOO− was first measured. DCI2F-OTf hardly fluoresced

Scheme 1. Schematic illustration of dual sensing and labeling NIRF probe DCI2F-

OTf for ONOO− .

Fig. 1. Fluorescence response of DCI2F-OTf (10 μmol/L) to ONOO− excited at

490nm. (a) Visualization of the fluorescence changes of DCI2F-OTf during titra-

tion with increasing ONOO− (0–35 μmol/L) concentrations. (b) Linearity of the flu-

orescence intensity value of DCI2F-OTf at 652nm with varied concentrations of

ONOO− (5–35 μmol/L). (c) Time-dependent fluorescence response of DCI2F-OTf be-

fore and after the addition of ONOO− (70 μmol/L) at 37 °C recorded every 5min.

(d) The fluorescence intensities at 652nm of DCI2F-OTf in the absence or pres-

ence of ONOO− (70 μmol/L) over pH range from 3.0 to 7.0. (e) Values of fluores-

cence intensities of DCI2F-OTf treated with different competitive biological agents:

1. blank, 2. Na+ (500 μmol/L), 3. K+ (500 μmol/L), 4. Ser (200 μmol/L), 5. Leu

(200 μmol/L), 6. Arg (200 μmol/L), 7. S2O3
2− (100 μmol/L), 8. HSO3

− (100 μmol/L), 9.

H2S (100 μmol/L), 10. Cys (100 μmol/L), 11. GSH (1mmol/L), 12. NO2
− (100 μmol/L),

13. NO3
− (100 μmol/L), 14. NO (100 μmol/L), 15. •OH (100 μmol/L), 16. O2

1

(100 μmol/L), 17. H2O2 (100 μmol/L), 18. O2
•− (100 μmol/L), 19. HOCl (100 μmol/L),

20. ONOO− (70 μmol/L). (f) SDS-PAGE analysis of BSA (5mg/mL) after incubation

with DCI2F-OTf+ONOO− , DCI2F-OTf, DCI2F-OTf+ONOO− +UA in PBS at 37 °C for

30min. Left: Coomassie brilliant blue staining; right: fluorescence imaging.

due to the hydroxyl group of the fluorophore DCI masked by

the -SO2CF3 group. Upon the incremental addition of ONOO− (0–

35 μmol/L), the emission signal of DCI2F-OTf at 652nm was grad-

ually intensified to nearly 22-fold (Fig. 1a). Interestingly, the ad-

dition of ONOO− (35–70 μmol/L) gave a sharp enhancement of

the emission signal of DCI2F-OTf (Figs. S9 and S10 in Support-

ing information). A gradual change in the color of the solution of

DCI2F-OTf from colorless to pink was observed with the naked eye

as the ONOO− concentration. At the same time, the red fluores-

cence of the solution deepened under a 365nm ultraviolet lamp

(Fig. S11 in Supporting information). The fluorescence intensity at

652nm linearly increased with ONOO− concentration ranging from

5 μmol/L to 35 μmol/L (Fig. 1b). The linear regression equation was

F652 nm/10,000=2.019 [ONOO−]−4.405 with a correlation coeffi-
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cient of 0.9906, yielding a detection limit of 96nmol/L for ONOO−

based on 3σ /k. This indicated that DCI2F-OTf featured a high re-

sponse sensitivity to ONOO− and great potential for quantitative

analysis. Following the addition of ONOO− to a solution of DCI2F-

OTf induced a rapid increase in emission signal and then arrived

at a plateau within 30min (Fig. 1c). The final response time cho-

sen for the spectroscopic test was 30min. The emission signal of

DCI2F-OTf at 652nm shifted insignificantly across a pH range of

3.0–9.0 (Fig. 1d). At pH 10.0, a noticeable enhancement in the

emission signal of DCI2F-OTf was observed, owing to the strong al-

kaline environment prompting the hydrolysis of the -SO2CF3 group

and subsequent release of the fluorophore. The response of DCI2F-

OTf to ONOO− was inhibited in the acidic pH range of 3.0–6.0,

while the emission signal of DCI2F-OTf was increased and then

declined over a pH range of 6.0–10.0. Notably, the maximum re-

sponse value was reached near pH 7.4, which meant that DCI2F-

OTf could sense ONOO− under physiological conditions. To assess

the specificity of DCI2F-OTf reaction with ONOO−, a series of com-

petitive biological agents, such as Na+, K+, Ser, Leu, Arg, S2O3
2−,

HSO3
−, H2S, Cys, GSH, NO2

−, NO3
−, NO, •OH, O2

1, H2O2, O2
•−,

HOCl, were opted to determine their effect on fluorescence re-

sponse. It was clear from Fig. 1e that the optical response of the

interferents to DCI2F-OTf was negligible, and only the addition

of ONOO− led to a significant emission signal change of DCI2F-

OTf, thus indicating that DCI2F-OTf presented a well-selective re-

sponse to ONOO−. Taken together, DCI2F-OTf held promise as a

potential chemical tool for the detection of ONOO− in living sys-

tems. Subsequently, employing bovine serum albumin (BSA) as

a model protein substrate and with the aid of sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of

the reaction product, we verified the ability of DCI2F-OTf to cova-

lently label proximity proteins in the presence of ONOO− (Fig. 1f).

A distinct fluorescent protein band was observed via in-gel fluo-

rescence imaging only in the coexistence of BSA, DCI2F-OTf, and

ONOO−, whereas the fluorescence signal was notably diminished

in the presence of uric acid (UA, a well-known antioxidant capable

of removing ONOO−) [36]. These findings proved that DCI2F-OTf

was an ONOO−-responsive and ONOO−-dependent protein labeling

NIRF probe.

Having confirmed the ability of DCI2F-OTf to successfully co-

valently label proteins in the presence of ONOO−, we proceeded

to perform cell-based imaging studies. Before cell imaging, a cell

counting kit-8 (CCK-8) assay was applied to assess the cytotoxi-

city of DCI2F-OTf, and it was found that DCI2F-OTf did not sig-

nificantly reduce the survival of the cells up to a concentration

of 30 μmol/L (Fig. S12 in Supporting information). RAW264.7 and

A549 cells were chosen to fluorescence image ONOO− at the cellu-

lar level. The ability of DCI2F-OTf and DCI-OTf to image ONOO−

was first compared (Fig. 2a). The cells were pretreated with 3-

morpholinosydnonimine (SIN-1) or lipopolysaccharide/interferon-

γ /phorbol 12-myristate 13-acetate (LPS/IFN-γ /PMA), and then

stained with DCI2F-OTf and DCI-OTf, respectively. In comparison

with the control group, it was found that upon pretreatment

with SIN-1 or LPS/IFN-γ /PMA, the fluorescence signal of DCI-OTf

was negligible, while DCI2F-OTf displayed marked fluorescence en-

hancement, indicative of the excellent imaging capability of DCI2F-

OTf for ONOO−. Subsequently, the capability of DCI2F-OTf to co-

valently label proximity proteins in A549 cells was investigated

(Fig. 2b). DCM-KA, which has no difluoromethyl functional group

in its molecular structure, was selected as a control compound

(Fig. S13 in Supporting information) [37]. A549 cells were sequen-

tially incubated with SIN-1 and DCM-KA, and the fluorescence sig-

nal decayed rapidly after washout with DMEM. DCI2F-OTf retained

a relatively robust fluorescence emission even after washout with

DMEM, which was attributed to the covalent anchoring of the QM

Fig. 2. (a) RAW264.7 cells were pretreated with SIN-1 (200 μmol/L, 30min) or

stimulated with LPS (1.0 μg/mL), IFN-γ (100ng/mL) for 12h, PMA (10nmol/L)

for 30min, and then incubated with DCI-OTf (10 μmol/L, 30min) or DCI2F-OTf

(10 μmol/L, 30min), respectively. The red channel was collected in the range

of 600–700nm for DCI2F-OTf, 500–600nm for DCI-OTf (λex =488nm), and the

Hoechst channel was collected in the range of 430–480nm (λex =405nm). (b) A549

cells were pretreated with SIN-1 (200 μmol/L, 30min), followed by incubation with

DCI2F-OTf (10 μmol/L, 30min) or DCM-KA (10 μmol/L, 30min), before or after

washout with fresh DMEM (3 times, each for 6min). Scale bar: 50 μm. (c) Normal-

ized fluorescence intensity plots of DCI2F-OTf and DCM-KA labeled cells in (b). Data

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

intermediate generated by the reaction of DCI2F-OTf with ONOO−

to proximity proteins (Fig. 2c).

Following this, imaging of exogenous ONOO− was explored

with the aid of DCI2F-OTf. As illustrated in Figs. 3a and b, the

red fluorescence signal originating from the cells progressively en-

hanced as exogenous ONOO− donor SIN-1 concentration increased

from 50 μmol/L to 200 μmol/L, while the cells co-incubated with

the commercial ONOO− scavenger ebselen showed varying degrees

of diminished red fluorescence signal [38]. Using DCI2F-OTf, sim-

ilar imaging results were obtained in A549 cells (Fig. S14 in Sup-

porting information). Immunoblotting analysis results further con-

firmed the protein expression level of interleukin-6 (IL-6) and in-

ducible nitric oxide synthase (iNOS) were up-regulated, which was

significantly higher than that of control and ebselen-treated groups

(Figs. 3c and d). This suggested that SIN-1 could induce cellular

oxidative stress and inflammatory response, whereas ebselen ef-

fectively scavenged reactive oxygen species (ROS) and reduced the

expression of inflammatory cytokines, exerting anti-inflammatory

and antioxidant effects, consistent with the results of confocal laser

scanning microscopy (CLSM) images. Real-time images of DCI2F-

OTf incubated with the cells in the presence of ONOO− for 30min

were recorded (Fig. 3e). The red fluorescence signal gradually in-

tensified as the incubation time extended from 6min to 30min.

The results of flow cytometry also revealed a gradual increase in

the fluorescence of DCI2F-OTf labeled cells over time (Fig. 3f).

LPS was a potent immunostimulant capable of eliciting inflam-

matory response. During the inflammatory response, LPS stimula-

tion could activate a variety of cell types, most typically RAW264.7

cells, resulting in an elevation of ONOO− levels [39,40]. DCI2F-

OTf was exploited to monitor subtle concentration changes of

ONOO− in LPS-stimulated cells. As depicted in Fig. 4a, almost no
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Fig. 3. (a) RAW264.7 cells pretreated with different concentrations of SIN-1 (0, 50,

100, 200 μmol/L), SIN-1 (200 μmol/L) plus ebselen (200 μmol/L) for 30min were

incubated with DCI2F-OTf (10 μmol/L) for 30min. (b) The pixel intensity of DCI2F-

OTf labeled cells in (a). (c) The protein levels of iNOS and IL-6 were detected by

Western blot analysis. (d) The relative protein expression level of iNOS and IL-6 in

(c). (e) RAW264.7 cells were pretreated with SIN-1 (200 μmol/L, 30min), and then

incubated with DCI2F-OTf (10 μmol/L) for 0–30min. (f) Flow cytometry analysis of

DCI2F-OTf (10 μmol/L) labeled SIN-1 (200 μmol/L, 30min) pretreated cells. Data are

presented as mean ± SD (n=3). Scale bar: 50 μm.

Fig. 4. (a) RAW264.7 cells were pretreated with the stimulus LPS (1.0 μg/mL)/IFN-γ

(100ng/mL) for different periods (0, 3, 6, 12h), PMA (10nmol/L) for 30min or LPS

(1.0 μg/mL)/IFN-γ (100ng/mL) plus UA (200 μmol/L) for 12h, PMA (10nmol/L) for

30min, and then incubated with DCI2F-OTf (10 μmol/L) for 30min. (b) RAW264.7

cells were pretreated with LPS (0, 0.25, 0.5, 1.0 μg/mL)/IFN-γ (100ng/mL), PMA

(10nmol/L), or LPS (1.0 μg/mL)/IFN-γ (100ng/mL) plus AG (1mmol/L) for 12h, PMA

(10nmol/L) for 30min, and then incubated with DCI2F-OTf (10 μmol/L) for 30min.

(c) The pixel intensity of DCI2F-OTf labeled cells in (a). (d) The protein levels of

iNOS, IL-6, and NF-κB were detected by Western blot analysis. (e) The relative pro-

tein expression level of iNOS, IL-6, and NF-κB in (c). (f) The pixel intensity of DCI2F-

OTf labeled cells in (b). Data are presented as mean ± SD (n=3). Scale bar: 50 μm.

detectable red fluorescence signal was observed in the control

group. The cells pretreated with LPS for different durations (3, 6,

12h) and then treated with IFN-γ /PMA presented a progressive

enhancement of the red fluorescence signal. Conversely, the cells

treated with LPS/IFN-γ /PMA and UA gave relatively weak red flu-

orescence signals (Fig. 4c). The immunoblotting analysis provided

further insights into the possible mechanism of underlying LPS-

mediated upregulation of ONOO− levels. As depicted in Figs. 4d

and e the expression level of protein, IL-6, and iNOS reached the

highest at 6 h of LPS treatment, while nuclear factor kappa-B (NF-

κB) expression reached its maximum at 12h of LPS treatment.

LPS/IFN-γ /PMA successfully induced the transformation of RAW

264.7 cells into M1-type proinflammatory macrophages, which

generated excessive ONOO− through promoting the expression

of inflammatory cytokines. Moreover, the continuous production

of IL-6 and iNOS further activated the NF-κB signaling pathway

and increased the production of ONOO−. Additionally, LPS dose-

dependent changes in cellular fluorescence signal were investi-

gated (Fig. 4b). The red fluorescence signal of the cells was sharply

enhanced with increasing LPS concentration from 0.25μg/mL to

1.0 μg/mL. The addition of aminoguanidine (AG) significantly atten-

uated the fluorescence signal (Fig. 4f) [41]. Collectively, DCI2F-OTf

offered favorable cell permeability and was suitable for the detec-

tion of ONOO− in cells.

LPS stimulation was considered an effective strategy for es-

tablishing clinically relevant ALI animal models through inflam-

mation [42]. Motivated by the excellent in vitro detection perfor-

mance, we further assessed the capability of DCI2F-OTf for diag-

nosing and therapeutic monitoring ALI in vivo. All surgical pro-

cedures and experimental protocols were approved by the Ani-

mal Care and Use Committee of Hainan Medical University (No.

HYLL-2021–184). Prior to in vivo imaging, the biocompatibility of

DCI2F-OTf was first evaluated. Following intravenous injection of

DCI2F-OTf, the major organs of the mice were analyzed histologi-

cally using hematoxylin and eosin (H&E) staining. It could be seen

from Fig. S15 (Supporting information) that there were no obvi-

ous abnormalities between the injected DCI2F-OTf group and the

normal group, indicative of satisfactory biosafety and suitable for

in vivo bioimaging. Next, 8-week-old BALB/c mice of ALI were es-

tablished by intratracheal LPS instillation. The mice were divided

into five experimental groups: control group (saline-treated), LPS6

group (LPS-stimulated for 6h), LPS12 group (LPS-stimulated for

12h), LPS24 group (LPS-stimulated for 24h), and LPS+ SFN group

(SFN-treated). As observed in Fig. 5a, the NIR fluorescence signal

in the lungs of mice was found to be rapidly intensified within

30min and then gradually weakened by intratracheal drip injection

of DCI2F-OTf. This decline in fluorescence signal with the extension

of time might be attributed to the metabolism of DCI2F-OTf. Com-

pared to the control group, the LPS-stimulated group (LPS6, LPS12,

LPS24 group) exhibited different degrees of fluorescence signal en-

hancement at different time points, with the strongest signal ob-

served at 6h. The fluorescence signals of mice in the LPS+ SFN

group were significantly lower than those in the LPS-stimulated

group (Fig. 5c). Furthermore, by comparatively analyzing the flu-

orescence signal intensities of various major organs in dissected

mice, it was also evidenced that the fluorescence signals in the

lungs of the LPS-stimulated group were much higher than those

of the other organs (heart, kidney, liver, spleen), consistent with

the results of the in vivo imaging experiments (Figs. 5b and d).

For histological analysis of lung tissue sections from different

groups of mice demonstrated in Fig. 5e, the LPS-stimulated group

exhibited typical ALI alterations, including inflammatory cell infil-

tration and interstitial lung edema, whereas the LPS+ SFN group

attenuated the pathological changes. As we know, the expression

of inflammatory cytokines was increased at the onset of ALI, and

elevated levels of inflammatory cytokines exacerbated the inflam-

4



D. Tang, N. Xu, Y. Fu et al. Chinese Chemical Letters 36 (2025) 110082

Fig. 5. (a) NIRF images of control and LPS-stimulated mice after intratracheal drip injection of DCI2F-OTf (200 μmol/L, 45 μL). (b) NIRF imaging and photographs of dissected

major organs (1: heart, 2: kidney, 3: liver, 4: spleen, 5: lung) from mice in panel (a). (c) The histogram presents the average radiant efficiency of mice in panel (a). (d) The

histogram presents the average radiant efficiency of the lung in panel (b). (e) H&E staining histological images for lung tissue in control and LPS-stimulated mice. Scale bar:

50 μm. (f–h) Serum levels of inflammatory factors TNF-α, IL-6, and IL-1β in control and LPS-stimulated mice. (i) The protein levels of iNOS, COX-2, NF-κB, and IL-6 were

detected by Western blot analysis. (j–m) The relative protein expression level of iNOS, COX-2, NF-κB, and IL-6 in (i). (n, o) Sections of lung tissue were immunostained with

an antibody that detected 3-NT. Scale bar: 50 μm. (p) NIRF images of mice fresh lung tissue sections from ALI mice in the LPS6 group. The confocal Z-axis scan images at 0,

5, 10, 15, 20, 25, 30, 35, 40, and 50μm penetration depths. λex =488nm; red channel: λem =600–700nm. Data are presented as mean ± SD (n=3).

matory response and further promoted the development of ALI.

Subsequently, an enzyme-linked immunosorbent assay (ELISA) as-

say was employed to measure the levels of key inflammatory

cytokines in the serum of mice. As seen in Figs. 5f–h, tumor

necrosis factor-α (TNF-α), IL-6, and IL-1β levels were significantly

upregulated in the LPS-stimulated group compared to the con-

trol group. Following SFN treatment, TNF-α, IL-6, and IL-1β lev-

els decreased noticeably, suggesting that SFN could downregulate

TNF-α, IL-6, and IL-1β expression levels in ALI mice. The activ-

ity of iNOS directly impacted the synthesis and release of NO,

which was closely related to the production of NO and ONOO−.
ALI might trigger lung injury by activating the NF-κB signaling

pathway, and the activation of NF-κB increased the expression of

cyclooxygenase-2 (COX-2) and IL-6. The results of Western blot

analysis in Figs. 5i–m revealed that the protein expression lev-

els of iNOS, COX-2, NF-κB, and IL-6 were upregulated in the LPS-

stimulated group; the protein expression levels of iNOS, COX-2, NF-

κB, and IL-6 were decreased in the LPS+ SFN group compared with

the LPS-stimulated group, which meant that SFN probably inhib-

ited the inflammatory response by modulating the NF-κB signal-

ing pathway. 3-Nitrotyrosine (3-NT) was a product of nitrosative

stress injury and served as an indicator to analyze the degree of

ONOO− production. Immunohistochemistry results found that the

expression level of 3-NT in the lung tissues of mice in the LPS-

5
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stimulated group increased over time, whereas the expression in

the LPS+ SFN group was relatively low (Figs. 5n and o). This in-

dicated that SFN would effectively reduce ONOO− production to

counteract nitrosative stress injury. Fluorescence imaging of mice

fresh lung tissue sections from ALI mice in the LPS6 group fur-

ther demonstrated that DCI2F-OTf could image tissues with a pen-

etration depth of nearly 50μm (Fig. 5p). Taken together, these data

demonstrated that DCI2F-OTf was a reliable chemical tool for real-

time monitoring of ONOO− and tracking the progression of ALI.

In conclusion, we have designed a novel NIRF probe, DCI2F-OTf,

for fluorescence imaging ONOO− in live cells and mice model of

ALI. Under physiological conditions, DCI2F-OTf was highly sensitive

and selective for ONOO− and yielded a linear response to ONOO

over a wide concentration range from 0 to 70 μmol/L. The QM co-

valently labeled neighboring proteins released from the reaction

of DCI2F-OTf with ONOO− could solve the problem of intracellu-

lar diffusion of the probe, enabling precise imaging of intracellular

ONOO−. This strategy was superior to the vast majority of ONOO−

probes that have been developed so far. The excellent sensing per-

formance and NIRF emission characteristics enabled DCI2F-OTf to

image ONOO− levels in mice and tissues with ALI. In vivo imaging

results indicated that SFN significantly down-regulated the oxida-

tive stress level, attenuating the severity of LPS-induced ALI, and

could exert a protective role against ALI. Therefore, DCI2F-OTf was

a valuable tool for studying the physiological function of ONOO−

and was expected to facilitate the understanding of oxidative stress

diseases such as ALI and the rapid screening of corresponding ther-

apeutic drugs.
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