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a b s t r a c t

Singlet oxygen (1O2), as the primary reactive oxygen species in photodynamic therapy, can effectively in-

duce excessive oxidative stress to ablate tumors and kill germs in clinical treatment. However, monitoring

endogenous 1O2 is greatly challenging due to its extremely short lifetime and high reactivity in biological

condition. Herein, we report an ultra-high signal-to-ratio near-infrared chemiluminescent probe (DCM-

Cy) for the precise detection of endogenous 1O2 during photodynamic therapy (PDT). The methoxy moi-

ety was removed from enolether unit in DCM-Cy to suppress the potential self-photooxidation reaction,

thus greatly eliminating the photoinduced background signals during PDT. Additionally, the compact cy-

clobutane modification of DCM-Cy resulted in a significant 6-fold increase in cell permeability compared

to conventional adamantane-dioxane probes. Therefore, our “step-by-step” strategy for DCM-Cy addressed

the limitations of traditional chemiluminescent (CL) probes for 1O2, enabling effectively tracking of en-

dogenous 1O2 level changes in living cells, pathogenic bacteria and mice in PDT.

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

Medica, Chinese Academy of Medical Sciences.

Singlet oxygen (1O2), the lowest excited electronic state of

molecular oxygen, exhibits significantly enhanced reactivity in

comparison to oxygen in its triplet ground state [1-3]. In clinical

photodynamic therapy (PDT), this heightened reactivity of 1O2 fa-

cilitates the oxidation of nearby biomolecules, triggering inflamma-

tory responses or immune reactions, ultimately resulting in tumor

ablation or bacteria eradication [4-10]. Hence, real-time visualiza-

tion of 1O2 in living cells and pathological tissue is of paramount

importance to elucidate its mechanism of action in medical pro-

cesses and optimize therapy protocols [11-15]. Currently, the gold

standard for 1O2 determination is the measurement of the phos-

phorescence of 1O2 at 1270nm [16,17]. However, the short lumi-

nescence lifetime and extremely low quantum yield of 1O2 lead to

weak phosphorescence, severely limiting its biological application.

Reaction-based optical probes offer an alternative strategy for 1O2

detection under biological condition due to their high sensitivity

and non-invasive features [18-20]. Particularly, chemiluminescent

probes, which emit light through specific chemical reactions with
1O2, does not require real-time excitation light irradiation, effec-
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tively eliminating interference from light scattering and autofluo-

rescence with fluorescent probes. This characteristic enables un-

precedented sensitivity and selectivity [21-24].

Despite the significant advantages of chemiluminescence for

biomarker sensing, the development of chemiluminescent probes

is still in its infancy, with merely a few cases enabling imaging
1O2 in living cells and animals [25,26]. In general, several factors

including photo-induced self-oxidation during photodynamic ther-

apy (PDT), poor cell permeability, and short emission wavelengths

greatly limit the in vivo application of the 1O2 imaging probes:

(i) Photo-induced self-oxidation: our previous work revealed that

chemiluminescent precursors containing electron-rich enolether

unit are prone to undergo photo-oxidation reaction accompanied

by chemiluminescence generation, potentially leading to an over-

estimation of singlet oxygen [27]; (ii) Poor cell permeability: de-

spite efforts to enhance stability of dioxane through the incorpo-

ration of adamantane units, the rigidity and increased steric hin-

drance reduce the cell membrane permeability of Schaap’s dioxe-

tane. This limitation has necessitated modifications such as the in-

corporation of membrane-penetrating peptides like polyarginine to

enhance the cell permeability of the probes [28]; (iii) Short emis-

sion wavelengths: conventional chemiluminescent probes for 1O2

sensing emit visible light, which has limited tissue penetration ca-

pabilities [29,30]. To the best of our knowledge, current singlet
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Fig. 1. Schematic illustration of “step-by-step” design strategy for CL probes for

ultra-high signal-to-ratio 1O2 detection: (i) removing the methoxy moiety from eno-

lether unit to suppress the potential self-photooxidation reaction; (ii) replacing the

rigid and bulky adamantane units with a compact cyclobutane moiety significantly

enhanced the cell permeability.

oxygen probes cannot resolve all of these challenges simultane-

ously. Consequently, the development of a self-photooxidation re-

sistant near-infrared (NIR) chemiluminescent (CL) probe for the in

vivo 1O2 detection is highly demand.

Herein, we presented two CL probes, DCM-Ad and DCM-Cy,

for in vivo 1O2 imaging in living cells, viruses, and mice mod-

els during PDT. Our “step-by-step” strategy focuses on address-

ing the inherent limitations of traditional CL probes for 1O2 de-

termination and improving their biological applicability (Fig. 1).

We hypothesized that reducing the electron cloud density of eno-

lether unit could effectively mitigate the photo-oxidation of chemi-

luminescent probes. Thus, compared the conventional CL probes,

we removed the methoxy group to minimize the photoinduced

background signals during PDT. Subsequently, we replaced the

rigid and bulky adamantane units by compact cyclobutane build-

ing blocks to improve its cell permeability capabilities. In the pres-

ence of 1O2, the probe DCM-Cy undergo oxidation to form an un-

stable strained phenol-dioxetane intermediate, which rapidly spon-

taneous decomposes to generate an excited carbonyl species. This

species then decays to its ground state, accompanied by the emis-

sion of NIR chemiluminescence. DCM-Cy exhibits remarkable re-

sistance to photo-oxidation with minimal background signal inter-

ference, with an approximately 6-fold enhancement in cell perme-

ability capabilities. Consequently, based on our step-by-step molec-

ular design strategy, the probe DCM-Cy possesses the capability to

monitor in vivo levels of 1O2 in bacteria, living cells, and mice dur-

ing photodynamic therapy.

The general synthesis procedure of DCM-Ad and DCM-Cy

are depicted in Scheme S1 (Supporting information). 2-Chloro-3-

hydroxybenzaldehyde was chosen to undergo four steps to syn-

thesize key intermediates compounds 1–5 which contains of ethyl

phosphonates. In the 1H NMR spectrum, we observed a char-

acteristic methylene signal (δ =3.39ppm, d, J=16.0Hz), indica-

tive of the proton attached to ethyl phosphonates. Subsequently,

reacted with cyclobutanone or adamantanone to form a double

bond, through which phenoxy was attached to adamantane or cy-

clobutene without methyl acrylate. After two synthetic steps, lastly,

such structure backbone was finally attached to an acceptor, di-

cyanomethylchromone in a yield of about 30%. Characteristic pro-

tons on adamantane of DCM-Ad (δ =1.84–2.01ppm, m, 12H) and

cyclobutene of DCM-Cy (δ =2.15–3.10ppm, 6H) were found in the
1H NMR spectrum. The mass spectra of DCM-Ad and DCM-Cy

were also confirmed their molecular weight value of 455.1526 and

375.0898, respectively, completely matching with the calculated

value 455.1521 and 375.0895. All the key compounds were char-

acterized by 1H NMR, 13C NMR spectra, and high-resolution mass

spectrometry (HRMS).

With these probes in hand, we firstly evaluated their chemi-

luminescent response ability toward 1O2. The mixed solutions of

H2O2/NaClO were chosen as the 1O2 donor, and the 1O2 concen-

tration was almost the equivalent to that of NaClO (the conver-

sion efficiency was near 100%). As shown in Fig. 2A, with the pres-

ence of 70 equiv. 1O2, the CL signals of DCM-Cy and DCM-Ad ex-

hibited remarkable growth at the primary emission peak around

650nm, while negligible CL signal was found in the absence of 1O2.

To investigate the capability of these probes to sense 1O2, clini-

cally photosensitizer Rose Bengal (RB) was chosen to produce 1O2

upon light irradiation in PDT [31]. In the presence of 10 μmol/L RB,

the intensity of DCM-Cy and DCM-Ad increased with the extension

of illumination time (LED white light, 96mW/cm2) and attained a

maximum CL signal at 70 s (Fig. 2B and Fig. S1 in Supporting infor-

mation). Notably, there was a good linear correlation between the

CL intensity of these probes and the concentration of RB, indicat-

ing that the 1O2 generated by RB is intuitively detected and quan-

tified by CL signal changes (Fig. S2 in Supporting information). Fur-

thermore, compared to commercially available probe DCFH, DCM-

Cy had a higher signal-to-noise ratio for the detection of 1O2 (Fig.

S3 in Supporting information). These results indicated that DCM-

Cy and DCM-Ad has the capability of ultra-sensitive detection of
1O2 levels in aqueous solutions.

The selectivity of the CL probe is an essential factor and serves

as a critical criterion for assessing potential future applications

[32,33]. Thus, we assessed the capability of DCM-Cy and DCM-Ad

to specifically sense of 1O2 with other biological reactive oxygen

species (ROS) [34]. As expected, when treated with 1O2, an rea-

markable enhancement of CL signals was observed (Fig. 2C). How-

ever, there were only negligible increases in CL intensity upon the

incubation with other ROS (10 equiv. of H2O2, ClO−, •OH, O2
•−,

ONOO−, respectively). These results demonstrate the excellent se-

lectivity of DCM-Cy and DCM-Ad toward 1O2 over other potential

ROS.

Undesirable photo-oxidation reactions are potential contribu-

tor to the background noise signal generated by conventional 1O2

detector when exposed to light. Our previous investigations have

demonstrated that CL precursors containing electron-rich enolether

units are susceptible to self-photooxidation, leading to chemilumi-

nescent emission. In DCM-Cy and DCM-Ad, the methoxy groups

were removed from enolether building block to enhance the re-

sistance to self-photooxidation. Comparing with reported DCM-Cl-

OH [35], these probes show much low background CL signals un-

der light irradiation (Fig. S4 in Supporting information), suggesting

significant improvements in resistance to self-photooxidation.

In a simulated PDT test, both DCM-Ad and DCM-Cy exhibited

ultra-high signal-to-noise ratio (the CL signals ratio in the pres-

ence and absence of photosensitizer) of 1O2 sensing, with 433- and

466-fold CL signals enhancement, respectively. The distinct change

is significantly higher than that of DCM-Cl-OH (Fig. 2D). Moreover,

we recorded the CL kinetic profile of DCM-Cy and DCM-Ad, which

exhibited a typical glow-type CL behavior: The CL half-time of
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Fig. 2. Chemiluminescent response of DCM-Ad and DCM-Cy towards 1O2. Test condition: Tris–HCl buffer solution, containing 4mg/mL bovine albumin (BSA), pH 7.5. (A)

Chemiluminescence spectrum of probes (20 μmol/L) in the absence or presence of 70 equiv. 1O2 (H2O2/NaClO system). (B) Time dependent CL intensity changes of DCM-Cy

mixed with equal RB in presence and absence of light irradiation. (C) Selectivity of DCM-Ad and DCM-Cy towards various ROS, 1O2, H2O2, ClO
− , O2

•− , ONOO− , •OH (100

μmol/L), in aqueous system. (D) The chemiluminescence of DCM-Ad, DCM-Cy and previous CL probes DCM-Cl-OH in the presence or absence of RB under light exposure (10

μmol/L, 96mW/cm2 white LED light for 60 s). Femtosecond time-resolved transient absorption spectra of 0.1mmol/L DCM-Cy (E) and DCM-Cl-OH (F) in Tris–HCl solutions

(containing 20mg/mL BSA) pumped at 500nm. Data are presented as mean ± standard deviation (SD) (n=3).

DCM-Cy and DCM-Ad was about 38 s and 53 s, respectively (Fig. S5

in Supporting information). Thus, the CL signal from these probes

remained to be detectable even within 5 min. The above results in-

dicate that DCM-Cy and DCM-Cy possess a high contrast detection

potentiality for 1O2 during clinical photodynamic therapy.

To gain insight into the self-photooxidation resistant ability of

DCM-Cy and DCM-Ad for 1O2 detection in PDT, we investigated

the photoinert mechanism of these probes by femtosecond tran-

sient spectroscopy (fs-TA) [36]. As shown in Fig. 2E, the TA spec-

tra of DCM-Cy show two distinct bands with time-wavelength de-

pendence. The negative excited state absorption (ESA) signals, ob-

served at wavelengths exceeding 630nm, is attributed to stimu-

lated emission (SE). On the other hand, the band observed at wave-

lengths below 530nm is attributed to excited state absorption. In

contrast, the TA spectra of our reported DCM-Cl-OH displayed two

positive excited state absorption signals peaking at 545 and 575nm

in the water solution (Fig. 2F and Fig. S6 in Supporting informa-

tion). The excited state species at the 575nm should potentially

play a crucial role in the photooxidation reaction with oxygen, re-

sulting in a high background CL upon light irradiation. The elimi-

nation of methoxy groups from the enolether units effectively pre-

vents the formation of similar excited state species in the probes,

thereby signally reducing the background signal.

The aforementioned experiments demonstrated the high selec-

tivity, and minimized background signals of DCM-Ad and DCM-Cy,

encouraging us to further investigate the ability of these probes for

intracellular 1O2. Prior to employing these probes in living cells, it

was imperative to validate their biocompatibility. The cytotoxicity

of the probes towards HeLa cells was assessed using the methyl

thiazolyl tetrazolium (MTT) assay. After incubation with different

concentrations of DCM-Ad and DCM-Cy for 24h, the cell survival

rates were estimated to be over 79% and 81%, respectively, indi-

cating their favorable biocompatibility. Additionally, an extra irra-

diation process (96mW/cm2, 5min) is added after incubation with

probes for 2h to evaluate their phototoxicity. After 24h of incuba-

tion, the cell survival rates were more than 75%, demonstrating the

negligible toxicity of the probes exposed under light during PDT

(Fig. S7 in Supporting information).

Previous studies have demonstrated that the poor permeability

of CL probes is one of the major bottlenecks impeding intracellular

probe in vivo sensing. Specifically, the rigid and bulky adamantane

units are identified as potential factors resulting into poor perme-

ability in these conventional reported CL probes [30,37]. Hence,

we suppose that the presence of a compact cyclobutane building

block could greatly improve cell permeability of the probes. Sub-

sequently, the confocal microscopy was employed to validate the

cell permeability of the DCM-Ad and DCM-Cy. DCM-Ad and DCM-

Cy exhibit fluorescent signals in the near-infrared under 500nm

excitation light (Fig. S8 and Table S1 in Supporting information).

As shown in Fig. 3A, after incubation with DCM-Cy for 1min, a

distinct NIR fluorescent signal at 650nm was observed in the HeLa

cells, as well as the intracellular fluorescence signal reaching maxi-

mum at approximately 4min. By contrast, DCM-Ad required nearly

25min to reach the maximum intracellular fluorescence intensity,

which is almost six times longer than that of required by DCM-

Cy (Fig. 3B). Additionally, the maximum intracellular brightness of

DCM-Cy was about 10% higher than that of DCM-Ad, indicating a

superior potential for intracellular sensing (Fig. 3C). These results

suggest that DCM-Cy not only showed a dramatic enhancement in

cell permeability but also an increase in cellular uptake.

Then, we evaluated the intracellular 1O2 sensing capabilities

of these probes during photodynamic therapy. Given its excellent

cell permeability and cellular uptake capability, DCM-Cy was cho-

sen for in vitro biological testing. HeLa cells were incubated with

DCM-Cy and RB for 2h. Subsequently, these cells were irradiated

by white LED light for 3min and then their chemiluminescence

signals was captured by ImageQuant LAS4000 system. As shown

in Fig. 4A, the cells that incubated with DCM-Cy and RB, followed

by light irradiation, exhibited a pronounced CL signals. Conversely,

cells that were merely incubated with DCM-Cy (lacking 1O2 donor)

or RB (lacking 1O2 probe), did not produce any detectable chemi-

luminescence signal upon light irradiation. Furthermore, cells that

were maintained in a dark environment did not exhibit any chemi-

luminescence signals (Fig. 4B).

Eradicating pathogenic bacteria or inhibiting bacterial prolifera-

tion represents a crucial aspect of photodynamic therapy [38-43].

Hence, we further explored the capacity of these probes to de-

tect the endogenous 1O2 in bacteria. Initially, we investigated the

bacterial internalization capabilities of these probes using fluores-

cence confocal microscopy. As shown in Fig. 4C, remarkable flu-
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Fig. 3. Confocal Microscopy imaging the cellular internalization of DCM-Cy and

DCM-Ad. (A) Fluorescence imaging of DCM-Cy and DCM-Ad in HeLa cells over time.

Scale bar: 30 μm. (B) Quantification of intracellular fluorescence signals with dif-

ferent incubation times. (C) Comparison of intracellular fluorescence intensity of

DCM-Ad and DCM-Cy at equilibrium state. Error bars represent standard deviations

(n=6).

orescent signals were observed in Staphylococcus aureus following

incubation with DCM-Ad or DCM-Cy, indicating efficient uptake of

the probes by the bacteria. Subsequently, we tested whether these

probes can detect 1O2 produced in bacteria during the PDT pro-

cess. Upon exposure to LED light, bright chemiluminescence signals

were detected in Staphylococcus aureus following co-incubation

with DCM-Cy and RB for 1h (Fig. 4D), in which the chemilumines-

cent intensity was approximately 10-fold higher than that of the

control group without light irradiation. These results provide solid

evidence for the ability of DCM-Cy to detect endogenous 1O2 in

living cells and pathogenic bacteria produced during the PDT pro-

cess.

Encouraged by the excellent capacity of DCM-Cy to image inter-

cellular 1O2, we expect utilization DCM-Cy to image 1O2 produc-

tion during PDT in vivo. All animal experiments were performed

according to the guidelines of the Care and Use of Laboratory An-

imals formulated by the Ministry of Science and Technology of

China and were approved by the Animal Care and Use Committee

of East China University of Science and Technology (2021–07,001).

The nude mice bearing HeLa xenograft tumor were selected as

in-vivo animal models. After Intratumoral injection of the DCM-

Cy or a mixture of DCM-Cy and RB for 30min, and subsequent

exposure to white light for 1min, the chemiluminescence signals

were immediately acquired by an IVIS living imaging system. As

shown in Fig. 5A, the conventional chemiluminescent probe, DCM-

Cl-OH, exhibited a noticeable background signal caused by self-

photooxidation even in the absence of the photosensitizer. Upon

the addition of the photosensitizer, the chemiluminescence signal

was merely enhanced 4.4-fold. In contrast, the DCM-Cy group dis-

played minimal background signals in the absence of the photo-

sensitizer, which is consistent with solution test results (Fig. 5B).

Consequently, a remarkable 95-fold increase in signal-to-noise ra-

tio was achieved following the introduction of the photosensitizer.

Collectively, all these tests indicate that DCM-Cy can be fully ap-

Fig. 4. Monitoring of endogenous 1O2 in HeLa cells and Staphylococcus aureus. (A)

Chemiluminescence images acquired in HeLa cells after incubation with RB, DCM-

Cy (10 μmol/L) alone, or simultaneously for 2h upon exposure to LED light or in

darkness. (B) Quantification of the CL intensity in figure A. (C) Confocal fluorescence

imaging of DCM-Ad and DCM-Cy in Staphylococcus aureus and the quantitative flu-

orescence intensity. Scale bar: 30 μm. (D) Staphylococcus aureus was co-incubated

with DCM-Cy and RB for 1h, and then the chemiluminescence intensity was mea-

sured with or without white LED light irradiation. Insert: CL imaging of DCM-Cy in

Staphylococcus aureus. Error bars represent standard deviations (n=3).

Fig. 5. In vivo imaging of intratumor 1O2 during PDT. (A) CL imaging of tumor bear-

ing mice after intratumor injection of DCM-Cl-OH and DCM-Cy with or without RB

after 1min irradiation. (B) Quantification of the chemiluminescence intensity at the

same condition. Error bars represent standard deviations (n=3).

plied to cellular, bacterial, and even in vivo models, providing pre-

cise sensing information of 1O2 for the visualization of PDT treat-

ment.

In summary, we have successfully developed an ultra-high

signal-to-ratio near-infrared chemiluminescent probe DCM-Cy for

high contrast monitoring 1O2 during photodynamic therapy. By re-

moving the methoxy unit to reduce the electron cloud density

of the enolether unit, these CL probes can effectively suppress

the self-photooxidation reaction, thereby minimizing the photore-

action induced background signals. Additionally, the substitution

of the rigid and bulky adamantane units with a compact cy-

clobutane moiety significantly enhanced the cell permeability of

the probe by approximately 6-fold. Consequently, DCM-Cy enables

highly sensitive detection of endogenous 1O2 in both living cells

and pathogenic bacteria. Specifically, DCM-Cy demonstrated 95-

fold ultra-high signal-to-noise imaging of intratumor 1O2 in living

4
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mice. Indeed, our “step-by-step” strategy addressed the limitations

of traditional CL probes for 1O2 determination and improving their

biological applicability. We anticipate this straightforward design

strategy will provide new insight into detecting of in vivo 1O2 and

pave the way for high-performance chemiluminescent probes.
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