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a b s t r a c t

Immunogenic cell death (ICD) represents a specific form of tumor cell death that has the potential to

elicit a tumor-specific immune response, resulting in a systemic anti-tumor effect and providing thera-

peutic benefits for metastatic lesions. The extensive research in this field has led to numerous studies

confirming that during the induction of ICD, tumor cells can release damage-associated molecular pat-

terns (DAMPs), which can be used as biomarkers to predict anti-cancer efficiency. However, few ratio-

metric fluorescent probes have been developed to tackle this fluctuation in living cells. In this study, we

present a novel ratiometric fluorescence probe based on semiconducting polymer nanoparticles (SPNs)

and carbon dots (CDs) for the sensing of DAMPs fluctuation in the ICD process by choosing adenosine

triphosphate as a model. In this design, the fluorescence intensity of SPNs could not be affected by the

change of target, while CDs could selectively respond to target, therefore realizing the ratiometric sens-

ing of DAMPs. The ratiometric probe was successfully applied in real-time monitoring of the fluctuating

concentration of DAMPs induced by doxorubicin in living cells. These results demonstrate that the ratio-

metric probe may become a promising agent for predicting anti-cancer efficiency.

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

Medica, Chinese Academy of Medical Sciences.

Immunogenic cell death (ICD) is a highly effective method to

stimulate the immunogenicity of cancer cells [1–3]. Some anti-

tumor chemotherapeutic agents, such as doxorubicin (DOX), have

the capacity to induce ICD in tumor cells, thereby facilitating the

eradication of tumors [4–6]. Nevertheless, the inappropriate dosage

of antitumor chemotherapeutic agents during cancer therapy re-

mains a significant challenge that impedes the effective activa-

tion of the immune system against cancer through ICD. In partic-

ular, the low dose of the agent administered during treatment fre-

quently results in insufficient ICD, whereas an excess of the agent

may cause significant damage to adjacent normal tissues or im-

mune cells [7–9]. Substantial research has demonstrated that dur-

ing the induction of ICD, moribund tumor cells are capable of

releasing damage-associated molecular patterns (DAMPs), includ-

ing adenosine triphosphate (ATP), calreticulin (CRT), high mobility

group box 1 (HMGB1), and heat shock protein (HSP) [10–12]. These

DAMPs can stimulate the maturation of dendritic cells (DCs) and

enhance the functionality of DCs for tumor-antigen recognition and
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presentation. Therefore, the detection of these DAMPs can signifi-

cantly assist in prognostic immunotherapy assessments and mini-

mize toxicity [13,14]. However, a highly specific imaging modality

capable of visualizing the dynamic production of these DAMPs dur-

ing cancer immunotherapy is both urgently needed and scarce.

Fluorescence imaging, which employs photon-electron inter-

actions to elucidate biological processes, has become an indis-

pensable tool for the detection of biomolecules in biological sys-

tems [15–17]. Despite significant advancements in the fluores-

cence probes, their detection modes mainly rely on the cor-

relation between signal intensity at one channel and the ana-

lyte levels. This absolute intensity-dependent signal output may

be easily affected by fluorescence intensity variations caused by

the highly dynamic in vivo environment and the heterogeneous

distribution of probes in tissues [18–21]. Therefore, fluorescence

probes that use ratiometric measurement and offer a built-in self-

calibration mechanism based on dual-channel fluorescence signal

readout have been proposed [22–25]. Unlike single-emission sen-

sors, which are susceptible to environmental variations (probe con-

centration and excitation intensity), ratiometric probes enable self-

calibration. This significantly improves measurement accuracy and

reliability.

https://doi.org/10.1016/j.cclet.2025.111566
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Scheme 1. (a) Synthesis route for CDs. (b) Schematic illustration of SPN–CDs synthesis and the mechanism for predicting anti-cancer efficiency.

Semiconducting polymer nanoparticles (SPNs) are fluorescent

nanoparticles that exhibit high brightness, excellent photostability,

as well as low toxicity, making them well-suited for applications

in cell labeling and in vivo imaging [26,27]. In addition, thanks

to their versatile surface modification, SPNs have also been used

as biosensors for metal ions, glucose, and exosome sensing. Be-

sides, previously we developed a biosensor based on SPNs for tu-

mor imaging, demonstrating its great potential for bioimaging [28].

Hence, SPNs could be robust candidates to build novel ratiomet-

ric sensing systems. Moreover, as novel fluorescent nanomaterials,

carbon dots (CDs) show excellent photostability, superior biocom-

patibility, and outstanding sensing ability, showing their great po-

tential in bioimaging and biosensing [29–31]. Consequently, it is

promising to prepare a ratiometric nanoprobe by rationally com-

bining SPNs and CDs for DAMPs monitoring during ICD process.

In our previous study, we developed a highly sensitive and

selective ATP probe based on CDs, which demonstrated excel-

lent performance in both in buffer and cellular environments

[32]. Moreover, poly[2,7-(9,9-dioctylfluorene)-alt-4,7-bis(thiophen-

2-yl)benzo-2,1,3-thiadiazole] (PFODBT) is a semiconducting poly-

mer nanoparticle known for its exceptional photostability, long-

wavelength emission, and high fluorescence brightness, which re-

mains unaffected by changes in the target analyte (ATP) [33].

Therefore, it is highly suitable to serve as the internal reference

for our ratiometric nanoprobe. Here we present a novel ratiomet-

ric fluorescence probe SPN–CDs based on CDs and SPNs for the

detection of DAMPs in the ICD process. ATP was chosen as a target

model to investigate our design. As depicted in Scheme 1, SPN–CDs

comprise PFODBT as an internal reference and CDs as the response

domain because of their ability to respond to the target. In the

presence of target, the fluorescence intensity of CDs at 560nm in-

creased obviously, while the emission peak of PFODBT at 690nm

remained unchanged. The variation of FL560/FL690 correlates di-

rectly with target content. The performance of this ratiometric flu-

orescence probe was finally demonstrated in DOX-treated tumor

cells. SPN–CDs provided a simple and alternative parameter for

predicting treatment outcomes in cancer chemotherapy.

Before the preparation of SPN–CDs, the feasibility of the pro-

posed probe was first investigated. Here, CDs, which could re-

spond to ATP specifically, were prepared by the microwave irra-

diation method. As shown in Figs. S1 and S2 (Supporting informa-

tion), both the UV absorption peak of CDs at 540nm and fluores-

cence emission peak at 560nm increased with the increase of ATP

concentration. The change of fluorescence intensity at 560nm was

shown in Fig. S3 (Supporting information), while the fluorescence

emission peak of PFODBT at 690nm remained unchanged with the

variation of ATP concentrations (Fig. S4 in Supporting information).

Based on this phenomenon, CDs were incorporated into PFODBT

via encapsulation assisted by Pluronic F-127 to develop a ratiomet-

ric fluorescent nanoprobe for ATP sensing.

Before investigating the performance of SPN–CDs, experimental

conditions were optimized. The doping ratio of CDs and PFODBT

was first investigated. The concentration of PFODBT in SPN–CDs

was maintained at 80μg/mL, while CDs were changed (0.4, 0.6,

0.8, 1.0, 1.2mg/mL) to prepare a series of SPN–CDs. These samples

were then mixed with ATP at a consistent concentration. Although

the concentration of CDs (1.2mg/mL) exhibited the highest ratio of

FL560/FL690, there was no significant increase in the FL560/FL690

ratio compared to 1.0mg/mL (Fig. S5 in Supporting information).

Additionally, considering the potential adverse effects of excessive

particle size on cellular experiments, we chose 1.0mg/mL CDs for

subsequent experiments. Moreover, the ratio of FL560/FL690 at var-

ious reaction time points was also measured. As shown in Figs. S6

and S7 (Supporting information), the FL560/FL690 ratio increased

over time, and plateaued at 15min. Therefore, 15min was cho-

sen as the reaction time for subsequent experiments involving the

interaction between the SPN–CDs and ATP. Subsequently, a series

of characterizations were conducted on SPN–CDs. As seen from

Fig. 1a, transmission electron microscopy (TEM) images demon-

strate spherical morphology for these nanoparticles. Additionally,

dynamic light scattering (DLS) measurements indicated an approx-

imate hydrodynamic diameter of 51nm (Fig. 1b). The UV absorp-

tion peak at 533nm and fluorescence emission peak at 560nm in-

creased in the presence of 2mmol/L ATP (Figs. 1c and d).

Under optimized conditions, SPN–CDs were introduced into

Tris–HCl containing various concentrations of ATP (ranging from 0

to 2.0mmol/L) for quantitative analysis. As seen from Figs. 2a and

b, with the ATP concentration increasing incrementally, the fluores-

cence intensity at 560nm gradually increased, while the fluores-

cence intensity at 690nm remained unchanged. Fig. 2c presented

the linear relationship between the ratio of FL560/FL690 and ATP

concentration. Within the ATP concentration range of 0.2mmol/L

to 0.8mmol/L, a linear correlation (R²=0.9928) was observed. The

linear regression equation derived from this range is y=19.46x -

3.044 (where y represents the fluorescence ratio, and x represents

the concentration of ATP). The limit of detection (LOD) was deter-

mined by the 3σ /k criterion and was calculated to be 21μmol/L. In

addition, the ability of SPN–CDs to bind specifically to ATP was also

important. SPN–CDs were evaluated against a range of species for

selectivity towards ATP. The fluorescence ratio of FL560/FL690 was

observed to increase with the addition of ATP, while the addition

of other competing molecules did not lead to an obvious change in
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Fig. 1. (a) Transmission electron microscopy images of SPN–CDs. (b) Dynamic

light scattering of SPN–CDs. (c) Absorption spectra of SPN–CDs (80μg/mL PFODBT,

1mg/mL CDs) with 2mmol/L ATP. (d) Fluorescence spectra of SPN–CDs (80μg/mL

PFODBT, 1mg/mL CDs) with 2mmol/L ATP.

Fig. 2. (a) Fluorescence spectra of SPN–CDs (80μg/mL PFODBT, 1mg/mL CDs)

with ATP (0–2mmol/L). (b) Fluorescence intensity of SPN–CDs (80μg/mL PFODBT,

1mg/mL CDs) with ATP (0–2mmol/L) at 560nm and 690nm. (c) The ratio of the

FL560/FL690 of SPN–CDs with ATP (0–2mmol/L). (d) Specificity assay of SPN–CDs

with various species (1mmol/L): 1, l-Leu; 2, l-Asp; 3, l-Val; 4, l-Thr; 5, l-Ser; 6, l-

Pro; 7, DL-Phe; 8, DL-Try; 9, Met; 10, Na2SO4; 11, Mg(NO3)2; 12, NaCl; 13, KH2PO4;

14, UTP; 15, GTP; 16, ATP.

the fluorescence (Fig. 2d). The results indicate that SPN–CDs dis-

play excellent selective properties towards ATP. Importantly, even

in the presence of a mixture of ATP and interfering substances,

the FL560/FL690 ratio still reached levels comparable to those with

ATP alone. These results confirm that SPN–CDs exhibit excellent se-

lectivity for ATP and could accurately detect ATP in complex envi-

ronments with multiple interfering substances (Fig. S8 in Support-

ing information).

The detection of ATP using fluorescent probes can be influenced

by various factors, including probe concentration, laser power,

probe stability, and physiological conditions. In this study, we eval-

uated the anti-interference capability of SPN–CDs during ATP de-

tection under different conditions. As shown in Fig. S9 (Support-

ing information), when SPN–CDs (based on different PFODBT con-

centrations) were incubated with a constant ATP concentration, a

consistent fluorescence ratio (FL560/FL690) was observed, indicat-

Fig. 3. (a) The ratio (FL560/FL690) change of SPN–CDs (80μg/mL PFODBT, 1mg/mL

CDs) with 0, 1, 2mmol/L ATP at different excitation voltages. (b) The change of ra-

tio (FL560/FL690) of SPN–CDs (80μg/mL PFODBT, 1mg/mL CDs) in different buffer

over 24h. (c) The average dynamic light scattering of SPN–CDs (80μg/mL PFODBT,

1mg/mL CDs) at different pH values. (d) The average dynamic light scattering of

SPN–CDs (80μg/mL PFODBT, 1mg/mL CDs) after 7 days of storage.

ing independence from probe concentration. In addition, the in-

tensity of a single fluorescence signal was significantly affected

by the laser voltage, so we tested the effect on the fluorescence

signal ratio. Both FL560 and FL690 were proportional to voltage,

while FL560/FL690 remained constant, underscoring the resilience

of the probe against laser power variations (Fig. 3a). These find-

ings demonstrate that the fluorescence ratio of SPN–CDs could mit-

igate potential interferences, enabling accurate ATP quantification

in complex environments.

The robust stability of the nanoprobe in complex biological en-

vironments is crucial for cell experiments. Thus, their stability was

thoroughly investigated. As depicted in Fig. 3b, SPN–CDs exhib-

ited consistent luminescence properties after incubation in various

buffer solutions for 24h. The change of fluorescence intensity in

different buffers was shown in Fig. S10 (Supporting information).

As depicted in Fig. 3c, following the incubation of SPN–CDs in Tris–

HCl buffer with diverse pH values, the particle sizes remained vir-

tually unchanged. Moreover, it was observed that when SPN–CDs

were continuously incubated in Tris–HCl buffer for a period of 7

days, the variation in particle size was negligible (Fig. 3d). This

strongly indicates their outstanding stability and reliability within

complex biological matrices.

To enable dynamic tracking of ATP within cells, establishing

a reversible sensing system is critical. In this study, apyrase (an

enzyme that hydrolyzes ATP to AMP) was employed to validate

the reversibility. Experimental results demonstrated that introduc-

ing gradient concentrations of apyrase into CDs solution contain-

ing 1mmol/L ATP induced a concentration-dependent fluorescence

quenching of CDs (Fig. S11 in Supporting information). This time-

dependent response confirms the reversible nature of ATP recogni-

tion, highlighting the potential of CDs for real-time ATP monitor-

ing.

SPN–CDs exhibited excellent performance, including high anti-

interference capability, robust stability, and high sensitivity toward

ATP. This encouraged us to explore their cell imaging ability. The

biological compatibility of SPN–CDs was first tested by MTT as-

say. SPN–CDs were incubated with MCF-7 and HeLa cells at dif-

ferent concentrations for 24h at 37 °C, and the cell viability was

still over 80% (Figs. S12 and S13 in Supporting information). The

results showed that the SPN–CDs had no apparent toxicity.
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Fig. 4. Fluorescence images of SPN–CDs (200μg/mL PFODBT, 2.5mg/mL CDs) in

MCF-7 cells incubated with apyrase for different time periods: (a) 0, (b) 5, (c) 10,

(d) 15 and (e) 20min. Scale bar: 50 μm.

Fig. 5. Fluorescence images of SPN–CDs (200μg/mL PFODBT, 2.5mg/mL CDs) in

MCF-7 cells incubated with DOX (2μg/mL) for different time periods: (a) 0, (b) 30,

(c) 60, (d) 90 and (e) 120 min. Scale bar: 50 μm.

Subsequently, to dynamically monitor intracellular ATP levels,

we applied apyrase to MCF-7 cells pre-treated with SPN–CDs for

3h (Fig. 4). Fluorescence images were obtained at 0, 5, 10, 15 and

20min following the administration of the treatment. A decrease in

the fluorescence ratio of FL560/FL690 was observed over time. The

results further suggest that SPN–CDs were capable of dynamically

monitoring changes in ATP levels in cells.

Most clinical chemotherapy drugs induce ICD, causing intracel-

lular ATP to be released extracellularly when tumor cells undergo

apoptosis. DOX, characterized by strong ICD induction, low-dose ef-

ficacy, and broad applicability across cancer types, can be utilized

in cells to validate the detection efficacy of SPN–CDs for ATP re-

lease during ICD [34–36]. Hence, SPN–CDs were employed to mon-

itor ATP production by cells during ICD induced by DOX. After

adding DOX, the brightness of the FL560/FL690 ratio graph grad-

ually decreased, indicating a reduction in intracellular ATP levels

(Fig. 5). Hence, SPN–CDs prove to be an effective and reliable probe

for sensitive imaging of intracellular ATP levels during ICD.

In summary, we developed a ratiometric fluorescence probe

based on SPNs and CDs to visualize DAMPs in the ICD process.

The designed ratiometric fluorescence probe possessed the follow-

ing advantages: (1) Instead of relying on signal fluorescence inten-

sity at one channel, the proposed probe is based on dual-channel

fluorescence signals, exhibiting favorably accurate measurements;

(2) such a probe possesses high anti-interference capability, re-

sulting in intracellular high-fidelity sensing; (3) the probe demon-

strates high photostability, thereby enabling extended observation

periods under laser irradiation to observe the ICD process. More

importantly, the modular design of SPN–CDs, with SPNs as a sta-

ble internal reference and CDs as the responsive unit, allows for

future adaptation to detect other DAMPs or biomarkers by simply

replacing the recognition element. Because of these advantages, we

expect that this research will provide a trustworthy approach for

facilitating further studies on drug action mechanisms and predict-

ing anti-cancer efficiency.
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