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Abstract 

Organic afterglow luminescent probes (OALPs), characterized by their long-lasting luminescence after irradiation (by light, ultra-
sound, or X-rays) cessation, are pivotal tools in autofluorescence-free optical imaging. They exhibit ultra-low background noise 
interference, enhancing imaging sensitivity and ensuring clearer, more reliable imaging results. Moreover, they offer deeper tissue 
penetration compared to traditional optical imaging modalities, providing various information from deep tissues. Recently developed 
sonoafterglow and radioafterglow further enhance tissue penetration depth. This review outlines 2 design approaches for OALPs: 
coencapsulation and conjugation, which are derived from their luminescent mechanism. Guided by these strategies, researchers 
have designed 3 types of OALPs: near-infrared OALPs, responsive OALPs, and ratiometric OALPs. Additionally, we also provided 
examples of how OALPs are integrated with therapy and applied in the field of cancer theranostics. Finally, we discuss certain chal-
lenges encountered in the advancement of the next generation of OALPs, aiming to broaden their scope of applications.
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1. Introduction

Optical imaging technology presents prominent advantag-
es in both biological and medical fields.[1,2] Compared to to-
mographic imaging techniques such as magnetic resonance 
imaging, computed tomography (CT), and positron emission 
tomography, optical imaging boasts high spatiotemporal res-
olution, enabling real-time investigation of molecular and bio-
logical processes.[3,4] Its cost-effectiveness facilitates widespread 
adoption in clinical and research settings, while its noninvasive 
nature and real-time imaging capabilities render it a safe and 
efficient medical tool.[5] However, most optical imaging tech-
niques rely on real-time fluorescence signals generated by light 
excitation, where background noise from endogenous mole-
cules within biological specimens is unavoidable.[6] This leads 
to the minimization of signal-to-background ratio (SBR) and 
limited penetration depth, thereby affecting imaging sensitivity 
and ultimately reducing the reliability of the signal and image 
quality.[7] The emergence of bioluminescent and chemilumines-
cent self-luminescent probes has indeed partially addressed the 
background noise issue in optical imaging technology.[8] How-
ever, bioluminescent imaging and chemiluminescent imaging 
rely on enzyme-catalyzed or chemical reactions to trigger the 

luminescence of specific materials.[9,10] While bioluminescent 
and chemiluminescent probes do not need real-time excitation, 
they still require activation through interactions with specific 
endogenous enzymes or chemical stimuli.[11,12] Therefore, their 
application in vivo is inevitably restricted. Afterglow imaging 
probes possess the characteristic of emitting long-lasting light 
after irradiation (by light, ultrasound, or X-rays) ceases.[13]  
Afterglow imaging relies on external irradiation, with the ir-
radiation and signal acquisition processes separated.[14] This 
segregation effectively eliminates background and autofluores-
cence interference, significantly enhancing SBR and the sensi-
tivity of imaging.[15,16]

Afterglow imaging probes can be categorized into 2 types: 
inorganic afterglow imaging probes and organic afterglow 
luminescent probes (OALPs). Inorganic afterglow imaging 
probes are typically based on doping rare-earth elements or 
other transition metal ions.[17,18] However, due to the potential 
risk of leakage of toxic heavy metal ions, the use of inorganic 
materials in biomedical applications may be impacted.[19,20] In 
contrast, OALPs are safer and offer advantages such as flexi-
ble synthesis and lower production costs.[21] They can be eas-
ily modified with targeting groups to enhance their targeting  
capability toward specific lesion sites.[22] OALPs used for ther-
anostics need to possess both diagnostic and therapeutic ef-
fects simultaneously. The combined diagnostic and therapeutic 
functionality allows for early disease detection and immediate 
initiation of therapy, reducing the delay between diagnosis and 
therapy.[23] Additionally, it can provide real-time information 
to assist physicians in adjusting therapeutic parameters, facili-
tating personalized therapy and avoiding ineffective or exces-
sive therapy.[24]

In this review, we primarily summarize the mechanism and 
design strategies of existing OALPs. Subsequently, we introduce 
their applications in surgical therapy, photodynamic therapy, 
photothermal therapy, radiodynamic therapy, chemotherapy, 
and immunotherapy. Finally, we share our suggestions and 
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opinions regarding the current issues and challenges of organic 
afterglow imaging in biomedical applications. To the best of our 
knowledge, there is currently no review of the design strategies 
of OALPs. Therefore, it is essential to provide a detailed summa-
ry to assist researchers interested in designing OALPs.

2. Luminescent mechanism
Currently, the luminescence mechanism of OALPs used in in 
vivo imaging can be summarized as follows. Under the me-
diation of singlet oxygen (1O2), radiation energy is stored in 
the afterglow substrate, forming the high-energy and unsta-
ble 1,2-dioxetane structure. Subsequently, the 1,2-dioxetane 
gradually decomposes and transfers the energy released from 
the bond cleavage within or between molecules. Finally, the 
energy receptor with fluorescence properties releases the en-
ergy in the form of photons, known as “afterglow.” Accord-
ing to the luminescence mechanism of OALPs, 3 components 
are required: (1) afterglow initiator, responsible for absorb-
ing and converting irradiation energy into 1O2; (2) afterglow 
substrate, responsible for reacting with 1O2 to form the high- 
energy and unstable afterglow intermediate (1,2-dioxetane); 
(3) fluorophore acts as the afterglow relay unit, responsible 
for accepting energy from 1,2-dioxetane and gradually releas-
ing it in the form of photons (Fig. 1). Based on these 3 com-
ponents summarized for OALPs, we can use them to guide the 
design of OALPs.

3. Design strategy

3.1 Coencapsulation

The coencapsulation strategy involves encapsulating 2 or more 
molecules together using self-assembly of amphiphilic com-
pounds. This strategy offers high flexibility, allowing for easy 
adjustment of the proportions between molecules to achieve 
synergistic effects. Applying this strategy to the development of 

OALPs enables the easy concentration of the 3 components: af-
terglow initiator, afterglow substrate, and afterglow relay unit 
through π–π interactions, facilitating chemical reactions and en-
ergy transfer processes between them.

3.1.1 Near-Infrared OALPs

Near-infrared (NIR) imaging is a noninvasive imaging tech-
nique known for its strong tissue penetration and high imaging 
resolution.[25,26] Combining afterglow imaging with NIR imag-
ing can further enhance imaging effectiveness, enabling more 
accurate and sensitive detection of biological tissues. However, 
the variety of OALPs and their afterglow spectra is quite limit-
ed, which hampers their widespread application in biomedical 
imaging. To address this issue, Jiang et al proposed an inno-
vative strategy for converting common fluorophores into after-
glow luminescent nanoparticles (Fig. 2A).[27] The advent of this 
universal strategy allows for the utilization of nearly all exist-
ing fluorophores to obtain afterglow probes of different wave-
lengths, greatly enriching the material resources for afterglow 
imaging. This strategy involves coencapsulating the afterglow 
initiator, afterglow substrate, and afterglow relay unit within the 
same nanoparticle, achieving precise control over the lumines-
cence of afterglow probes. By adjusting the doping ratio of each 
component within the nanoparticles, the emission wavelength 
of afterglow can be finely tuned, covering the entire spectrum 
from visible light to the NIR region. Additionally, Ni et al coen-
capsulated aggregation-induced emission (AIE) luminogens and 
afterglow substrate within the same nanoparticle, leading to the 
development of NIR-emitting afterglow AIE dots (Fig. 2B).[28] 
Leveraging the high fluorescence quantum yield and singlet ox-
ygen generation efficiency of AIE luminogens in confined spaces 
(inside nanoparticles), the luminescence brightness and after-
glow time of NIR-emitting afterglow AIE dots are significantly 
higher than those of pure afterglow substrate yellow-green emit-
ting dots. This further confirms the importance of the AIE effect 
in enhancing afterglow imaging.

3.1.2 Responsive OALPs

The previously mentioned OALPs do not rely on biomarkers 
and their afterglow luminescence often remains in an undistin-
guished “always on” state, which heavily relies on the concentra-
tion difference between the lesion site and normal tissues during 
disease imaging, leading to poor specificity.[29,30] Responsive 
OALPs refer to afterglow luminescence regulated by biomarkers, 
aiming to further enhance signal specificity and diagnostic accu-
racy. Wu et al reported an OALP responsive to the biomarker 
hydrogen sulfide (H2S), which exhibits specific afterglow lumi-
nescence only under the influence of H2S (Fig. 3A).[31] First, the 
authors carefully designed F12+ as a chromophore responsive to 
H2S, ensuring that its spectrum extensively overlaps with that 
of afterglow nanoparticle (ANP) composed of the afterglow 
substrate MEH-PPV and the afterglow initiator NIR775 in the 
“always on” state. After incorporating F12+ into the nanoparti-
cles, the fluorescence and singlet oxygen generation abilities of 
MEH-PPV and NIR775 are both quenched by F12+, attributed to 
the effective fluorescence resonance energy transfer (FRET) from 
MEH-PPV and NIR775 to F12+. In the presence of H2S, F12+ 
rapidly reverts to F2 with a significantly blue-shifted absorption, 
eliminating the FRET process and allowing F2-ANP to regain 
singlet oxygen production and fluorescence under light irradia-
tion, thereby activating the afterglow luminescence. Additionally, 

Figure 1.  Scheme illustrating the design strategy and luminescent mecha-
nism of OALPs for cancer theranostics.
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Xu et al developed an activatable sonoafterglow nanoparticle 
(SNAP-M), which only activates its sonoafterglow luminescence 
in the presence of the specific disease biomarker (Fig. 3B).[32] The 
authors first prepared sonoafterglow nanoparticles, comprising 
a sonosensitizer NCBS, which acts as an afterglow initiator to 
generate 1O2 and an afterglow substrate Pro-DPAs with a per-
oxynitrite (ONOO−)-responsive cage moiety. In the presence of 
ONOO−, the responsive moiety on Pro-DPAs is decaged, activat-
ing the afterglow luminescence capability as the afterglow sub-
strate. Due to the greater penetration of energy generated by ul-
trasound, it exhibits a brighter and deeper emission compared to 
previously reported light-induced afterglow luminescence, even 
reaching tissue depths of up to 4 cm. The innovation brought by 
sonoafterglow imaging technology not only lies in the brightness 
and depth of the signal but also provides a potential solution 
for a wider range of biomedical applications. Building upon the 
previous research on NIR-emitting afterglow AIE dots, Chen et 
al further designed and synthesized a dual-responsive OALPs 
sensitive to both ONOO− and pH.[33] In the presence of ONOO− 
at physiological pH, it exhibits activated near-infrared afterglow 

luminescence, with its intensity and lasting time significantly en-
hanced by introducing the AIE effect.

3.1.3 Ratiometric OALPs

Although responsive OALPs can be selectively activated for 
specific biomarkers and quantitatively analyzed, the increas-
ing decay of afterglow intensity over time adds complexity 
to quantitative analysis.[2] Additionally, the intensity of after-
glow is influenced by factors such as laser power, irradiation 
time, and exposure time, further complicating the system.[34] 
Liu et al has reported a ratiometric afterglow nanoplatform 
(RAN) that can be used to tailor various responsive OALPs 
and precisely quantify specific biomarker analytes (Fig. 4).[35] 
The authors encapsulated responsive molecules (NRM, ORM, 
or PRM), afterglow substrates, and afterglow initiators within 
the same nanoparticle. Following light irradiation, the after-
glow initiator generates singlet oxygen, prompting the release 
of shorter-wavelength afterglow luminescence (AF2) from the 
afterglow substrate, which is then gradually transferred to 

Figure 2.  Design strategy of coencapsulation of near-infrared OALPs. (A) Scheme illustrating the composition of afterglow luminescence nanoparticle (ALNP) 
and its chemical structure. Adapted with permission from Jiang et al.[27] (B) The chemical structural formulas of afterglow substrate and AIE luminogens. Adapted 
with permission from Ni et al.[28]

Figure 3.  Design strategy of coencapsulation of responsive OALPs. (A) The chemical structures of the F12+ before and after reacting to H2S to form F2, ac-
companied by a scheme illustrating the composition of F12+-ANP in the off state and F2-ANP in the on state. Adapted with permission from Wu et al.[31] (B) The 
chemical structures of the Pro-DPAs before and after reacting to ONOO− to form DPAs, accompanied by a scheme illustrating the composition of SNAP-M in 
the off state and SNAP in the on state. Adapted with permission from Xu et al.[32]
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responsive molecules emitting longer-wavelength afterglow 
luminescence (AF1) via afterglow resonance energy transfer 
(ARET). Consequently, quantitative detection of biomarkers 
can be achieved by calculating the ratio of afterglow intensity 
(AF1/AF2) between the afterglow energy donor (afterglow sub-
strate) and energy acceptor (responsive molecules). The ratios 
of afterglow intensities would be independent of interference 
factors other than analytes, which not only address the decay 
of afterglow intensity but also eliminate interference from vari-
ous factors (such as laser power, irradiation time, and exposure 
time), thereby facilitating reliable quantitative analysis in bio-
logical systems.

3.2 Conjugation

In addition to the coencapsulation strategy, there is also an in-
tegrated conjugation strategy. Unlike the coencapsulation strat-
egy that requires intermolecular resonance energy transfer, the 
conjugation strategy concentrates all functional units (including 
units for 1O2 generation units, 1O2 capturing units, and lumines-
cent units) within a single molecule, utilizing intramolecular en-
ergy transfer for luminescence. Thus, this strategy of molecular 
OALPs eliminates the need for spectral overlap in coencapsula-
tion and enhances system reliability.

3.2.1 Near-Infrared OALPs

The design strategies for near-infrared luminescent moieties 
primarily fall into 2 categories: (1) extending conjugated struc-
tures and (2) modulating the push-pull electronic capabilities 
of donor and acceptor groups. Therefore, conjugation can be 
utilized to extend afterglow substrates into the near-infrared 
region. However, not all afterglow substrates extended into the 

near-infrared region possess the capability to emit afterglow 
luminescence and also need to have the ability to generate 1O2. 
Yang et al utilized the characteristics of porphyrin derivatives, 
which possess both near-infrared emission wavelengths and 
excellent 1O2 generation capabilities (Fig. 5A).[36] They chem-
ically conjugated the afterglow substrate (DO) with the NIR 
photosensitizer tetraphenylporphyrin (TPP), forming TPP-DO. 
When light irradiation, TPP-DO generates 1O2, oxidizing itself 
to an unstable TPP-DO-dioxetane intermediate. This interme-
diate spontaneously decomposes into the ester derivative TPP-
DE, while simultaneously absorbing the energy released during 
the decomposition process to form the excited state TPP-DE*. 
TPP-DE* ultimately releases the absorbed energy in the form 
of NIR light as it returns to the ground state TPP-DE. This 
intramolecular energy transfer from the afterglow substrate 
to the energy release unit significantly enhances the after-
glow brightness compared to intermolecular energy transfer. 
Semiconductor polymers comprise an extended π-conjugated  
structure. Recently, it has been discovered that poly(p- 
phenylenevinylene) (PPV)-based semiconductor polymers are 
also excellent afterglow substrates.[37] However, they can only 
emit visible light and have moderate 1O2 generation capabili-
ty. Cui et al copolymerized the NIR photosensitizer TPP into 
the PPV to obtain PPV-TPP.[38] In comparison to PPV, PPV-TPP 
not only exhibits NIR afterglow luminescence but also pos-
sesses amplified afterglow intensity. Liao et al reported a nov-
el NIR semiconductor polymer (named NIR-3) containing a 
donor–acceptor conjugated structure capable of producing in-
tense afterglow luminescence in the NIR window (Fig. 5B).[39] 
NIR-3’s backbone structure contains abundant thiophene as 
the donor and introduces pyrido pyrazine as the acceptor. This 
donor–acceptor structure not only shifts the emission wave-
length to the red but also enhances the intersystem crossing 

Figure 4.  Scheme illustrating the composition of RANs and ARET-based ratiometric afterglow before and after analytes respond (A). The chemical structures 
of the responsive molecules before and after response to NO, ONOO−, and pH (B). Adapted with permission from Liu et al.[35]
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process, thus increasing the production of 1O2. Additionally, a 
large number of 1O2-reactive thiophene groups can effectively 
form unstable high-energy thiophene-dioxetane intermediates, 
followed by peroxide (O–O) bond cleavage to release energy, 
which is absorbed by NIR-3 itself to form excited state NIR-3* 
for afterglow luminescence. The integrated conjugation strat-
egy eliminates the need for complex component modulation, 
allowing a single molecule to fulfill all the requirements for 
afterglow luminescence.

3.2.2 Responsive OALPs

The design strategies for responsive molecular OALPs primarily 
fall into 2 categories: (1) destruction and restoration of conju-
gated skeletons; (2) enhancement and inhibition of intramolec-
ular charge transfer (ICT). Lei et al integrated responsive units, 
1O2 generation units, 1O2 capturing units, and luminescent units 
into a single molecule (Fig. 6A).[40] When responsive units en-
counter H+, the probe undergoes a conformational change from 
a spirocyclic to an open structure, transitioning the molecular 
structure from nonconjugated to conjugated, ultimately lead-
ing to the activation of 1O2 and fluorescence. When light irra-
diates the open structure, the generated 1O2 oxidizes the 1O2 
capturing unit to form unstable high-energy dioxetane inter-
mediates. These intermediates gradually decompose and release 
excitation energy to the decomposed molecules themselves, re-
sulting in afterglow luminescence. Additionally, the researchers 
have expanded the application scope of this afterglow molecu-
lar scaffold by introducing various biomarkers (ATP or metal 
ions) responsive units. The same research group also designed 
hemicyanine-based molecular scaffolds with responsive after-
glow luminescence.[41] They similarly employed the “four-in-
one” molecular design strategy, integrating responsive units, 
1O2 generation units, 1O2 capturing units, and luminescent 
units into a single molecule, customizing it for the quantifica-
tion and imaging of targets such as pH, superoxide anions, and 
aminopeptidase. The responsive units can modulate the activa-
tion of fluorescence and the generation of 1O2 by altering the 
ICT of the entire molecule, thus enabling activatable afterglow 

luminescence. The issue of tissue penetration depth during ex-
citation can be addressed by ultrasound and similarly, X-rays 
can also overcome tissue penetration challenges.[42] However, 
organic molecules often contain light atoms (such as hydro-
gen, carbon, and oxygen) and exhibit weak spin-orbit coupling, 
resulting in weak X-ray absorption. Huang et al integrated re-
sponsive units, 1O2 generation units, 1O2 capturing units, and 
luminescent units into a single molecule, to prepare a molecular 
radioafterglow dynamic probe (MRAP) for radioafterglow lu-
minescence (Fig. 6B).[43] They replaced hydrogen atoms in the 
benzene ring with heavy iodine atoms to form a new conjugat-
ed structure. The introduction of iodine atoms not only enhanc-
es the probe’s X-ray absorption but also allows a large number 
of electrons to exist as triplet excitons (Tn). In the absence of 
cathepsin B (CatB) response, the reduced electron-donating 
ability of the oxygen atom in the phenolic moiety inhibits the 
ICT, resulting in negligible radioafterglow luminescence and 
radiodynamic 1O2 generation. Upon encountering CatB, the re-
sponsive moiety is cleaved to liberate uncaged MRAP (IDPASU), 
restoring fluorescence and radiodynamic 1O2 generation. The 
specific process involves X-ray photons first exciting high-energy  
electrons, which then interact with surrounding atoms, initiat-
ing a secondary electron cascade with decreased energy. Upon 
absorption by IDPASU, a large number of electrons exist as trip-
let excitons, transitioning back to the ground state and exciting 
triplet oxygen (3O2) to 1O2. The in situ generated 1O2 reacts 
with IDPAs to form dioxetane intermediates. Eventually, these 
intermediates gradually decompose into the corresponding ac-
tivated products (activated IDPAx), emitting radioafterglow 
luminescence.

The afterglow imaging offers higher SBR and sensitivity in 
vivo compared to fluorescence imaging. However, it requires 
several seconds to minutes for data acquisition, whereas flu-
orescence imaging only takes a few hundred microseconds. 
To overcome this limitation, further enhancement of the 
brightness of OALPs is necessary. Currently, the screening 
of high-brightness OALPs designed using a coencapsulation 
strategy still primarily relies on the random combination of 
different components, which is relatively complex. To address 

Figure 5.  Design strategy of conjugation of near-infrared OALPs. (A) The chemical structures of TPP-DO and proposed mechanism for the afterglow lumines-
cence of TPP-DO. Adapted with permission from Yang et al.[36] (B) The chemical structures of NIR-3 and proposed mechanism for the afterglow luminescence 
of NIR-3. Adapted with permission from Liao et al.[39]
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this challenge, we believe it is essential not only to consider 
the individual energy conversion efficiencies of the afterglow 
initiator, afterglow substrate, and afterglow relay unit but also 
the energy transfer efficiencies among these components. For 
example, to more effectively transfer the 1O2 generated by the 
afterglow initiator to the afterglow substrate, it is required 
that the afterglow substrate has a higher rate of producing  
1,2-dioxetane intermediate when reacting with 1O2. The high 
oxidizability of the afterglow substrate is apparently beneficial 
to this process. Additionally, to enhance the transfer of emit-
ted light energy from the afterglow substrate to the afterglow 
relay unit, improving the resonance energy transfer efficien-
cy between them is crucial. This might require better spectral 
overlap between the emission spectrum of the afterglow sub-
strate and the absorption spectrum of the afterglow relay unit. 
Therefore, optimizing both the individual properties and the 
interactions among the components is vital for advancing the 
brightness of OALPs.

For the OALPs designed using the conjugation strategy, al-
though the intramolecular energy transfer from the afterglow 
substrate to the energy release unit significantly enhances af-
terglow brightness compared to intermolecular energy trans-
fer, such probes still lack sufficient brightness. To address this 
challenge, we propose focusing on the relationship between the 
molecular structure of conjugated probes and their afterglow 
intensity, continuously improving their brightness.

For near-infrared OALPs, molecular imaging in the second 
near-infrared (NIR-II, 1000–1700 nm) window has already pro-
vided high-resolution imaging with subcentimeter tissue depth. 
In the future, utilizing OALPs emitting in the NIR-II window 
could further enhance penetration depth and imaging resolu-
tion. However, existing energy donors often emit at shorter 
wavelengths, requiring multiple energy transfers to successfully 
shift their emission to the NIR-II region, resulting in significant 
energy loss. To address this challenge, we propose chemically 
modifying the energy donors to directly extend their conjuga-
tion length, thus extending their emission wavelength to the 
NIR-II window.

Responsive OALPs enable quantitative analysis of target an-
alytes. However, the presence of various interference factors in 
afterglow luminescence results in decreased signal reliability. To 
address this challenge, the design of ratiometric OALPs enables 
reliable quantification and molecular imaging of specific ana-
lytes. This approach mitigates interference from factors such as 
laser parameters, penetration depth, and probe concentration, 
significantly enhancing the reliability of afterglow signals.

The primary challenges in the design of ratiometric OALPs 
is the lack of responsive probes for constructing ratiometric 
OALPs. This is attributed to the inert nature of most probe 
structures, lacking reactive sites. Previously reported ratio after-
glow probes have been limited to detecting reactive oxygen and 
nitrogen species or pH levels. However, many physiological and 
pathological processes involve the excessive production of these 
biomarkers, rendering precise and specific disease monitoring 
highly challenging. Therefore, there is still a need for the de-
velopment of more specific responsive molecular probes, which 
remains to be explored.

4. Application in cancer theranostics

Cancer, as a malignant tumor, has emerged as a significant cause 
of human mortality, posing a grave threat to human health.[44] 
Consequently, considerable importance is placed on researching 
cancer theranostics, where targeted delivery to tumor sites using 
probes plays a crucial role.[45] The targeting of tumors can be 
classified into 2 categories. (1) Active targeting involves the use 
of specific targeting molecules or carriers to bind with tumor 
cells, enabling precise diagnosis and therapy.[46] (2) Passive tar-
geting, on the other hand, capitalizes on physiological differ-
ences between tumor and normal tissues, such as the enhanced 
permeability and retention (EPR) effect, to facilitate the accu-
mulation of drugs or diagnostic agents within tumor tissues.[47] 
The advantages of cancer theranostics lie in assisting in formu-
lating personalized therapy plans, monitoring therapy efficacy, 
reducing delays and redundant examinations, and achieving 
personalized cancer therapy.[48,49]

Figure 6.  Design strategy of conjugation of responsive OALPs. (A) The chemical structures of MAS-pH before and after responding to H+, accompanied by 
the proposed mechanism for the afterglow luminescence of the responsive molecules. Adapted with permission from Lei et al.[40] (B) The chemical structures 
of MRAP before and after responding to CatB to form IDPAsu, accompanied by the proposed mechanism for the radioafterglow luminescence of IDPAsu. 
Adapted with permission from Huang et al.[40]
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Near-infrared emission wavelength is an ideal wavelength for 
biological imaging due to its low tissue absorption and scatter-
ing, as well as strong tissue penetration. Therefore, it is suitable 
for cancer theranostics, such as image-guided surgical therapy 
and monitoring the effects of photodynamic therapy, photother-
mal therapy, and radiodynamic therapy (Table 1). Responsive 
OALPs can respond to specific biomolecules or environmental 
conditions, such as granzyme B, peroxynitrite (ONOO−), and 
pH value. This responsiveness allows OALPs to provide specific 
diagnostic information in cancer treatment, help evaluate the ef-
fectiveness of chemotherapy and immunotherapy, and track the 
release of chemotherapy drugs. Ratiometric OALPs, based on 
responsive OALPs, address the issue of afterglow intensity at-
tenuation over time and eliminate interference from various fac-
tors (such as laser power, irradiation time, and exposure time), 
making them more suitable for reliable quantitative analysis in 
biological systems.

4.1 Surgical therapy

The use of NIR fluorescence imaging for guiding cancer sur-
gical therapy has emerged as a powerful strategy in clinical 
practice, aiding surgeons in faster and more accurate tumor 
resections.[55] Indocyanine green, approved by the Food and 
Drug Administration, has been explored for this applica-
tion.[56] The significant advantage of NIR fluorescence, partic-
ularly its much lower tissue background noise, undoubtedly 
makes it a more ideal modality for guiding tumor resections 
during surgical therapy. Ni et al achieved precise surgical re-
moval of abdominal metastatic tumors using the aforemen-
tioned NIR-emitting afterglow AIE dot (Fig. 7A).[28] Utilizing 
NIR-emitting afterglow AIE dots, it demonstrates effective pas-
sive tumor-targeting capability, illuminating nearly all tumor 
nodules, particularly submillimeter ones (Fig. 7B). Additional-
ly, leveraging afterglow imaging enables minimal background 
interference. Subsequently, surgical therapy was performed to 
remove the tumors by surgeons who were unaware of the im-
ages and relied on their experience. A large number of tumors, 
most of which were >1 mm, were excised after unguided sur-
gical therapy (Fig. 7C). This is because submillimeter tumors 
are in the early stages of cancer and are indeed difficult for 
surgeons to detect. In the second surgical therapy guided by 

afterglow imaging, the surgeon almost excised all tiny tumor 
nodules until there was no residual afterglow signal in the ab-
dominal cavity. This demonstrates the excellent performance 
of NIR-emitting afterglow AIE dots in image-guided cancer 
surgical therapy. Wu et al reported a novel organic afterglow 
probe called F12+-ANP-Gal, which can be used for the local-
ization of liver cancer during surgery.[31] In the study, F12+-
ANP-Gal probe was used, and intense afterglow signals were 
generated through irradiation to accurately locate liver cancer 
tissue. This organic afterglow probe exhibits high sensitivity 
and noninvasiveness, allowing real-time imaging of liver can-
cer tissue and providing precise localization information for 
surgery. Additionally, the study demonstrated the ability of 
this organic afterglow probe to combine with tissue staining 
techniques, enabling precise delineation of the edges of liver 
cancer tissue. In conclusion, the organic afterglow probe F12+-
ANP-Gal holds great potential as a valuable tool for guid-
ing liver cancer surgery. Xie et al developed an amphiphilic 
poly(p-phenylenevinylene) derivatives that can self-assemble 
into the nanoagent (SPPVN) in biological solutions and emit 
near-infrared afterglow luminescence.[57] Compared to other 
reported near-infrared fluorescence imaging probes, SPPVN 
demonstrates superior sensitivity and is capable of detecting 
tumors with much smaller volumes. It can rapidly detect xeno-
graft tumors as small as 1 mm3 and even tiny peritoneal meta-
static tumors that are almost invisible to the naked eye.

4.2 Photodynamic therapy

When irradiated by light, the photosensitizer can generate re-
active oxygen species (ROS) that possess cytotoxicity and can 
kill cancer cells, thereby achieving therapeutic effects through 
a process known as photodynamic therapy (PDT).[58] Due to its 
highly spatial and temporal control over the therapy process, 
PDT has been employed in various cancer therapy.[59] However, 
the unknown ROS dosage during cancer therapy may induce the 
uncertainty of anticancer efficacy.[60] Liao et al constructed after-
glow nanoreporters using the semiconducting polymer NIR-3, 
for precise and noninvasive early monitoring of the effectiveness 
of PDT (Fig. 8A).[39] As the NIR-3’s afterglow luminescence is 
dependent on 1O2, the afterglow intensity correlates closely with 
the tumor inhibition rates. Experimental results demonstrate 

Table 1

Properties and therapy pathways of designed OALPs.

OALPs Design strategy λem* Brightness† Therapy pathways Reference 

AGL-AIE dots Coencapsulation/near-infrared 650 nm 2.0 × 106 Surgical therapy [28]

F12+-ANP-Gal Coencapsulation/response/near-infrared 780 nm 3.0 × 105 Surgical therapy [31]

SCAN Coencapsulation/response 500 nm 3.0 × 107 Immunotherapy [32]

RAN1 Coencapsulation/ratiometer AF1 = 600 nm AF2 = 830 nm 4.0 × 105 Immunotherapy [35]

Q-TPP-DO Conjugation/near-infrared 670 nm 1.8 × 108 Surgical therapy [36]

NIR-3 Conjugation/near-infrared 800–820 nm 1.2 × 106 Photodynamic therapy [39]

MRAP-cRGD Conjugation/response/near-infrared 770 nm 1.3 × 106 Radiodynamic therapy [43]

MAS-pH Conjugation/response/near-infrared 690–770 nm 1.0 × 106 Chemotherapy [40]

SPN
CT

Coencapsulation 600 nm 1.4 × 105 Photothermal therapy [50]

PA-AGL NPs Coencapsulation/response 625 nm 1.2 × 109 Immunotherapy [33]

PFODBT@CPPO Coencapsulation/near-infrared 690–770 nm 1.0 × 107 Photodynamic therapy [51]

TD-Grz-BHQ Coencapsulation/response 630 nm 7.0 × 107 Immunotherapy [52]

AIE/B-AGL-HCPT NPs Coencapsulation/response/near-infrared 660 nm 2.0 × 106 Chemotherapy [53]

APtN Coencapsulation/response 550 nm 2.0 × 105 Chemotherapy [54]

SBR refers to the tumor to the paratumoral tissue unless specified.
*λ

em
 is the highest afterglow emission wavelength.

†The unit of afterglow brightness is p s-1 cm-2 sr-1.
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that with increasing injection dosage, mice exhibit enhanced 
afterglow luminescence in the tumor area (Fig. 8B). As the in-
jection dosage of NIR-3 increases, the tumor inhibition rate also 
significantly increases and the afterglow intensity in the tumor 
region correlates with the tumor inhibition rate (Fig. 8C). The 
afterglow luminescence can be utilized as an early-stage therapy 
metric prior to tumor volume reduction, measuring the effica-
cy of 1O2-mediated anticancer activity. Wang et al developed a 
cyclic amplification of the afterglow luminescent nanoreporter 
called PFODBT@CPPO, which can be used to real-time visual-
ize light-induced ROS and monitor ROS-mediated cancer treat-
ment efficacy.[51] The afterglow intensity of the nanoreporter can 
also be utilized to adjust treatment parameters such as dosage 
and irradiation time, enabling personalized treatment plans and 
avoiding ineffective or excessive medical interventions.

4.3 Photothermal therapy

Photothermal therapy (PTT) effectively utilizes photothermal 
agents to convert light energy into heat, thereby killing cancer 
cells.[61] Zhen et al coencapsulated OALPs and photothermal 
agents to prepare nanococktail. Following intravenous admin-
istration, nanococktail passively targets and accumulates in tu-
mors (Fig. 9A).[50] Subsequently, nanococktail can absorb light, 
converting light energy into heat to achieve PTT. During PTT, as 
the decomposition of 1,2-dioxetane is temperature-dependent, 
the afterglow intensity of nanococktail also exhibits tempera-
ture dependence, enabling monitoring of PTT via afterglow im-
aging (Fig. 9B). Furthermore, due to the high tissue penetration 
and imaging sensitivity of afterglow luminescence, it holds po-
tential for monitoring deep-tissue temperatures.

4.4 Radiodynamic therapy

Compared to light, X-rays have greater tissue penetration ca-
pability, making them more suitable for deep-tissue diagnostic 
imaging and cancer therapy.[62] Inspired by PDT, X-rays can 
be utilized as an energy source to achieve radiodynamic ther-
apy (RDT).[63] Due to the localized production of cytotoxic 
ROS by the therapeutic agent, RDT can minimize radiation 
damage to normal tissues. Huang et al utilized the previously 
mentioned MRAP and modified it with the tumor-targeting 
moiety cRGD to obtain MRAP-cRGD, which was success-
fully employed in brain tumor radiodynamic theranostics.[43] 
MRAP has both tumor-activatable afterglow luminescence 
and the ability to produce 1O2 (Fig. 10A). Under low-dose 
X-ray irradiation of 5 mGy, radioafterglow imaging (RAI) 
was performed, showing that the radioafterglow in orthot-
opic glioblastoma gradually increased, reaching its peak at 24 
hours, with significantly higher afterglow intensity compared 
to other groups (Fig. 10B, C). Subsequently, tumor growth 
was continuously monitored via bioluminescence signal. The 
results revealed that following high-dose 0.8 Gy RDT, tumor 
growth was completely inhibited in the MRAP group, where-
as other groups did not exhibit significant tumor regression or 
inhibition (Fig. 10D).

4.5 Chemotherapy

Chemotherapy is a method of cancer therapy by using specif-
ic drugs to kill or control the growth of cancer cells, thereby 
helping patients alleviate symptoms, control the disease, and 
extend survival.[64] However, chemotherapy drugs not only af-
fect tumors but may also impact normal tissues. In order to 

Figure 7.  OALPs for surgical therapy. (A) Scheme illustrating image-guided surgical therapy. (B) Afterglow imaging of the opened peritoneal cavity at various stag-
es of surgical therapy in tumor-bearing mice, following intravenous injection of NIR-emitting afterglow AIE dots. (C) The size distribution of tumor nodules resected 
from the mouse in (B) after the first unguided surgical therapy and the second afterglow image-guided surgical therapy. Adapted with permission from Ni et al.[28]
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mitigate damage to normal tissues, a series of prodrugs have 
been developed for cancer therapy, which are inactive until 
they reach the tumor microenvironment.[65] Upon response to 
biomarkers in the tumor microenvironment, they release active 
drugs, thus partially avoiding toxicity to normal tissues. He 
et al developed an afterglow protheranostic nanoassembly by 

coencapsulating an afterglow prodrug and an afterglow initia-
tor.[54] The afterglow prodrug is comprised of the chemotherapy 
drug 5’-deoxy-5-fluorouridine (5DFUR) linked to an afterglow 
substrate via a boronic ester bond responsive to H2O2. Once the 
nanoassembly reaches the tumor microenvironment, it reacts 
with overexpressed H2O2, releasing 5DFUR and simultaneous-
ly activates afterglow luminescence (Fig. 11A). Hence, there is 
a good linear correlation (R2 = 0.9857) between the afterglow 
luminescence intensity and the release of chemotherapy drugs 
(Fig. 11B), enabling real-time tracking of drug activation and re-
lease in vivo, which holds promise for guiding physicians in for-
mulating drug regimens. Gao et al also reported an activatable 
NIR afterglow protheranostic nanoassembly by coencapsulating 
afterglow prodrugs and NIR emissive AIE luminogens.[53] The 
afterglow prodrug consists of chemotherapy drug hydroxyca-
mptothecin (HCPT) and an afterglow substrate linked through 
the carbonate group, which is caged by an ONOO−-responsive 
phenylborate group. The AIE luminogens serve as both the af-
terglow initiator and afterglow relay unit. The activatable NIR 
afterglow luminescence serves as the signal readout to monitor 
and quantify drug release status and theranostic response. Lei et 
al developed a pH-responsive afterglow probe called MAS-pH, 
which can be used to monitor the effects of the oxidative phos-
phorylation inhibitor tamoxifen on tumor glycolysis and che-
motherapy outcomes in living mice.[40] The experimental results 
demonstrate that increasing the dose of tamoxifen leads to an 
increase in the afterglow signal, a decrease in tumor pH, an ele-
vation in glycolytic levels, and an enhancement in chemotherapy 
outcomes. Therefore, MAS-pH shows great potential in evaluat-
ing tumor glycolysis, monitoring chemotherapy resistance, and 
screening effective approaches to regulate glycolysis.

4.6 Immunotherapy

While immunotherapy holds great promise in cancer therapy, 
patient responses vary widely across different types of cancer, re-
sulting in significant individual differences.[66] Due to the proven 
correlation between response rates and therapy outcomes with 
the proinflammatory tumor microenvironment, there is a critical 
need for cancer immunotherapeutic agents capable of providing 
real-time feedback on the proinflammatory tumor microenvi-
ronment to guide immunotherapy.[67] Xu et al coencapsulated 
a M1-like macrophages (M1)-polarizing prodrug caged with a 
1O2-cleavable moiety in the responsive sonoafterglow nanopar-
ticles, creating a sonoafterglow cancer nanoimmunotheranostic 
probe (SCAN).[32] The sonodynamic effect (generation of 1O2) 
and sonoafterglow are activated only in the proinflammatory 
tumor microenvironment when high levels of ONOO– are pres-
ent (Fig. 12A). The generated 1O2 by SCAN triggers the cleavage 
of the M1-polarizing prodrug, thereby activating immunother-
apy in situ. Researchers defined the difference in sonoafterglow 
intensity between sequential doses as ΔS and investigated its re-
lationship with the proinflammatory state levels of tumor M1 
characteristics (Fig. 12B, C). Under the same ultrasound irradia-
tion, SCAN induced a significantly higher number of M1 macro-
phages compared to the SCANc group (lacking the M1-polarizing  
prodrug) after the fourth dose (Fig. 12D). The increasing 
trend of M1 macrophage population was consistent with the 
sonoafterglow in each group. Tumor suppression experiments 
revealed that single sonodynamic therapy mediated by SCAN-C 
failed to eradicate the tumor, whereas the combination of immu-
notherapy with SCAN resulted in complete tumor eradication 
(Fig. 12E). These results confirm the efficacy of SCAN-mediated 

Figure 8.  OALPs for photodynamic therapy. (A) Scheme illustrating afterglow 
imaging monitoring photodynamic therapy. (B) Afterglow images of mice with 
subcutaneous tumors injected intratumorally with different concentrations of 
NIR-3. (C) Quantification of in vivo afterglow intensities of tumor as a function 
of tumor growth inhibition rates. Adapted with permission from Liao et al.[39]

Figure 9.  OALPs for photothermal therapy. (A) Scheme illustrating afterglow 
imaging monitoring photothermal therapy. (B) Thermal and afterglow imaging 
of mice with subcutaneous tumors after intravenous injection of nanococktail, 
undergoing light irradiation for various durations. Adapted with permission 
from Zhen et al.[50]
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immunotherapy. Chen et al developed a novel organic afterglow 
probe called PA-AGL NPs, which can be used for fast screen-
ing of antitumor drugs capable of inducing immunogenic cell 
death (ICD).[33] Specifically, preirradiated PA-AGL nanoparticles 
can visualize the infiltration process of neutrophils by measur-
ing the activated afterglow intensity of ONOO−. The activation 
of ICD requires the activation of inflammation-related immune 
cells, particularly neutrophils. ONOO−, as a ROS associated 
with inflammation, can be generated during the inflammatory 
process. Therefore, ICD drugs may promote the immunogenic 
conversion of tumors by activating the inflammatory response 
and immune cells. Liu et al developed an ultrasound-induced 
afterglow luminescent probes called RAN1, which enables reli-
able quantification of nitric oxide (NO) and can be used for af-
terglow imaging in macrophage-modulated immunotherapy.[35] 
The researchers first treated RAW264.7 macrophages with dif-
ferent macrophage polarization modulators and then performed 
afterglow imaging by administering RAN1 to these cells. It was 
observed that the afterglow intensity was correlated with the 
degree of macrophage polarization. Furthermore, the research-
ers observed a strong correlation between afterglow intensi-
ty, macrophage polarization, and the anticancer effect in 4T1  
tumor-bearing mice. In conclusion, ratiometric afterglow imag-
ing can serve as an effective method for evaluating macrophage 
polarization and screening modulators, enabling real-time mon-
itoring of macrophage-modulated immunotherapy. The same 
research group has developed an ultrasound-induced afterglow 
luminescence nanoprobe called TD-Grz-BHQ, which can be 
used to monitor the granzyme B levels and the immune response 
in living mice.[52] The afterglow intensity of TD-Grz-BHQ was 
detected in CT-26 tumors following anti-PDL1 treatment and 

exhibited a higher level compared to the signal observed in 4T1 
tumors. The higher afterglow intensity of TD-Grz-BHQ in CT-
26 tumors following anti-PDL1 treatment can be attributed to 
the elevated levels of granzyme B, CD8+ T cells, and NK cells. In 
conclusion, ultrasound-induced afterglow luminescence nano-
probe can be used to monitor the immune response and evaluate 
the efficacy of immunotherapy.

5. The biosafety and metabolic pathways

Currently, OALPs used in cancer theranostics often need to be 
formulated into nanoparticles that integrate different compo-
nents to function collectively and enhance tumor targeting and 
bioavailability. Therefore, the biocompatibility and metabolic 
pathways of these carriers are critical considerations. Organ-
ic nanoparticles are typically composed of natural or synthetic 
materials with high biocompatibility, such as proteins, poly-
saccharides, and lipids, making them more readily accepted by 
biological systems in vivo.[52] Moreover, to enhance the safety 
of carriers, their surfaces are commonly modified with poly-
ethylene glycol, which effectively reduces protein adsorption in 
vivo, decreases immune system recognition and clearance, and 
reduces immunogenicity while prolonging circulation time in 
the bloodstream.[68] Additionally, organic nanoparticles can be 
tailored to target specific tissues or cells by adjusting their sur-
face chemistry or attaching targeting molecules. This targeting 
helps to increase the local concentration of the drug, reducing 
adverse effects on healthy tissues. Regarding metabolic path-
ways, unlike small molecule probes or drugs, which are easily 
excreted through urine or metabolized by the liver, nanoparti-
cles, due to the EPR effect, tend to accumulate at tumor sites.[69] 

Figure 10.  OALPs for radiodynamic therapy. (A) Scheme illustrating RAI monitoring RDT. (B) Radioafterglow images of orthotopic glioblastoma (glioma) and 
healthy mice at different time points after an intravenous injection of MRAP-cRGD and MRAP. (C) The quantitative analysis of radioafterglow intensities in the 
mouse brain region is presented in (B). (D) Tumor growth of orthotopic glioblastoma mice after the indicated therapies. Adapted with permission from Huang 
et al.[43]
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However, larger nanoparticles are likely to remain in the re-
ticuloendothelial system (such as the liver and spleen), which 
may lead to long-term biological accumulation and potential 
toxicity issues. Therefore, to enhance the metabolism and safety 
of nanoparticles, it is advisable to develop smaller and more uni-
formly distributed nanoparticles, as their reduced size facilitates 
renal excretion.[70]

6. Conclusions and outlook

Despite significant progress, there are considerable challenges that 
need to be addressed before clinical translation. We identify the 
following challenges in this field. (1) While X-ray and ultrasound- 
excited afterglows have resolved the issue of penetration depth, 

there is still a lack of OALPs emitting in the NIR-II window 
(1000–1700 nm), which can reduce light scattering in tissues. 
(2) In tumor hypoxic microenvironments, the efficiency of high 
oxygen-dependent type I photosensitizers in producing 1O2 is 
not optimal. Therefore, there is a need to develop OALPs me-
diated by other ROS, such as those based on type II photosen-
sitizers with lower oxygen consumption. (3) Current afterglow 
imaging studies mainly focus on cancer research, neglecting oth-
er life-threatening or chronic diseases such as coronary heart 
disease, diabetes, neurological disorders, and autoimmune dis-
eases. (4) There are few reports on ratiometric afterglow. More 
research efforts should be directed toward improving the qual-
ity and reliability of afterglow imaging using this strategy or 
developing new techniques such as afterglow lifetime imaging 

Figure 11.  OALPs for chemotherapy. (A) Scheme illustrating afterglow luminescence tracking drug release status. (B) Correlation between afterglow intensities 
and the percentage of 5DFUR release. Adapted with permission from He et al.[54]

Figure 12.  OALPs for immunotherapy. (A) Scheme illustrating sonoafterglow-guided immunotherapy. (B) Sonoafterglow images of tumor-bearing mice admin-
istered in increasing doses after the indicated therapies. (C) Quantification of the difference in afterglow intensity (ΔS) between sequential doses is presented in 
(B). (D) Quantification of intratumoral M1 macrophages using flow cytometry. (E) Tumor growth of mice after the indicated therapies. Adapted with permission 
from Xu et al.[32]
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to further enhance imaging quality. In conclusion, OALPs of-
fer significant advantages in disease diagnosis and therapy. We 
hope this review will inspire researchers interested in developing 
OALPs to collectively advance their application in the biomed-
ical field.
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