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A B S T R A C T

Persistent luminescence is a unique visual phenomenon that occurs after cessation of excitation light irradiation or
following oxidization of luminescent molecules. The energy stored within the molecule is released in a delayed
manner, resulting in luminescence that can be maintained for seconds, minutes, hours, or even days. Organic
persistent luminescence materials (OPLMs) are highly robust and their facile modification and assembly into
biocompatible nanostructures makes them attractive tools for in vivo bioimaging, whilst offering an alternative to
conventional fluorescence imaging materials for biomedical applications. In this review, we give attention to the
existing limitations of each class of OPLM-based molecular bioimaging probes based on their luminescence
mechanisms, and how recent research progress has driven efforts to circumvent their shortcomings. We discuss
the multifunctionality-focused design strategies, and the broad biological application prospects of these molecular
probes. Furthermore, we provide insights into the next generation of OPLMs being developed for bioimaging
techniques.
1. Introduction

Optical imaging methodology are important technical means of
visualizing biological events in biomedical research, allowing rapid
spatial resolution with high sensitivity [1–6]. The signal-to-background
ratio (SBR) and sensitivity during traditional fluorescence imaging are
impacted by real-time photobleaching and autofluorescence induced by
the excitation light. Persistent luminescence imaging circumvents pho-
tobleaching whilst maintaining high sensitivity due to the elimination of
the need for constant excitation light, which also aids in reduction of
background noise from autofluorescence of biological tissues. Thus,
persistent luminescence imaging enables deep tissue imaging with
favorable signal-to-noise ratios and broader application prospects for in
vivo optical imaging with high SBR and specificity [7–9].

Persistent luminescence is a unique optical process arising from
reactive oxygen and nitrogen species (RONS) triggered luminescence
(i.e., chemiluminescence) or delayed continuous photon emission over
time following cessation of the excitation light (i.e., afterglow and
phosphorescence) [10–13]. At present, persistent luminescencematerials
(PLMs) have been divided into inorganic or organic classifications.
Inorganic PLMs (IPLMs) are composed of toxic heavy rare earth metals,
which are accompanied by difficulties in surface modification, poor
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biocompatibility, accumulation in tissues, and poor elimination from the
body [14,15]. When IPLM imaging probes are used for diagnosis, they
typically require to be in a pre-irradiated state before administration,
which can be achieved with ultraviolet light exposure. Currently, the use
of IPLMs remains limited for long-term monitoring or tracking in vivo,
due to the short luminescence lifetime of IPLM imaging probes [16].

Organic PLMs (OPLMs) have the inherent advantage of being highly
robust for long-lived emission, which makes it possible to capture images
with temporal resolution long after excitation. Thus, in combination with
modification and assembly that favors biocompatibility, OPLMs offer
new strategies and wider adoption for in vivo bioimaging [17]. The
excitation and emission spectra of OPLMs can be tuned by engineering
the structure to meet the requirements of the intended application [18,
19]. Moreover, OPLMs with near-infrared (NIR) emission can facilitate
deep tissue detection and light reactivation, which can circumvent re-
strictions associated with PLM imaging probe lifetime in long-term bio-
logical imaging applications. Many organisms and their tissues will emit
autofluorescence under visible light excitation, which hinders detection
and imaging using fluorescent probes. For example, the fluorescence
wavelength range of serum protein in plasma is 325–350 nm, and the
fluorescence wavelength range of NADP and bilirubin is 430–470 nm.
Therefore, the sensitivity and accuracy of fluorescence analysis within
edu.cn (D. Kong).
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Table 1
Overview of organic persistent luminescence imaging.

Imaging modality Molecular Sensors SBR Penetration
depth

Lifetime Detection sensitivity

Chemiluminescence Luminol; Cypridina luciferin analogs; Dioxetanes;
Peroxyoxalates

>1700 8 mm Minutes ~ Hours 3-fold greater than
fluorescence

Afterglow luminescence Porphyrin derivatives; Semiconducting polymers 2922 �
121

5 cm Seconds ~ Hours 3-fold greater than
fluorescence

Room-temperature
phosphorescence

Organic dyes ~428 N/A Microseconds ~
Minutes

Greater than fluorescence
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the visible light spectra are directly affected. NIR emissions are outside of
the visible spectra range, thus, NIR-I (emission peak, 800–1000 nm), and
NIR-II (emission peak, 1000–1700 nm) probes avoid bioimaging inter-
ference from biological tissue autofluorescence [20,21]. Several reviews
have been published on chemiluminescence, photoluminescence, and
phosphorescence [22–26], yet there has been no unified standard for
their classification in the context of OPLM imaging probes. This review
aims to summarize recent developments across the three types of OPLMs
for bioimaging, categorized based on their luminescence mechanisms:
chemiluminescence, afterglow luminescence, and phosphorescence.
These three types of OPLMs have their own characteristics in terms of
penetration depth, fluorescence lifetime, and detection sensitivity
(Table 1). Optimization of OPLMs is performed by screening for these
aspects, such as assessment of penetration depth by signal detection
through varying thicknesses of chicken tissues, assessment of lifetime by
in vivo imaging system (IVIS) timelapse, and assessment of sensitivity and
SBR is typically calculated from images captured using IVIS. In this re-
view, we also provide examples of biomedical applications and discuss
the current challenges and future directions for OPLMs.

2. Chemiluminescence imaging

Chemiluminescence (CL) is light produced following chemical
reaction-induced molecular excitation [27]. Oxidation of the reactants
results in the formation of oxidized high-energy intermediates that will
either directly decay to ground state whilst emitting light or transfer their
energy to nearby fluorophores, which in-turn produces luminescence.
The commercial development of charge-coupled device (CCD) detectors
with high sensitivity and resolution has resulted in the widespread
Fig. 1. (A) Schematic of HNP-based detection of H2O2 overproducing diseases. In v
polysaccharide induced inflammation mouse models, and (D) collagen-induced arth
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adoption of CL imaging techniques to detect various analytes in the field
of biochemical analysis [28]. Due to the absence of external light exci-
tation, CL avoids the issue of background autofluorescence that exists in
traditional fluorescence techniques. Thus, CL can achieve high SBRs and
sensitivity in biological imaging [29].

CL probes are implicated in the construction of CL-based imaging
systems to replace traditional fluorescence imaging in the monitoring of
reactive oxygen species (ROS) indicative of disease and tumor bio-
markers. These include luminol and Cypridina luciferin analogs [30–32],
which undergo oxidation reactions accompanied by CL emission [33,34];
and 1,2-dioxetane derivatives and peroxyoxalates, which react with ROS
to produce CL products [35–37]. A growing number of new imaging and
therapeutic applications are utilizing CL [38–41]. Therefore, a systematic
generalization and timely survey of advances in the field of CL probes is a
requirement. In this section, we summarize four type of CL probes and
give examples of their biological applications.

2.1. Luminol and luminol analogs

Luminol CL was first reported by Albrecht in 1928, wherein horse-
radish peroxidase (HRP) was demonstrated to catalyze the oxidation of
luminol by hydrogen peroxide (H2O2) [42]. Luminol and its analogs have
been widely used in biosensing and bioimaging techniques due to their
simplistic synthesis, water solubility, stable properties, and high CL ef-
ficiency [43–45]. In 2016, Park and colleagues combined poly(ethyl
glycol) (PEG) with a luminol analog (L012) to develop NIR hybrid
nanoparticles (HNPs) with peak emission at a wavelength of 780 nm
[46]. L012 produced CL at approximately 460 nm in the presence of
H2O2, which overlapped with the excitation wavelength of PEG quantum
ivo imaging of (B) PC3 cancer cell line induced tumor mouse models, (C) lipo-
ritis mouse models [46].



Fig. 2. (A) Schematic illustration of the CL nanoprobe preparation by nanoprecipitation and the final chemical structure of PCLA-O2
⋅�. (B) CL imaging and quanti-

fication of emission intensities resulting from LPS induction of O2
⋅� production, in the presence or absence of the O2

⋅� scavenger Tiron. (C) CL imaging of ultra-low O2
⋅�

concentrations in mouse tumor models [49].
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dots (QDs), resulting in their NIR emission (Fig. 1A). The authors con-
structed three overproduction disease models associated with H2O2
overproduction, namely tumor (Fig. 1B), acute inflammation (Fig. 1C),
and arthritis (Fig. 1D) models. The CL intensity of HNPs was high in all
three models, which suggested that the authors’ luminol-based CL im-
aging system has the potential to serve as a powerful and diagnostic tool
for H2O2-related diseases.
2.2. Cypridina luciferin analogs

In 1957, Goto and colleagues isolated and crystallized Cypridina
luciferin from the sea firefly, Cypridina hilgendorfii [47]. Following its
oxidation in the presence of luciferase enzyme, Cypridina luciferin emits a
blue CL light, and can be achieved at neutral pH. Thus, Cypridina luciferin
analogs with imidazopyrazinone structures have been developed as novel
Fig. 3. (A) Schematic illustration of the preparation method for NIR-II CLS, which em
detection of inflammatory neutrophil imaging in lymph nodes and arthrosis models
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and specialized detection systems for the presence of superoxide (O2
⋅-) in

biological applications [48]. Tang et al. reported a CL resonance energy
transfer (CRET)-based polymer nanoprobe (PCLA-O2

⋅�) for the in vivo
imaging of native O2

⋅� presence to differentiate tumor tissues from
healthy tissues [49]. The system used imidazopyrazinone-type luciferin
moieties (CHO-CLA) that served as both recognition units for O2

⋅� and as
energy donors. The quaternary ammonium group-containing conjugated
polymer, PFBT, was both the energy receptor and a signal amplifying
substrate, while providing a hydrophobic environment to enhance pro-
longed CL intensity (Fig. 2A). The results showed that the CL half-life of
this system was significantly longer than that of CHO-CLA alone, and its
detection limit was 19.3 pM. The CRET-nanoprobe system successfully
achieved highly sensitive imaging of intrinsic ultra-low O2

⋅� concentra-
tions in lipopolysaccharide (LPS)-induced inflammation (Fig. 2B)
tumor-bearing mice (Fig. 2C).
it CL light in the presence of H2O2. (B) Results of NIR-II CLS versus fluorescence
[64].
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2.3. Dioxetanes

In 1982, Schaap's group discovered a unique chemical excitation
pathway that occurred in the molecules containing the specific structure
of 1,2-dioxetane with a protected phenolic substituent in the para posi-
tion [50]. Dioxetanes and their derivatives are promising adaptable CL
tools for detecting various biological analytes [51–57]. However, CL
selectively triggered by enzymatic or analyte-dependent reactions tend to
exhibit low CL efficiency, representing a key limitation of their applica-
tion. Recently, work by Shabat et al. presented a solution for
low-efficiency light emission [58]. The team developed a highly selective
and sensitive probe, named HOCl–Cl-510, which detected HOCl in vitro
and in vivo. Through tuning of the specific HOCl-sensing moiety, stable
HOCl intermediates and bright CL detection in real-time was achieved in
acute and chronic inflammation models. This work successfully provided
a new CL tool for dynamic monitoring of disease development [59].
Fig. 4. (A) Chemical schematic of Ppa formation. (B) Chemical structures of Ppa-FFGY
coil nanomodules, respectively. (C) Fluorescence (FL) and persistent luminescence (
nescence of Ppa-FFGYSA and intratumoural injection. (E) Representative FL and PL im
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2.4. Peroxyoxalates

Peroxyoxalate CL (POCL) has the advantages of being highly sensitive
to H2O2 microenvironments and has long-lasting activity [60–63]. POCL
is based on the non-radioactive dipole-dipole energy transfer processes
resulting from the chemical reaction of H2O2 with peroxyoxalic acid. The
high energy intermediate 1,2-dioxanedione intermediate (DOD) is
formed and transfers its energy to a suitable coexisting fluorophore
acceptor, resulting in its excitation and emission of light upon returning
to ground state. A major disadvantage of peroxyoxalates is their poor
solubility. To prevent the spontaneous hydrolysis of peroxyoxalates in
aqueous media and enable its better applicability in vivo, most perox-
yoxalate and dyes are co-encapsulated in stable micelles or nanoparticles
to enhance water solubility and achieve efficient chemical energy
transfer in response to tissue microenvironments.

In 2020, Yang et al. reported a second near-infrared (NIR-II) CL sensor
(NIR-II CLS) that achieved high-contrast in vivo imaging of inflammation
SA and Ppa-YSA that self-assemble to form supramolecular β-sheets and random
PL) in isolated livers. (D) Schematic explanation of reactivated persistent lumi-
ages of guided orthotopic breast tumor resection before and after surgery [71].
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imaging based on a classical POCL system [64]. The team used two
donor-acceptor-donor fluorochromes, BTD540 and BBTD700 which
converted the CL donor (DOD) to emit high-energy NIR-II photons by
integrating sequential CRET and fluorescence resonance energy transfer
(FRET) processes. The large Stokes shift of the two fluorochromes
together with the high FRET efficiency between them dictated the
achievement of highly efficient NIR-II CLS (Fig. 3A). Furthermore, H2O2
selectively activated NIR-II CLS, facilitating the in vivo detection of
H2O2-induced local inflammation in lymphatic and joint regions of
mouse models over a prolonged period whilst exhibiting deep tissue
penetration (Fig. 3B). When compared with NIR-II fluorescence sensors
Fig. 5. (A) Synthesis of SPNs and biothiol-activated SPNs with AL imaging in drug-ch
fluorescence versus AL imaging in peritoneal metastatic tumors, 4 h after injection of S
imaging in peritoneal metastatic tumors, 1.5 h after injection of SPPVN [77].
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employed in the same models, NIR-II CLS demonstrated a 4.5-fold
improvement in SBR, indicative of the potential for NIR-CL systems for
in vivo biosensing.

Yu et al. constructed anti-tumor drug (lapachone)-loaded H2O2-
responsive CL nanoparticles (L-HPOX) for precision imaging and treat-
ment of tumors. Pluronic F-127 (PF127) and oxalate containing polymer
(POE) were assembled into lapachone-loaded nanoparticles by hydro-
philic and hydrophobic methods [65]. Co-delivery with H2O2 or LPS
demonstrated the localized CL emission by L-HPOX was achieved and
could be detected in vivo. The tumor content of H2O2 increased after
treatment by 5,6-dimethylxanthone-4-acetic acid and L-HPOX could then
allenged hepatotoxicity mouse models [75]. (B) Synthesis of PPV-TPP SPNs and
PN2.5 [76]. (C) Synthetic routes of SPPVN and PPVP and fluorescence versus AL
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track tumors in vivo via H2O2 induction of CL. The CL imaging by L-HPOX
resulted in higher SBR over 12 h and provided a more accurate diagnostic
indication of tumor presence and location in vivo.

The above works demonstrated that compared with traditional fluo-
rescence imaging, CL imaging has removed the requirement for excita-
tion light, thereby lowering background noise and enhancing sensitivity
and SBR. Taken together with the flexibility in molecular design that can
be tuned according to the application needs, the advantages described
across these exemplar studies indicate that CL imaging probes have
promising biological application prospects.

3. Afterglow luminescence

Afterglow luminescence (AL) imaging is a new optical imaging
Fig. 6. (A) The mechanisms of AL and design of ALNPs consisting of AL initiator, sub
fluorescence imaging at the different time points in 4T1 tumor-bearing mice [78].
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paradigm that can be employed to detect the spontaneous emission by
specific organic analytes after photoexcitation has stopped [66–69].
Under laser irradiation, photosensitive poly(p-phenylenevinylene) (PPV)
semiconductor polymers become photosensitized, and the vinyl bonds of
the semiconductor backbone react with 1O2, which forms high-energy
dioxane intermediates via π2�π2 cycloaddition reaction [70]. These in-
termediates undergo delayed spontaneous decomposition while emitting
AL light. Compared with traditional fluorescence imaging, surplus AL
imaging has the merits of low background noise, high sensitivity, and
considerable tissue penetration depth. The long-lasting emissions have
clinical potential as AL is not subject to spontaneous fluorescence inter-
ference from tissue autofluorescence.

Typically, porphyrins are used as photothermal agents, photosensi-
tizers, and fluorescence agents. Recent work from the Ding lab reported
strate, and relay unit. (B) Representative ALNPs demonstrating and AL and NIR
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the novel finding that porphyrins exhibited intrinsic NIR persistent
luminescence and AL, in the presence of peroxynitrite (ONOO�) during
and after exposure to photoexcitation [71]. The authors screened several
persistent luminescence properties of porphyrin derivatives (Fig. 4A) and
found that pyropheophorbide A (Ppa) had higher sensitivity to ONOO�

and generated bright persistent luminescence signals that peaked at 760
nm over a duration of 60 min. The authors then modified Ppa with
peptides containing self-assembly units (Ppa-FFGYSA) to attain supra-
molecular self-assembling and active tumor targeting nanomodules
(Fig. 4B). The nanomodules possessed enhanced photoacoustic and
continuous AL signals, as evidenced by real-time imaging in liver tissue
(Fig. 4C). The data suggested that Ppa nanomodules were conducive to
preoperative photoacoustic localization and intraoperative continuous
AL imaging of tumors to guide resection (Fig. 4D). Light-triggered
functional conversion from photoacoustic imaging to continuous AL
imaging was achieved in two tumor models of murine breast cancer and
peritoneal cancer in situ (Fig. 4E). As a marker of neutrophil infiltration
and immunogenic cell death, ONOO� detection by Ppa-FFGYSA nano-
modules holds promise for clinical translational prospects of AL-assisted
imaging.

The ultra-sensitive prospects of AL for in vivo imaging are limited by
its dependence on inorganic carrier nanoparticles with difficult to modify
surfaces, which may contribute to short NIR emission lifespan and rela-
tive dampening of signal contrast in target tissues [72–74]. A series of
works by the Pu lab sought to address these issues using organic AL
nanoconstructs. In 2017, the group fabricated organic <40 nm optically
active semiconducting polymer nanoparticles (SPNs) that demonstrated
emission detection peaks at 780 nm that penetrated through livingmouse
tissue and had an emission half-life of about 6–7 min [75]. Dioxetane
formation was intrinsically determined by substituent groups of the
phenylenevinylene (PPV) polymer's vinyl bonds, and the PPV-SPNs could
generate the necessary reactive 1O2 for AL emission following light
irradiation. Incorporation of NIR-absorbing 1O2 sensitizer, NCBS5,
facilitated recharged AL in deep tissue for longitudinal in vivo imaging.
Thus, SPN-NCBS5 permitted rapid and highly sensitive lymph node and
tumor imaging. Furthermore, by taking advantage of the structural
versatility of SPNs, the authors developed smart biothiol-activatable
Fig. 7. (A) Design and proposed mechanism of APtN for cancer theranostics. (B) NIR
imaged 24 h after intravenous injection of APtN [79].
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NIR-AL probes (SPN-thiol) that could be activated by endogenous anti-
oxidant biothiols present shortly after drug challenge in drug-induced
hepatotoxicity. The SPN-thiols produced a SBR level that was 25-fold
greater than NIR fluorescence (Fig. 5A).

In their 2018 investigation, the same team designed and synthesized
PPV-SPNs that containing co-polymerized tetraphenylporphyrin (TPP), a
NIR photosensitizer, for in vivo AL imaging of tumors in mice [76]. Based
on AL intensity determination by the amount of high-energy PPV-diox-
etane generated, PPV-SPNs were designed to exploit FRET and TPP
promotion of 1O2 generation, thereby amplifying AL. The constructed
SPNs (SPN2.5) showed the NIR AL peaks at 720 nm with an intensity
6.12-fold brighter than the nanoparticles without TPP (SPN0). The
oxygen-sensitive AL of SPN2.5 was useful for in vivo imaging of tumor
hypoxia and tiny peritoneal metastatic tumor tissues in living mice could
be detected following systemic administration of SPN2.5, a feat that
could not be replicated by fluorescence imaging alone (Fig. 5B). In the
same year, the Pu lab reported their advancements in ultrasensitive im-
aging of living mouse metastatic tumors using amphiphilic polystyrene
derivatives self-assembled into nano agents (SPPVN) that emitted NIR AL
[77]. Doping of PPV-PEG nanoparticles with 2% NCBS photosensitizer,
facilitated improved FRET efficiency, the generation of 1O2 by light
irradiation, and enhanced AL intensity at a peak emission of 780 nm and
20-fold greater brightness than PPV-PEG nanoparticles without NCBS.
The SPPVN nanoparticles emitted a bright and persistent NIR AL that
penetrated deep tissue to a depth of up to 1.6 cm, facilitating peritoneal
metastatic tumor detection and outperforming fluorescence imaging,
with SBRs of 602 � 104 and 40 � 3, respectively (Fig. 5C). In addition,
SPPVNs were highly sensitive to oxygen levels and accumulated in tu-
mors. The resulting AL enabled real-time live imaging of oxygen levels in
the mouse tumors as small as 1 mm3 and in microscopic peritoneal
metastases.

In 2019, the Pu group reported on transforming fluorescent agents
into AL nanoparticles (ALNPs) for in vivo imaging [78]. Their approach
relied on an intraparticle cascade photoreaction of three components: the
AL initiator (photosensitizer to generate 1O2), substrate (1O2-reactive
molecule to promote unstable1,2-dioxetane formation), and a relay unit
(fluorescent agent to accept energy transfer from 1,2-dioxetane and
fluorescence imaging and comparisons to AL imaging of 4T1 tumor-bearing mice,
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gradually release it in the form of photons). Together, these components
enable the storage of photoenergy as chemical defects for delayed AL
after cessation of photoexcitation (Fig. 6A). The team demonstrated that
different combinations of material components resulted in discrepancies
in fluorescence and AL spectral profiles. This was suggested to be
ascribed to the AL photophysical process differing from the fluorescence
process. In fluorescence processes, light excitation leads to direct emis-
sion by the fluorescent agent, which is followed by potential energy
transfer to the photosensitizer; whereas, in AL processes, in addition to
potential energy transfer, photosensitizers are directly excited by the
energy released from high-energy intermediates (e.g., 1,2-dioxetane).
Thus, the authors concluded that photophysical interplay between the
AL initiator and relay unit offers the capability to fine-tune ALNPs to
potentially enable multiplexed imaging. Using ALNPs comprised of poly
Fig. 8. (A) Schematic illustration of red RTP excitation by mobile phone flashlight
tophysical properties of luminogens s-DTBT , d-DTBT , and t-DTBT. Sunlight excitation
Mobile phone flashlight excitation of RTP bioimaging in (E) subcutaneous tissue and
this figure legend, the reader is referred to the Web version of this article.)
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[(9,90-dioctyl-2,7-divinylenefluorenylene)-alt-(9,10-anthracene)], NCBS,
and N, N-dimethyl-4-(3-phenyl-5,6-dihydro-1,4-dioxin-2-yl) aniline
(PFVA-N-DO) as an example, the AL achieved a maximal imaging depth
at 5 cm in biological tissue, deeper than other reported AL agents (4 cm).
As compared with NIR fluorescence, the AL exhibited three orders of
magnitude higher SBR (2922 � 121), allowing for faster detection of
tumors in living mice after systematic administration (Fig. 6B). This was
the highest SBR achieved thus far for in vivo optical imaging, regardless of
optical modalities and detection wavelengths. In addition, the repre-
sentative PFVA-N-DO ALNPs were enzymatically biodegradable and
clearable, demonstrated long-term biocompatibility. Such a controllable
nanoengineering approach has potential applicability to multiple fluo-
rophores, regardless of their composition, for reduced background opti-
cal imaging techniques.
and chemical structures of the DTBT linear and branched derivatives. (B) Pho-
of RTP bioimaging in the (C) subcutaneous tissue and (D) lymph nodes of mice.

(F) lymph nodes of mice [100]. (For interpretation of the references to colour in
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In their follow-up study, Pu et al. presented a novel excitation-free
and smart cancer theranostic nanoagent that enabled tumor-activated
drug release with signal correlation that used their previously estab-
lished three-factor ALNP design. The team reported the synthesis of an
organic amphiphilic AL nanoassemblies with protheranostic functions
(APtN) to elicit pharmaceutical effects and diagnostic signals in tumor
microenvironments (Fig. 7A) [79]. APtNs were self-assembled from hy-
drophilic PEG, conjugated via a H2O2-sensitive linker to hydrophobic AL
substrate adamantylidene-enol ether (AE) and antitumor prodrug
50-deoxy-5-fluorouridine (5-DFUR), and co-assembled with AL initiator
NCBS. APtNs passively targeted tumors after systemic injection by
exploiting the enhanced permeability and retention (EPR) effect.
Following their accumulation in the H2O2-enriched tumor microenvi-
ronment, APtNs were cleaved to release 5-DFUR and PEG-AE. Subse-
quent NIR laser irradiation of NCBS initiated 1O2 generation, which
in-turn reacted with the uncaged AE and led to the formation of
high-energy PEG-dioxetane intermediates. Such an organic nano-
assembly addressed the need for a theranostic response as triggered by
the tumor microenvironment. The AL of APtN was enhanced 820-fold in
solution after H2O2 addition, and the signal intensity correlated with
released amount of the 5-DFUR. The in vivo results recapitulated the AL
signal enhancement in elevated ROS tumor microenvironments,
providing superior real-time imaging of tumor location (Fig. 7B) and
prodrug activation status.

4. Room-temperature phosphorescence imaging

Phosphorescence imaging is an emerging photoluminescence imag-
ing method that does not rely on external real-time photoexcitation and is
undisturbed by tissue autofluorescence. Phosphorescence imaging
Fig. 9. (A) Chemical structures of organic semiconductors utilized, and schematic i
Schematic illustration and ultralong RTP and fluorescence imaging of a mice injected
fluorescence imaging of lymph node in living mice [101].
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belongs to the afterglow luminescence classification, but the mechanisms
of luminescence and reactivation are different. Phosphorescence tech-
niques can provide high-quality and high-resolution imaging with higher
SBRs [80–82]. Long-lived room-temperature phosphorescence (RTP)
materials have considerable application and translational potential in
clinical bioimaging, organic electroluminescent diode (OLED) manufac-
ture, advanced anti-counterfeiting techniques, and biochemical sensors
design [83–85]. The majority of developed long-lasting RTP materials
have been organometallic complexes or inorganic compounds, which
have the associated disadvantages of poor stability, high production cost,
elevated risk of toxicity, and difficulty for aqueousmodification, deeming
them unsuitable for biomedical imaging applications [86–88]. Therefore,
a research hotspot has become evident in recent years – the development
of organic long-lived RTP materials with green manufacture, facile
modification, high stability, and good biocompatibility at a reduced
production cost. However, few studies on organic RTP materials for
bioimaging have been reported [89].

To meet requirements for in vivo bioimaging, three key factors are
necessary to include in organic RTP design, the ability to: (i) promote
intersystem crossing (ISC); (ii) stabilize fragile triplet excitons; and (iii)
suppress non-radiative decay [90]. Two methods to achieve this are
based on first-order perturbation theory and the Marcus semi-classical
method. The first introduces spin-orbit coupling (SOC) with lone pairs
of electrons. Heavy atoms, carbonyl groups, and heteroatoms (N, P, etc.)
can enhance SOC [91,92]. The second method stabilizes fragile triplet
excitons in rigid environments by suppressing non-radiative relaxation
pathways through crystal formation, supramolecular assembly, H-ag-
gregation, and host-guest doping [93,94]. Additionally, good water dis-
persibility and stability are requirements for biomedical applications
[95]. In this regard, special attention should be paid to protecting fragile
llustration of the differential preparation methods for OSNs-T and OSNs-B. (B)
with the subcutaneous inclusions of OSNs. (C) Ultralong phosphorescence and



Z. Wu et al. Materials Today Bio 17 (2022) 100481
triplet excitons from quenching effects of oxygen and water [96]. At
present, the phenomenon of long-lived RTP is predominantly represented
by crystal structures, which restricts design to nanocrystalline structures
to improve administration routes and biocompatibility [97,98]. In the
following section, we focus on the current progress of breakthroughs in
the RTP materials field for biological applications.
4.1. Engineering enhanced performance organic persistent RTP luminogens

Wang et al. employed a class of amide derivatives with high RTP
efficiency by introducing spin-orbit coupling-promoting groups to the
π-unit and aromatic-unit, obtaining robust persistent RTP (p-RTP) lumi-
nogens [89]. The various developed p-RTP luminogens demonstrated
impressive efficiency and lifespan, as high as 10.2% and 710.6 ms,
respectively. Two of the luminogens exhibited strong RTP after me-
chanical stimulation, which was indicative of their strengthened stabil-
ity. Furthermore, whilst in an amorphous state, the p-RTP luminogens
showed evident potential for bioimaging. Phosphorescence imaging in
live mice showed that the highly robust p-RTP luminogens had excep-
tionally high SBR of 428, demonstrating the feasibility to obtain potent
and robust RTP despite being derivative from unprotected organic
materials.

In 2019, Yuan et al. synthesized a series of highly efficient pure
organic p-RTP based on carbazole and benzoic acid moieties [99]. The
team eliminated the larger methyl group, which contributed to the
denser molecular packing present in the crystal structure. Efficient
hydrogen bonding from the presence of more carboxyl groups produced
highly rigid conformations that ultimately benefited the lifetime and
efficiency of p-RTP, attributed to stabilized triplet excitons.
Water-dispersed nanoparticles were prepared from the p-RTP com-
pounds and achieved phosphorescence emission SBR as high as 62 when
used for in vivo bioimaging. These results suggested that molecular and
crystallographic precision engineering can have broad application pros-
pects for high-performance pure organic p-RTP emitters.

RTP luminogens typically emit green or yellow light with shallow
tissue penetration whilst requiring excitation by potentially hazardous
ultraviolet (UV) lamps, thus limiting their applicability in clinical bio-
imaging. A recent study by Fan et al. demonstrated that the rational
combination of an electron donor (D) and acceptor (A) with different
structural geometries and numbers, facilitated strong intramolecular
charge transfer through D-π-A systems with linear and branched struc-
tures (Fig. 8A) [100]. The organic benzothiadiazole-based (DTBT) RTP
luminogens had increased molar extinction coefficients, which benefited
Fig. 10. (A) The molecular structures of the six CS RTP compounds. (B) The phosphor
compounds. (C) The influence of π–π interactions on the electron redistribution and
lymph nodes following intracutaneous injection [102].
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efficient light harvesting and excitation, and emitted long-wavelength
(red) light with improved tissue penetration depth. Moreover, the red
RTP were photo-excitable by visible light from a mobile phone flashlight.
The red RTP emitted light at approximately 650 nm and exhibited a
phosphorescence life span for as long as 344 ms, which is currently the
longest lasting example of a pure organic red RTP material (Fig. 8B). Due
to the absorption of visible light and the continuous RTP emission by
single-branched structure DTBT (s-DTBT) nanoparticles, the p-RTP im-
aging in the subcutaneous tissue (Fig. 8C) and lymph nodes (Fig. 8D)
lasted for 10 min, indicative of their use for real-time detection. Even
with a low-powered flashlight, p-RTP imaging following systemic injec-
tion achieved a high SBR of 230 In subcutaneous tissue (Fig. 8E) and
lymph nodes (Fig. 8F). This study provided a route towards safe bio-
imaging methods that are accessible in any clinical setting. At present,
organic p-RTP probes are still in their infancy in the context of biomed-
ical applications. Due to their advantages of high sensitivity, high SBR,
and biocompatibility, organic p-RTP probes represent a field with high
development potential for a broad range of bioimaging applications.
4.2. Top-down synthesis of RTP nanoparticles for bioimaging

In 2017, the Pu group prepared a series of organic semiconductor
nanoparticles (OSNs) using PEG-b-PPG-b-PEG as a matrix to stabilize the
nanocrystals and protect them against oxygen quenching [101]. They
used a top-down approach to prepare nanoparticles (OSNs-T; 70–80 nm)
from solid crystals of organic phosphorescent semiconducting dyes,
whilst bottom-up nanoprecipitation was used to synthesize nanoparticles
(OSNs-B; 20 nm) from homogeneously dissolved tetrahydrofuran (THF)
solution of the crystal dyes (Fig. 9A). Both OSNs showed appropriate
cytocompatibility and water solubility, but OSNs-T had a wider adsorp-
tion range than OSNs-B, which indicated that its H-aggregates had
stronger molecular packing. H-aggregation favors stabilization of triplet
excitons; thus OSNs-T showed a longer lifetime and higher RTP intensity
than OSNs-B (0.861 s versus 0.492 s). Following removal of external light
source, in vivo imaging results indicated that subcutaneous OSNs-T
brightness was approximately 22-fold greater than OSNs-B (Fig. 9B),
which supported the indispensability of top-down synthesis methods to
stabilize triplet excitons. Given the lack of autofluorescence, visualiza-
tion of lymph nodes was clear (SBR� 40), whereas fluorescence emission
made it difficult to determine the location of the lymph nodes (Fig. 9C).

In 2018, Li and Pu devised a series of 10-phenyl-10H-phenothiazine
5,5-dioxide derivatives (CS), as characterized by their different para
substituents (Fig. 10A) [102]. The CS compounds showed adjacent
escence spectra and corresponding time-resolved decay curves for the six CS RTP
RTP behavior. (D) In vivo real-time excitation-free phosphorescent imaging of



Fig. 11. (A) Chemical structures and corresponding scanning electron microscope (SEM) images of CBA crystals. (B) Time-resolved phosphorescence imaging of a
mouse and lymph node and different organs [105].
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phosphorescence emission bands with the approximate range of
500–600 nm. The CS-F showed a double emission peak due to its long
lifetime and electron-withdrawing groups (Fig. 10B). The crystal struc-
ture changed from the original to phosphorescence state following irra-
diation with UV light for 5 min at room temperature, which prolonged
lifetime and enhanced intensity of phosphorescence emissions. The
conjugated planes were parallel to each other as evidenced by analysis of
their single-crystal structures, which showed sequential stacking with a
0� dihedral angle (Fig. 10C). The electron cloud was driven from the
benzothiazine dioxide to the phenyl group by the electron withdrawing
group, and the electron density in the conjugation center increased,
allowing for a more tightly overlapping π-π interaction. In addition, the
n-π transition was induced by UV irradiation, which conformed to the
electron flow trend, and the binding of energy levels was further
enhanced, thereby stabilizing the triplet excited state for phosphores-
cence emission. However, the adhibition of these phosphorescence
compounds in bioimaging was limited by the stringency of π-π
Fig. 12. (A) The molecular design strategy for the AIP compounds. (B) UV absorpt
particles. (C) Images of HeLa cells at different time-points. (D) In vivo RTP imaging
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interactions in the solid crystals. To address this, a top-down approach
was used to stabilize triplet excited states of RTP materials. Sonication of
CS-F with F127 in aqueous solution resulted in nanoparticles that
maintained the expected photophysical properties. Phosphorescence of
CS-F nanoparticles was evaluated by intracutaneous injection into live
mice (Fig. 10D). Strong phosphorescence signals were detected in the
draining lymph nodes, indicative of nanoparticle accumulation. Fluo-
rescence imaging did not show detectable signal, which again demon-
strated that advantages of phosphorescence imaging adhibitions of pure
organic mediums.

4.3. Aggregation-induced emission by RTP luminogens

Organic fluorescent probes can possess aggregation-induced emission
(AIE) properties, which are valuable tools in biomedical applications due
to their high photobleaching threshold, capacity to induce a large Stokes
shift, and ability to activate fluorophore emission [103,104].
ion spectra and phosphorescence spectra of TPM and TPM-Cl crystalline nano-
of the developed AIP following subcutaneous injection of TPM. [106].
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Biocompatible AIE offer an attractive tool to realize image-guided sur-
gery and the live monitoring of diverse biological processes. However,
AIE have been limited by low SBR resulting from interference by tissue
autofluorescence. Pure organic p-RTP materials can circumvent the
interference of biological autofluorescence to provide a stable, high SBR
luminescence signal. Furthermore, the single-state energy of the lumi-
nous material is higher than triple-state energy, which has a large Stokes
displacement. Hence, integrating AIE and RTP characteristics into bio-
imaging materials could overcome the limitations of both to simulta-
neously take advantage of long-lasting imaging and high SBR,
respectively.

Fabrication of organic RTP materials with considerably high effi-
ciency and long lifetime remains a challenge due to the necessity for
stabilized triplet excitons. In 2021, the Ding lab proposed a new idea to
fine-tune molecular stacking through the modification of short alkyl
chains to improve phosphorescence lifetime and phosphorescence
quantum yield [105]. Through considered molecular design, they
exploited a range of pure organic RTP materials (CBA). The introduction
of short alkyl chains to RTP materials effectively improved their lumi-
nescence properties whilst in aggregated states due to molecular packing
(Fig. 11A), and introduction of methyl groups (CBA-CH3) demonstrated
the further enhancement of molecular packing and the superior
aggregation-induced emission (AIE) properties coupled with fluores-
cence brightness. Crystalline photophysical data showed that the phos-
phorescence efficiency and lifetime of CBA-CH3 was significantly
improved compared to unmethylated CBA (6.22 vs 4.38%, 868 vs 564
ms). Single-crystal X-ray diffraction analysis of the CBA compounds
indicated that introduced alkyl groups enlarged twist angles and facili-
tated more intermolecular interactions, which was suggested to be the
primary reasons for their longer lifetimes. To demonstrate the bio-
imaging potential of CBA-CH3, it was loaded into amphiphilic
co-polymer (MPEG2000-DSPE) micellar nanoparticles, which main-
tained strong RTP properties. Cytocompatibility and cell imaging were
verified before the nanoparticles were systemically administered to live
mice. The CBA-CH3 nanoparticles showed a high SBR in both the lymph
nodes and the in lung metastatic tumors (Fig. 11B). This work showed
that molecular packing can be fine-tuned by adjusting the molecular side
chain groups, to significantly improve the phosphorescence properties of
RTP materials.

In 2021, the Zhang lab introduced aromatic carbonyl groups into
tetraphenyl pyrrole molecules, creating two RTP compounds with AIE
properties: phenyl-(2,3,4,5-tetraphenyl-1H-pyrrol-1-yl) methanone
(TPM) and (4-chlorophenyl)-(2,3,4,5-tetraphenyl-1H-pyrrol-1-yl) meth-
anone (TPM-Cl) (Fig. 12A) [106]. These molecules showed RTP emis-
sions whilst in their agglomeration state, but not whilst dispersed in
solution. This ‘on-off switch’ is an ideal characteristic of RTP materials
for bioimaging. The teamwent on to prepare bright nanoparticles using a
simplistic nanoprecipitation method (Fig. 12B), which resulted in TPM
and TPM-Cl crystalline nanoparticles with a long emission lifetime (20
μs) capable of time-resolved imaging without background noise from cell
autofluorescence (Fig. 12C) or tissue background noise (Fig. 12D). NIR
light stimulated nanoparticles via two-photon absorption, which sug-
gested broad application prospects in optical imaging of deep tissues with
lower phototoxicity. The longevity, NIR emission, and low cytotoxicity
properties of TPM suggest that these are promising organic
aggregation-induced phosphorescence (AIP) materials for the develop-
ment of theranostics, bioimaging, and imaging-guided surgery. The
continued development and integration of AIP materials holds promise in
the diversification and expansion of the bioimaging agent pool, which
lend themselves to the promoted development of high-performance
biological probes.

5. Conclusions

Organic persistent luminescence imaging techniques (CL, AL, RTP)
have developed significantly over the past few years, offering routes
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towards sustainable luminescence imaging characterized by minimal
background noise, high SBR, deeper penetrability, and higher detection
sensitivity than traditional fluorescence imaging. The elimination of the
requirement of real time excitation, carcinogenic and inorganic compo-
nents such as heavy metal ions, has resulted in high-performance and
highly biocompatible bioimaging probes with promising applicability for
in vivo imaging. However, despite the remarkable progress in the OPLM
field, 4 major areas of improvement are required: (1) imaging detection
sensitivity and penetration depth - as an example could be enhanced by
further red-shift of emissions into the NIR-II spectra, which would also
offer enhanced probe penetration depth; (2) the duration of OPLM
fluorescence - it is necessary to improve the stability of OPLMs and
develop probes that can output signals for a long time in the physiological
and pathological tissue microenvironment; (3) development of cost-
effective and simple scalable preparation strategies - the research in
this area is still lacking; and (4) broadening applicability - current OPLM
imaging research has mainly focused on cancer research, whereas wider
applicability in other chronic or life-threatening diseases, such as auto-
immune diseases, neurological diseases, and diabetes, have rarely been
studied using OPLMs. It is foreseeable that the continued improvement of
organic persistent luminescence probes will improve accuracy of bio-
imaging detection in deeper and smaller biological sites, whilst broad-
ened application prospects will be achieved through integration of
persistent luminescence probes into theranostic techniques for a diverse
range of diseases. The concomitant development of persistent lumines-
cence probes in these areas will not only contribute to more accurate
clinical diagnosis and prognosis, but also provide enlightenment for the
discovery of novel biological applicability and disease bioimaging.
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