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ss on near-infrared long persistent
phosphor materials in biomedical applications

Yan Liu, a Zengxue Wang,a Kun Miao,a Xundi Zhang,a Wei Li,a Pan Zhao,a Peng Sun,b

Tingting Zheng, *a Xiuyun Zhang*a and Chen Chen *c

After excitation is stopped, long persistent phosphor materials (LPPs) can emit light for a long time. The

most important feature is that it allows the separation of excitation and emission in time. Therefore, it

plays a vital role in various fields such as data storage, information technology, and biomedicine. Owing

to the unique mechanism of storage and luminescence, LPPs can avoid the interference of sample

autofluorescence, as well as show strong tissue penetration ability, good afterglow performance, and

rich spectral information in the near-infrared (NIR) region, which provides a broad prospect for the

application of NIR LPPs in the field of biomedicine. In recent years, the development and applications in

biomedical fields have been advanced significantly, such as biological imaging, sensing detection, and

surgical guidance. In this review, we focus on the synthesis methods and luminescence mechanisms of

different types of NIR LPPs, as well as their applications in bioimaging, biosensing detection, and cancer

treatment in the field of biomedicine. Finally, future prospects and challenges of NIR LPPs in biomedical

applications are also discussed.
1. Introduction

Aer the excitation using special light waves (UV, visible light,
X-ray, etc., process ①), the excitation source energy stored in
crystal defects is gradually released from LPPs in the form of
photons (process ②), which can emit light for minutes, hours,
or even longer (Fig. 1).1–4 In China, the phenomenon of long
aerglow can be traced back to the Song Dynasty, which has
a history of thousands of years.5,6 In Western countries, the rst
mention of such luminescent materials was in the early 17th
century. When smelting gold from ore, an Italian shoemaker
discovered a material that was glowing red at night. Following
further investigations, the luminescence was found to be due to
the presence of barium sulde in the ore. Aer roasting, it was
revealed that the ore could be largely transformed into barium
sulde, which is a long-lasting luminous substance. However,
the aerglow performance of LPPs is currently weak, which
limits the development of applications.5 At the end of the
twentieth century, Matsuzawa reported SrAl2O4:Eu

2+, Dy3+

phosphors capable of producing quite bright and long-term
phosphorescence, which piqued the interest of researchers.7
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Thereaer, researchers began to investigate LPPs in terms of
luminescence mechanism and preparation methods, eventually
applying such materials to the elds of safety instructions and
luminous coatings.8 In 2007, Chermont et al.9 used the
composite Ca0.2Zn0.9Mg0.9Si2O6:Eu

2+, Dy3+, Mn2+ for NIR
biomarker imaging and diagnosis in vivo, establishing the
research precedent for LPPs in the eld of biomedicine. NIR
long-aerglow luminescence technology was quickly brought to
the forefront of the attention of the scientic community
through this pioneering work.

For the biomedical eld, NIR LPPs are ideal replacements for
traditional uorescent materials. The reasons are as follows.
Firstly, it allows the separation of excitation and emission in
time, which completely avoids the background interference of
tissue autouorescence and scattered light. Secondly, it has
high sensitivity and signal-to-noise ratio.10,11 Finally, the NIR
light region is the emission range of LPPs that has less
absorption and scattering, allowing strong penetration into
biological tissues and opening up a new eld for biomedicine.12

NIR light was discovered as the rst invisible light. The Amer-
ican Society for Testing and Materials (ASTM) stipulates that its
wavelength range is between 700 nm and 2500 nm. According to
different wavelengths, the NIR light region is divided into
region I (NIR-I, 700–1100 nm) and region II/III (NIR-II/III, 1100–
2500 nm).9,10 The majority of the reported NIR LPPs are in the
NIR-I region. For example, Cr3+ is a satisfactory wide emission
center with an emission range of 650 nm–1000 nm. In addition,
Mn4+, Mn2+, divalent rare earth ions Eu2+, Yb2+, tetravalent rare
earth ions Pr4+, Ce4+, Tb4+, and other-doped LPPs are excellent
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of LPPs luminescence.
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emission centers for synthesizing NIR-I LPPs. However, only
a few NIR-II/III LPPs with deeper tissue penetration and
imaging contrast have been found. Some nanosized uoride
hosts (NaYF4/NaGdF4/NaLuF4) have been reported to have long
aerglow emission in the NIR-II.13–15 For example, Zhuang
et al.13 reported monodisperse nanoscale NaYF4:Ln

3+ with
narrow-band emission tunable from 480 nm to 1060 nm. The
mechanism of persistent luminescence in NaYF4:Ln

3+ has been
proposed through thermoluminescence measurements and
a host reference binding energy (HRBE) protocol. A new 3D
optical information storage application is realized, proving its
application potential in anti-counterfeiting, biomedicine, and
other elds. There are also some bulk hosts such as lead sulde
(PbS) quantum dots (QDs),16 CsPbX3 (X = Cl, Br, I),17 Ba[Mg2-
Al2N4]:Eu

2+, Tm3+,18 Y3Al2Ga3O12:Er
3+, Cr3+,19 which also have

NIR-II long aerglow luminescence properties. Nonetheless,
NIR-II has fewer types and narrower application elds than NIR-
I materials, requiring more attention. These NIR LPPs are
available in data storage,20 information technology,21 biomedi-
cine,22 and other elds. Although many excellent reviews have
been reported to comprehensively summarize the synthesis,
luminescence mechanism, and biomedical applications of
Fig. 2 Summary of the biomedical applications of NIR LPPs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
LPPs, there are few related reviews of NIR LPPs.23–26 Therefore,
this review provides a comprehensive summary of the lumi-
nescence mechanism and synthesis methods of different types
of NIR LPPs, as well as their applications in the biomedical eld
(Fig. 2). In addition, this paper discusses future directions and
challenges.
2. Luminescence mechanism

LPPs are a class of thermoluminescent materials that emit light
at room temperature, which belongs to the electron capture
material.27 The luminescence phenomenon in the electron-
trapping materials is formed by the trap-level structure in the
materials, such as some inorganic metal oxides, organic
composites, inorganic-organic hybrids, and other LPPs.
However, owing to the limited availability of analytical tech-
niques and the complexity of the energy-level structure, there is
no clear unied mechanistic model for the luminescence
mechanism of this material. The currently discovered mecha-
nisms of luminescence include the carrier transport model,28–30

tunneling model,31 two-photon absorption model,32 Vk center
model,33 and displacement coordinate model.34,35 At the same
time, there is a principle called the Jablonsky diagram, which is
used to explain the organic long aerglow luminescence.36,37

Most of these luminescence mechanisms use existing band
theory and other theoretical knowledge to explain the
phenomena found in experiments. The following discussion
mainly introduces several typical luminescence mechanism
models and the main NIR LPPs.
2.1 Carrier transport model

In 1971, Abbtuscato V. et al.38 proposed that the delayed lumi-
nescence of SrAl2O4:Eu

2+ was caused by electron transport. It
was not until 1996 that Matsuzawa et al.7 proposed the hole
transfer model, which is the rst model used to explain the
luminescence of SrAl2O4:Eu

2+, Dy3+. Based on this study, Kyota
Uheda et al.39 proposed that the delayed luminescence mecha-
nism of ZnGa2O4:Mn2+ is related to electron transfer and holes.
The luminescence mechanism models proposed by these
researchers were all about the energy transfer caused by elec-
trons or holes. Since both electrons and holes belong to the
charged particles that can move, it is recognized as the carrier
transport model.29–31

Qu et al. investigated the red LPP of Y2O2S:Eu, Ti, Mg using
the carrier transport model, and its luminescence mechanism
Nanoscale Adv., 2022, 4, 4972–4996 | 4973
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model is shown in Fig. 3a. When the luminescence center of
Eu2+ is excited at 382 nm, the spin-level transition occurs inside
the ion, and the electron transitions to the conduction band to
form an electron ow (process①). A portion of the electron ow
is transformed into the excited state of Eu2+ and then released
back to the ground state in the form of photons, resulting in
yellow uorescence (process ②). Another part of the electron
ow was captured by the Ti4+ electron trap. When enough
energy is captured, a thermal escape phenomenon will occur.
The captured electrons will combine with the luminescent
center of Eu2+, resulting in the red aerglow phenomenon
(process ③).28
2.2 Tunneling model

In 1958, Hougeustraten et al.41 rst discovered the tunneling
model when studying suldes, which was rst used to explain
the luminescence mechanism of Eu2+, Dy2+ co-doped long
aerglow materials. In 1981, Chang et al.42 observed that there
was no photoconductivity in the aerglow phenomenon of
Zn2SiO4:Mn3+ and BaFBr:Eu2+ at low temperatures, which
Fig. 3 Diagram of the luminescence mechanism of various materials: (a)
Society of Chemistry, copyright 2019. (b) Tunneling model. Reproduce
copyright 2017. (c) Two-photon absorption model. Reproduced from
diagram. Reproduced from ref. 36 with the springer nature, copyright
fluorescence. P: phosphorescence).

4974 | Nanoscale Adv., 2022, 4, 4972–4996
further improved the light-emitting mechanism of the
“tunneling” model. The tunneling model is separated into the
full-tunneling model and the half-tunneling model. It has been
discovered by researchers as a fundamental model of pyro-
electric light emission. The luminescence mechanism of
KGaGeO4:Bi

3+ was investigated using a tunneling model by Sun
et al.40 A schematic diagram of its tunneling mechanism model
is shown in Fig. 3b. The electron in the emitting center of Bi3+ is
excited by UV (process①), and Bi2+ is formed. At the same time,
holes are generated (process②). The holes recombine with Bi2+

through a tunneling process (process③). The released energy is
obtained by the Bi3+ emitting centers, which leap from the
ground state to the excited state through the thermal escape
phenomenon. Due to the non-radiative leap and specic energy-
level leap, the cyan-to-blue aerglow emission phenomenon of
Bi3+ arises (process ④).
2.3 Two-photon absorption model

The two-photon absorption model is a relatively new mecha-
nistic model, which was proposed by Aitasalo et al.32 when they
carrier model. Reproduced from ref. 28 with permission from the Royal
d from ref. 40 with permission from the Royal Society of Chemistry,
ref. 32 with permission from Elsevier, copyright 2001 (d) Jablonsky
2019, and from ref. 37 with the springer nature, copyright 2019 (F:

© 2022 The Author(s). Published by the Royal Society of Chemistry
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were studying Eu2+ and Dy3+ or Nd3+ co-doped aluminate
systems in 2001. Fig. 3c shows a schematic diagram of the
luminescence mechanism model of CaAl2O4:Eu

2+. Electrons in
the valence band are excited to deep traps (process ①). When
the energy is absorbed, they are excited to a shallow trap
(process ②). Due to thermal disturbance, the electrons enter
another trap (process ③). The holes in the valence band will
enter the hole trap (process ④). The oxygen vacancies in the
matrix are electron traps. Alkaline earth metal ion vacancies are
hole traps. Electron traps capture electrons, and hole traps
capture holes to form “electron–hole” pairs, which will undergo
non-radiative recombination (process ⑤). Then, the energy is
transferred to the Eu2+ luminescent center, resulting in a long
aerglow phenomenon (process ⑥).43–45
2.4 Luminescence mechanism of organic LPPs

At present, the process of organic long aerglow luminescence
is still unclear. The researchers turned to study the phenomena
of luminescence in greater depth. A plausible mechanism for
proposing organic-extended aerglow luminescence is based
on experimental verication and related theoretical calcula-
tions. That is, the Jablonski energy-level diagram is used to
explain the luminescence mechanism of organic LPPs, as
Fig. 4 (a) Multiple luminescence pathways of MOFs, including (1) meta
transfer luminescence (3) guest-induced luminescence (4) metal and org
Reproduced from ref. 58 with permission from China national knowle
conversion betweenmetals in LnMOFs (ISC, Intersystem Crossing; ET, En
Society of Chemistry, copyright 2019.

© 2022 The Author(s). Published by the Royal Society of Chemistry
shown in Fig. 3d. When the organic molecule is excited by the
external eld force, it transitions from the ground state S0 to the
lowest excited state S1. Molecules in the S1 state are transformed
into the triple excited state T1 through the channeling between
the systems. Molecules in the T1 state are aggregated and
captured by the H-aggregation, forming a stable triple-excited
state. T*

1 produces long aerglow phenomena at very low radi-
ative and nonradiative decay rates.36,37
2.5 Luminescence mechanism of inorganic-organic hybrid
LPPs

In addition to inorganic and organic materials, researchers
have hybridized the two to fully exploit the benets of both,
ushering in a new era in the eld of long aerglow lumines-
cence. As an inorganic-organic hybrid material, MOFs have the
rigid porous structure of inorganic materials, and this structure
can trap and stabilize the emitting molecules. Therefore, the
coordination of organic uorescent units and common metals
is an effective way for MOF materials to achieve long aerglow
luminescence.46 The porous structure of MOFs contains a large
number of guest molecules in their pores. There are also
abundant charge-transfer processes occurring inside, which
provide the possibility for a variety of luminescence pathways.
l-centered luminescence (2) metal and organic ligand-based charge
anic ligand-based transfer luminescence and (5) organic ligand-based.
dge internet, copyright 2021. (b) Schematic diagram of the energy
ergy Transfer). Reproduced from ref. 57 with permission from the Royal

Nanoscale Adv., 2022, 4, 4972–4996 | 4975
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The luminescence mechanism of MOF materials is illustrated
in Fig. 4a.47–50

Process ① is based on metal center luminescence. The
luminescence mechanism mainly exists in two kinds of metal
ions. One is relatively rare with d–d electron transfer of transi-
tion metal ions and s–p electron transfer of the main group of
metal ions. The other is the most important lanthanide rare
earth and actinide ions luminescence. It is recognized as the
process of the luminescence “antenna effect”. This effect
usually selects for the introduction of organic molecules with
chromophoric groups and chelation of rare earth ions. The
process of sensitizing rare earth ions is through the energy
absorbed by organic molecules, thereby emitting light.51,52

Process③ is guest-induced luminescence. It is mainly to endow
MOFs with new luminescence ability by utilizing the permanent
regular pores or pore properties of the material. We usually
exchange or replace some chromophore molecules, rare earth
ions, quantum dots, and other materials with strong lumines-
cent properties into these pores. Such a luminescence mecha-
nism conferred by the exchange of the guest is called guest-
induced luminescence.53–55 Process ⑤ is the luminescence
process of organic ligands, which is the same as the lumines-
cence process of organic long aerglow luminescent materials.
The difference is that the stability and rigidity of the organic
ligands increase. Processes ② and ④ are based on metal-to-
organic ligand luminescence and metal-to-metal energy trans-
fer luminescence processes. The former is based on charge
transfer luminescence. It has two typical luminescence modes:
charge transfer luminescence from metal to organic ligand
(MLCT) and charge transfer luminescence from organic ligand
to metal (LMCT).56 The latter is based on energy transfer
between metals to emit light. It is not only limited to single-
metal MOF materials but has gradually expanded to the study
of MOF materials containing multiple metals, especially heter-
ometallic organic framework materials (HMOFs) and multi-
metal hybrid MOF materials. The primary distinction between
these two materials is that the different metal ions in HMOF
have different coordination environments and coordination
modes, and their crystal structures change. In contrast, mixed
metal ions in multi-metal hybrid materials, typically, only,
partially replace the original metal ions, while the coordination
environment and coordination mode remain unchanged,
resulting in crystal structures that are frequently identical to
those of pure metal materials. Therefore, researchers agree that
themulti-metal mixedMOFmaterials are more conducive to the
study of the energy transfer luminescence mechanism between
the metal and the metal. Zeng et al.57 designed novel bimetallic
lanthanide metal–organic framework materials (Ln-MOFs) with
luminescent colors systematically investigated by energy trans-
fer from visible light-emitting M3+ to NIR emitting Nd3+-doped
in M1−xNdxL2 for color tuning. Color tuning was investigated by
doping M1−xNdxL2 with Nd3+ emitted in the NIR. The doping of
Eu3+, Tb3+, or Dy3+ MOFs to form NIR and visible luminescence
bimetallic Ln-MOFs opens up a new direction, the applied NIR
spectral emission of bimetallic Ln-MOFs provides convenient
applications in the eld of future optical imaging. A schematic
4976 | Nanoscale Adv., 2022, 4, 4972–4996
diagram of the metal-to-metal energy transfer luminescence of
the Ln-MOFs is shown in Fig. 4b.
2.6 Main NIR LPPs

It is well known that the aerglow characteristics of LPPs
mainly depend on the trap center and the emission center. The
former is used to store energy from excitation light sources, the
latter is used to emit energy aer excitation has ceased.59

Obviously, it is pretty signicant to consider suitable NIR
luminescence centers and traps for designing and synthesizing
suitable NIR LPPs. The main matrix of LPPs contains sulde,
aluminate, silicate, gallate, germanate, titanate, and so on.
Doping ions are generally introduced as luminescent centers or
co-activators to improve the aerglow properties of the host.
These doping ions are either rare earth ions (Eu2+, Tb3+, Nd3+,
Er3+, Pr3+, Ho3+, Sm3+, Tm3+, Yb2+, Yb3+, Dy3+, etc.) or transition
metal ions (Cr3+, Mn4+, Mn2+, Ni2+, Co2+, etc). Only a few ions
(Er3+, Yb3+, Nd3+, Pr3+, Cr3+, Mn4+, Mn2+, Ni2+, Co2+, etc.) have
NIR emission properties. Cr3+, Mn4+, Mn2+, RE3+, Eu2+, Yb2+,
Pr4+, Ce4+, Tb4+, etc. play an important role in the emission in
the NIR region. Yb2+, Pr3+, Nd3+, Co2+, Ni2+, etc. have made great
contributions to the design and synthesis of NIR-II/III LPPs.60–68

In addition, NIR emission in the second and third regions can
also be achieved through a continuous energy transfer strategy
between two or more different emission centers19,69,70 (as shown
in Table 1).
3. Synthesis methods
3.1 Synthesis methods of inorganic and inorganic-organic
hybrid LPPs

Synthesis methods have a signicant impact on the micro-
morphology, aerglow properties, luminous efficiency, and
defects of long aerglow materials, which are all closely related
to their applications.111 As researchers continue to explore and
study their synthesis methods. Different types of synthesis
methods have been discovered and reported. The high-
temperature solid-state reaction method is the most ancient,
mature, and widely used. The raw materials mixed by the ball
mill were heated under certain temperatures and condi-
tions.112,113 The use of co-solvents such as P2O5 and B2O3 was
discovered to lower the sintering temperature and improve the
material's aerglow qualities.114 Although the above synthesis
method is simple and low-cost, it requires long-time high-
temperature sintering and the prepared product is damaged
by ball milling, which reduces the aerglow performance of the
material. In 1990, Indian researchers used the combustion
method to prepare LPPs to solve the drawbacks of the high-
temperature solid phase reaction method, such as large parti-
cles and damaged crystal shape.115 The method utilizes the heat
released by the combustion reaction of the mixed raw materials
to promote the spontaneous and continuous chemical reaction
without a complicated heating device. In short, it is a promising
synthesis method. Both Zhang116 and Ni et al.117 have success-
fully manufactured various of LPPs using this technology in
recent years.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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During the synthesis of various LPPs, it was discovered that
the aerglow properties and particle shape of the materials can
be greatly improved by doping with different types and contents
of rare earth or transition metals, or even by adding alcohol and
other substances in the synthesis.118,119 However, the existing
traditional synthesis methods have been unable to meet the
requirements of high-doping content or controlled appearance
of materials. Gradually, the sol-gel method, co-precipitation
method, and template method were developed. These
methods have proven to be effective in improving LPPs with
desirable properties. Nevertheless, a drawback that should not
be overlooked is that these methods do not provide direct
access to LPPs and require a traditional calcination process. The
advent of hydrothermal synthesis has made sudden progress in
the eld of preparation, which not only greatly reduces the
temperature of the reaction, but also enables the synthesis of
products in a single step. In recent years, Yang,120 Ankoji,121

Wang,122 and other teams have successfully prepared different
LPPs with excellent aerglow properties using this method
using high-temperature and high-pressure reactors. The
synthesis conditions in this method are mild, and the particles
are nanoscale and uniform. Of course, there are also disad-
vantages such as being limited to the oxidation system and
reducing the brightness of the product. With the rapid devel-
opment of modern science and technology, the synthesis
methods of LPPs are also advancing, and many new methods
are emerging, such as microwave method,123 ame spray
pyrolysis,124,125 vapor deposition,126,127 electrostatic spin-
ning,128,129 and ultrasonic synthesis.130,131 Fig. 5 shows a brief
owchart of the different synthesis methods. In short,
researchers are making progress toward better LPP synthesis. A
comparison of different common synthesis methods of LPP in
terms of preparation time, temperature, and morphological
appearance is shown in Table 2.
3.2 Design strategies for organic LPPs

Thus far, crystal induction,145 hydrogen bonding effect,146,147

host–guest doping,148 and other methods have been used to
create a rigid environment, which effectively reduces the non-
radiative leap rate. The high nuclear charge of halogen atoms
with heavy atomic effect149,150 effectively enhances the inter-
system scramble of molecules in the S1 state to form a stable
triple excited state, resulting in the organic long aerglow
phenomenon. The difficulty in obtaining pure organic LPPs can
be attributed to two major factors. Firstly, the spin coupling
between the lowest excited singlet state (S1) and the lowest
excited triplet state (T1) is very weak in pure organic material
molecules. The second reason is that the non-radiative leap rate
is fast enough to allow the absorbed energy to be radiated as
heat or other forms of energy.151 Therefore, researchers have
focussed on developing organic LPPs with an excellent perfor-
mance by increasing the probability of intersystem crossing,
stabilizing triplet excited states, or reducing nonradiative tran-
sition rates. From both molecular and material design
perspectives, organic ultra-long phosphorescence emission at
room temperature has been achieved in a series of material
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Several brief flow charts for the preparation of LPPs.
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systems, including single-component crystals, multi-
component crystals, carbon dots, and polymers.

In terms of molecules, organic LPPs can be created by
incorporating aromatic carbonyl groups, heavy atoms, heavy
atoms, heteroatoms containing lone pairs of electrons and
paramagnetic molecular groups,152–155 deuterium substitu-
tion,156 host–guest doping,157,158 aggregation structures,159,160 etc.
for materials; they can be designed by rigid structure
induction,161–163 polymer formation,164 resonance structures,165

and thermal activation.166 Most reported materials have been
carefully designed and synthesized. Organic LPPs urgently
should start from the existing aerglow materials and design
the construction strategy of organic LPPs without any chemical
modication. Table 3 shows the design strategies for organic
LPPs.
4. NIR LPPs in biomedical
applications

In biological applications, NIR LPPs can avoid auto-
uorescence of biological tissues without situ excitation,
while they have excellent aerglow properties in the NIR
region. NIR LPPs exhibit superior responsiveness and bio-
logical tissue penetration compared to standard LPPs,
boosting detection signal-to-noise ratio and sensitivity while
minimizing background noise.11 The aerglow properties of
NIR LPPs are changeable under different substrates or even
the same substrate under varied doping conditions, allowing
for a wide range of applications. As shown in Table 1, we
compared the aerglow properties and biomedical applica-
tions of different NIR LPPs. NIR LPPs commonly used in the
biomedical eld are nanoscale, which are called NIR-
persistent luminescence nanoparticles (PLNPs). Thanks to
ongoing research and functionalized modications by
researchers, NIR PLNPs have been used in a variety of elds,
including biosensing detection, bioimaging, drug delivery,
and cancer therapy.
© 2022 The Author(s). Published by the Royal Society of Chemistry
4.1 Biosensing detection

NIR PLNPs can be used as bioprobes for monitoring and
identifying changes in the biological environment in the eld of
sensing and monitoring biomarkers. Currently, researchers
have developed a number of biological probes based on NIR
PLNPs for monitoring various active chemicals in living
organisms. These probes have high sensitivity, signal-to-noise
ratio, and excellent detection performance.

4.1.1 Detection of proteins. In 2012, Maldiney et al. used
biotin-coated Eu, Dy, and Mn-doped silicate nanoparticles to
detect avidin for the rst time.167 It is a pioneer in protein
detection using materials. At present, it has been used to detect
various proteins such as hemoglobin (Hb), alpha-fetoprotein
(AFP), and others.82,168 Hb plays a crucial role in the transport
of oxygen atoms in mammals. It is also a typical biomarker for
certain diseases, such as leukemia, heart disease, and
anemia.169,170 Although many detection techniques have been
developed, the detection of Hb in red blood cells still suffers
from low sensitivity and poor specicity. Liu et al.82 synthesized
a ZnGa2O4:Cr (ZGC) probe with water-soluble and NIR lumi-
nescence properties. It was found that Hb could neither shield
the probe's excitation light nor absorb its emission, but could
rapidly quench it. There is a partial overlap between the
absorption spectrum of Hb and the emission spectrum of the
probe, which is different from the common energy transfer
mechanism. Therefore, it is classied as a typical collisional
quenching process. The dynamic quenching mechanism grad-
ually and signicantly suppressed the persistent luminescence
phenomenon with the addition of hemoglobin. The probe has
a specic response to hemoglobin, laying the groundwork for
hemoglobin detection. Fig. 6a shows a diagram of this probe for
the ultra-sensitive detection of hemoglobin. It also possesses
great selectivity and ultra-sensitivity to Hb due to its easy
operation, and this technology has been effectively used in the
clinical detection of human Hb content.

Serum levels of AFP can rise abnormally in conditions such
as chronic hepatitis, cirrhosis, and liver cancer. The current
clinical serum marker to determine primary liver cancer is
Nanoscale Adv., 2022, 4, 4972–4996 | 4979
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Table 3 Design strategies for organic LPPs

Type Design strategy Reason Applications Ref.

Molecular design Introduction of aromatic
carbonyl groups, heavy
atoms, heteroatoms
containing lone pairs of
electrons, and molecular
groups with paramagnetic
properties

Promote n–p* jumps,
enhance inter-system
scramble processes, and
increase the stability of triple
excited states

Application to small
molecule crystals, organic
ionic crystals, carbon dots,
and other single-component
series

152–155

Deuterated Weakening the
intramolecular vibrations
and reducing the rate
constant of the non-radiative
decay of the triple excited
state

Organic molecules have
a large number of hydrogen
atoms present, and under
certain conditions, they can
all be deuterated

156

Material design The role between the subject
and object molecules

Restriction of guest
molecular motion and
inhibition of non-radiative
leaps

Application to multi-
component eutectic, host–
guest doping, amorphous
lms, and other types

157

Construction of effective
aggregation structures (e.g.
H aggregation structures,
strong p–p stacking, ionic
bonding, etc.)

Inhibition of nonradiative
leaps, stabilization of
trilinear excitons, and slow
release

Application to organic
ionomers, materials
containing p-bonds, etc. that
are prone to forming
aggregate structures

159

Rigid solid-phase crystalline
structure induced

Introduction of amine
groups, carboxyl groups,
carbonyl groups, etc. groups,
carbonyl groups, etc., to
improve molecular
interactions

Application to single crystal
and eutectic systems

161–163

Formation of polymers Stabilization of the triplet
state in organic molecules to
reduce the non-radiative
deactivation of the triplet
state (T1) to the ground state
(S0)

For example, single
component room
temperature
phosphorescent polymers in
solid lms or nanoparticles

164

Resonant structures More inter-system crossing
channels, signicantly
enhanced the self-selected
orbital coupling effect,
facilitating the inter-system
crossing

Aerglow molecules based
on the existence of
resonance structures such as
N–P]O/N–P]S

165

Thermal activation process A special type of three-mode
emission that can be
produced by the radiative
decay of S1, T1, and T*

1 at
room temperature

In distorted donor–acceptor
structure aerglow
molecules

166
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AFP. Therefore, the measurement of serum AFP levels can be
used as a diagnostic criterion for early liver disease.171,172 In
2011, an assay for the inhibition of AFP by uorescence
resonance energy transfer (FRET) was reported by Yan et al.168

They used polyethyleneimine (PEI) for the surface function-
alization of Ca1.86Mg0.14ZnSi2O7:Eu

2+, Dy3+ water-soluble
PLNPs were rst synthesized. At this time, the material will
have a long aerglow in the NIR aer being excited by the UV.
Aer coating with gold nanomaterials, the long aerglow
phenomenon will disappear. This work exploits the fact that
AFP can disrupt the structure of PEI PLNPs and restore their
aerglow properties to detect AFP in serum. A schematic
diagram of the PLNPs for the determination of AFP content is
© 2022 The Author(s). Published by the Royal Society of Chemistry
shown in Fig. 6b. The detection method has also been
successfully applied to the clinical detection of AFP content in
human serum, which is of great signicance for the early
detection of liver cancer.

4.1.2 Detection of the biological environment. NIR LPPs
can be used not only for tracking and monitoring biological
environments in vitro but in vivo. For example, tracking
macrophages and visualizing inammatory tissue. Signi-
cantly, NIR LPPs are functionally modied and typically coated
with polyethylene glycols, folic acid, and other compounds prior
to bioavailability to improve drug delivery and biosafety. It has
been found that the NIR LPPs modied by surface functional-
ization can achieve low or even non-toxic effects, which is a very
Nanoscale Adv., 2022, 4, 4972–4996 | 4981
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Fig. 6 (a) Schematic diagram for ultra-sensitive detection of hemoglobin. Reproduced from ref. 82 with permission from Elsevier, copyright
2020. (b) Schematic diagram of these PLNPs for the determination of AFP content. Reproduced from ref. 168 with permission from the American
Chemical Society, copyright 2011.

Fig. 7 Schematic representation of PLNP-TAT labeled macrophages homing to inflammatory tissues. Reproduced from ref. 93 with permission
from the American Chemical Society, copyright 2019.
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ideal material for biological probes.83,173 Sun et al.174 used a sol-
gel method to create Zn1.1Ga1.8Ge 0.1O4:Cr

3+ (ZGG) with low
cytotoxicity and NIR-sustained luminescence properties, which
they used to create a model for tracking the inammatory tissue
in mice in 2018. This study demonstrated a simple and novel
method for visualizing inammation in vivo with high sensi-
tivity, paving the way for a newmethod for the early detection of
12 inammation-related diseases. The following year, Chen
et al.93 reported cell-penetrating peptide-functionalized LPPs
(PLNP-TAT) as a luminescent marker for non-invasive tracking
of J774A.1 macrophages in a mouse model of inammation.
4982 | Nanoscale Adv., 2022, 4, 4972–4996
Fig. 7 shows a schematic diagram of PLNP-TAT-labeled
macrophages homing to inamed tissues.

In addition, it is also useful in the construction of surgical
guidance systems. Tissue autouorescence can be efficiently
prevented because ZGGO:Cr particles can sustain NIR lumi-
nescence aer stimulation stops. Wang et al.94 demonstrated
that the ZGGO:Cr particles created are suitable candidates for
autouorescence-free bioimaging. By building an aptamer-
guided ZGGO:Cr bioprobe, it can be used for real-time moni-
toring of biological processes and the development of surgical
guidance systems.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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4.2 Bioimaging

The excellent chemical stability and photostability of NIR LPPs
lay the foundation for their application in biomedicine. Bio-
imaging takes advantage of the continuous luminescence of the
material aer excitation with different wavelengths of light,
such as X-rays, UV, and LED lights.15,84,93–95 Regarding biological
imaging, various different techniques have been developed,
such as optical imaging, up-conversion imaging, magnetic
resonance imaging, time-resolved imaging, and other single-
modality imaging techniques and multi-modality imaging
techniques.

4.2.1 Optical imaging. Optical imaging technology is a type
of imaging that converts optical signals into electrical signals by
exploiting the unique optical differences between the area to be
imaged and the background (such as light scattering, absorp-
tion, luminescence, etc.).175 This technique not only allows for in
vitro diagnosis, such as cellular or single-molecule diagnostics,
but it also allows for image guidance during surgery, such as
tumor excision and minimally invasive surgery in vivo. Utilizing
Fig. 8 (a) Continuous luminescence imaging of soft X-ray activated BA
Schematic diagram for the synthesis of SZGOS nanoparticles and their ap
permission from the American Chemical Society, copyright 2017.

© 2022 The Author(s). Published by the Royal Society of Chemistry
BALB/carbon nude mouse molds, Lin et al.84 generated PLNPs
[SiO2@ZnGa2O4:Cr

3+@SiO2 (SZGOS)] using a simple silica
template approach for in vivo NIR luminescence imaging.
Model mice injected intravenously with a certain dose of SZGOS
solution were found to have a high concentration of lumines-
cent material in the liver area aer a period of irradiation with
so X-rays. This phenomenon was used as a target area for the
effect of SZGOS luminescence imaging in vivo. The main signal
of persistent luminescence was detected in the liver region for
more than 2 hours by observing the persistent luminescence
images (Fig. 8a). Notably, upon re-irradiation with so X-rays,
the luminescence signal was fully activated again, indicating
that the nanomaterial can be repeatedly activated in situ for
long-term imaging in vivo (Fig. 8b). In the same year, Katayama
et al.76 also developed LaAlO3:Cr

3+, which can continuously emit
light at 734 nm in the NIR-I aer being activated by Cr3+. By
observing the phenomenon of light transfer and the induced
continuous emission, it is proved that this material can be used
for repeated imaging in vivo.
LB/carbon nude mice by intravenous injection of SZGOS solution. (b)
plication in long-term in vivo bioimaging. Reproduced from ref. 84 with

Nanoscale Adv., 2022, 4, 4972–4996 | 4983
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4.2.2 Fluorescence lifetime imaging. Fluorescence lifetime
imaging (FLIM) is the best in vivo time-resolved imaging tech-
nique available. Not only does it penetrate deep into the tissues
in the NIR region of 650–1800 nm, but it also offers the unique
advantage of quantitative visualization of molecular events in
vivo. It is also independent of local luminescence intensity,
uorophore concentration, and biological tissue thickness. It is
well known that the uorescence lifetime and aerglow mech-
anisms are different. The uorescence lifetime refers to the
time for an electron to transition from the excited state back to
the ground state. In contrast, aerglow refers to the process of
capturing and releasing electrons. Due to the long lifetime of
lanthanides, Ning et al.102 designed and synthesized a sensitive
Yb3+ probe with deep permeability, good reversibility, and high
spatial and temporal resolution, which is capable of in situ real-
time dynamic monitoring pH changes, in vitro and in vivo
(Fig. 9a shows the synthesis schematic for the design of a Yb3+

probe). The advantages of NIR emitting Ln for molecular
imaging in vivo were also successfully demonstrated in a mouse
model for monitoring pH in the gastrointestinal tract in vivo, as
shown in Fig. 9b and c for the uorescence imaging intensity
and FLIM imaging.
Fig. 9 (a) Schematic diagram of the design and synthesis of the Yb3+ prob
image (exposure time, 250 ms). lex = 532 nm; lem = 1000 nm long rang
Chemistry, copyright 2019.

4984 | Nanoscale Adv., 2022, 4, 4972–4996
4.2.3 Nuclear magnetic resonance imaging. Based on
different attenuation for the energy released in different struc-
tural environments within a substance, magnetic resonance
imaging (MRI) is the imaging of electromagnetic waves emitted
through the detection of an applied gradient magnetic eld
using the principle of nuclear magnetic resonance. This
imaging technique is a promising technical imaging tool, which
is multi-parametric and high-contrast imaging without
damage.176,177 Wang et al.178 used hydrothermal synthesis to
create NIR PLNPs (ZnGa2O4:Cr

3+) and used these PLNPs to
create a multimodal probe from hyaluronic acid functionalized
Gd2O3 (HA-Gd2O3). As shown in Fig. 10a, the preparation of HA-
Gd2O3-PLNPs probes is shown schematically. HA-Gd2O3 was
used as an MRI contrast agent and PLNPs as a light source. In
vivo imaging was successfully achieved in mice under the exci-
tation of LED. The potential of multimodal probes for tumor-
targeted NIR sustained luminescence and magnetic resonance
imaging In vivo and in vitro was demonstrated.

Wang and Li et al.179 synthesized PLNPs using mesoporous
silica nanoparticles (MSNs) as a template. Aer excitation with
254 nm light for 15 min, it could exhibit long aerglow prop-
erties in the NIR range of 750–800 nm. Magnetic resonance
dual-mode imaging was achieved by ne-tuning the
e (b) NIR intensity fluorescence imaging (exposure time, 25ms) (c) FLIM
e. Reproduced from ref. 102 with permission from the Royal Society of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) Schematic diagram for the preparation of the HA-Gd2O3-PLNPs probe. Reproduced from ref. 178 with permission from the Royal
Society of Chemistry, copyright 2017. (b) Synthesis and surface functionalization of MSNs. (c) Performance optimization of MSNs. Reproduced
from ref. 179 with permission from the American Chemical Society, copyright 2021.
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morphology, size dispersion, and other properties of this
material aer coating it with polyethylene glycol. Fig. 10b and c
are schematic diagrams of the synthesis andmodication of the
material, as well as the ne-tuning of the material properties.
More notably, this work achieved renal clearance without
toxicity to the organism, further promoting the application of
the material in kidney-related diseases and cancer.

4.2.4 Multimodal imaging. In addition to unimodal
imaging applications, multimodal imaging techniques inte-
grate two or more imaging modalities and can be used to
diagnose diseases, mediate surgery, and so forth. Multimodal
imaging can overcome the limitations of unimodal techniques
and take advantage of each unimodal imaging technique to
observe lesions with higher specicity, which provides a more
powerful technical tool for treating diseases and curing the
untreated. Abdukayum et al.180 achieved the rst combination of
© 2022 The Author(s). Published by the Royal Society of Chemistry
NIR optical imaging and MRI by coupling gadolinium spray
glucosamine (Gd-DTPA) with PLNPs. Sengar et al.90 rstly used
a synthetic Gd2.99Ce0.01Al1.995Cr0.005Ga3O12 (GAGG:Ce, Cr)
multimode probe for host cell imaging and cytotoxicity experi-
ments. Aer the surface functional modication of folic acid,
the probe has the potential of two-photon bioimaging in the
NIR I region (650–900 nm) under the excitation of two-photon
NIR (800 nm). In addition, the material has good para-
magnetic properties, so it can be used for MRI. The researchers
also performed toxicity tests on four different cell lines,
demonstrating that the probe has not only good biocompati-
bility but also low toxicity, which achieved two-photon excita-
tion imaging and NMR imaging. The following year, the group
of Maldiney combined superparamagnetic iron oxide nano-
particles with chromium-doped zinc gallate, which was the rst
bimodal optical MRI nanoprobes (MPNHs) based on the
Nanoscale Adv., 2022, 4, 4972–4996 | 4985
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development of magnetic persistent nanoparticles obtained
from red light technology. The probe not only realizes real-time
imaging with high spatial resolution in vivo but also laid the
foundation for magnetic vectorization and cell therapy in vitro.86

Simultaneously, they attempted to use Gd ions instead of iron
oxide nanoparticles to combine with chromium-doped zinc
gallate. They also built a probe of the same type, which
successfully realized real-time monitoring and imaging aer
the surface functional of polyethylene glycol. Under the surface
functional modication of polyethylene glycol, the probe can
signicantly delay the uptake of the reticuloendothelial system
in vivo when injected into healthy mice, providing novel nano-
technology for diagnosis in the biomedical eld.85

In recent years, researchers have investigated and studied
NIR LPPs aer they have entered the human body through
various routes. The goal is to improve imaging targeting and
develop better administration routes, indicating their bright
future for in vivo bioimaging. In 2016, Li et al.141 compared the
targeted of synthetic monodisperse tridoped zinc gallate
(ZGGO:Cr3+, Yb3+, Er3+) aer surface functionalization with folic
acid by using both gavage and caudal intravenous routes of
administration. Fig. 11 shows the fabrication of the material,
surface functionalization modication, and oral in vivo
imaging, schematically. The targeting performance of orally
folic acid functionalized ZGGO:Cr3+, Yb3+, Er3+ for tumor-
targeted bioimaging is shown to be superior to that of tradi-
tional intravenous injection for the rst time, indicating a good
strategy for disease detection and drug delivery route selection.

4.2.5 NIR-II/III bioimaging. The longer the wavelength,
the greater the penetration of biological tissue and the lesser
the corresponding damage. The second and third regions of
Fig. 11 ZGGO:Cr3+, Yb3+, Er3+ synthesis and surface functionalization for
the Royal Society of Chemistry, copyright 2016.

4986 | Nanoscale Adv., 2022, 4, 4972–4996
NIR light are gaining popularity. Shi et al.89 constructed
a multifunctional nanoplatform from Cr3+, Nd3+ co-doped
Gd3Ga5O12 synthesized using the template method, which
exhibited excellent luminescence performance at 1067 nm
under excitation at 808 nm. These particles also have
a magnetic resonance effect due to the presence of Gd.
Coupled with NIR-II luminescence properties, it exhibited
multimodal imaging properties. Nie et al.108 successfully
prepared Ni2+-doped Zn1+ySnyGa2−x−2yO4 nanomaterials. The
emission peaks in the second emission window in the NIR
range from 1270 to 1430 nm. During the tunability, high
resolution and low light interference could be achieved, it
provides greater application potential in the biomedical eld.
Er3+, Cr3+, and Sm3+-doped LaAlO3 nanomaterials reported by
Xu et al.60 are promising biological probes with NIR-I (734 nm)
and NIR-II (1553 nm) luminescence properties. In vivo optical
imaging, especially in the NIR-III biological window, has great
application potential.

4.3 Cancer treatment

There is currently no cure for cancer; it is one of the deadliest
diseases in the world today. It is a new biomedical technology
that organically combines diagnosis, monitoring, and treat-
ment of the disease.181,182 LPPs have made signicant contri-
butions to the eld of cancer diagnosis and treatment through
their unique persistent luminescence properties. Researchers
have combined drugs with LPPs to guide adjuvant-targeted
cancer therapy and surgical guidance through persistent lumi-
nescence imaging.89,183Up to now, there are different treatments
such as drug delivery, chemotherapy, photothermal therapy,
and photodynamic therapy.
oral in vivo bioimaging. Reproduced from ref. 141 with permission from

© 2022 The Author(s). Published by the Royal Society of Chemistry
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4.3.1 Drug delivery. Drug carrier refers to control of the
distribution in the organism and the release rate of the drug by
changing the route of administration, so as to deliver the drug
to the target tissue or organ. It can deliver some defective drugs
with high side effects or poor solubility into the body, thereby
reducing damage to the human body and improving drug effi-
cacy.184 For example, mesoporous silica and liposomes are
commonly used drug-coating materials. In 2014, Maldiney
et al.78 successfully constructed a core–shell structure optical
imaging probe using mesoporous silica and chromium-doped
zinc gallate, which was particularly used for the optical detec-
tion of living tissue and drug delivery. The probe successfully
loaded the anticancer drug doxorubicin, which started the
gradual release of the disease in a pH-sensing manner, showing
the advantages of drug release localization and non-
invasiveness.

In addition to conventional drugs as carriers in vitro, biolm-
camouaged drug carriers usually have better biocompatibility.
Liu et al.98 combined RBC membrane vesicles and PLNPs
(ZGGO@mSiO2) into RBC bio-nanoprobes using bionano-
technology. Due to the long aerglow features of PLNPs in the
NIR, adriamycin was employed on this probe, which can be
used for long-term bioimaging and monitoring of mice in situ.
This study demonstrates that medications are successfully
transported to the tumor's growth site, resulting in tumor
growth reduction. Various nanoplatforms for the application of
bionanotechnology to the diagnosis and treatment of diseases
have been proposed. Fig. 12 shows the preparation of erythro-
cyte membrane bio-inspired PLNP nanocarriers for imaging
and drug delivery in vivo.

4.3.2 Chemotherapy. Chemotherapy is currently the most
commonly used cancer treatment in clinical practice. Although
it has obvious therapeutic effects, it has disadvantages such as
poor targeting, relatively large side effects, and large damage to
normal cells of the human body.181 With good biocompatibility,
biodegradability, and low toxicity, liposomes are a classical and
widely used carrier, which can be well used for drug delivery and
cancer therapy when intelligently combined with rare earth-
Fig. 12 Schematic diagram of the preparation of erythrocyte membran
Reproduced from ref. 98 with permission from Elsevier, copyright 2018.

© 2022 The Author(s). Published by the Royal Society of Chemistry
doped NIR LPPs. In 2019, Zhang et al.97 used a hydrothermal
synthesis method combined with further calcination to create
a hydroxylated probe (Zn1.1Ga1.8Ge0.1O4:0.5%Cr3+, 0.5%Eu3+).
The design synthesis strategy is depicted schematically in
Fig. 13a. HepG2 tumor-bearing mice were subjected to in vivo
chemotherapy aer surface functional modication and drug-
loading system (PHLIP-SS-GFLG-MSPLNPs). Fig. 13b is a sche-
matic diagram of continuous tumor luminescence imaging and
chemotherapy.

4.3.3 Photothermal therapy. Photothermal therapy (PTT) is
a treatment method for killing cancer cells by injecting mate-
rials with high photothermal conversion efficiency into the
human body and then converting light energy into heat energy
to gather around tumor tissues through targeted identication
technology under the irradiation of external light sources.
Despite growing interest, the method is still in its early stages
and faces numerous challenges. Indocyanine green (ICG) for
PTT guidance has great potential in cancer therapy. Zheng
et al.99 rst designed and prepared ICG and LPPs co-loaded
mesoporous SiO2 nanocarriers [(ICG+PLPs)@mSiO2], which
were successfully used for persistent luminescence imaging-
guided PTT (Fig. 14). Chen et al.185 also developed a multi-
chargeable mesoporous SiO2/ZnGa2O4:Cr

3+(mZGC) NIR LPPs,
which was successfully applied to photoluminescence imaging-
guided PTT by loading ICG into ICG@mZGC.

4.3.4 Photodynamic therapy. Photodynamic therapy (PDT),
a newly emerged clinical cancer treatment method using
photosensitizers, involves irradiating the tumor site with
specic wavelengths to selectively activate the photosensitized
drugs gathered in the tumor tissue to produce singlet oxygen
(ROS) thereby killing cancer cells. This method requires long-
time irradiation of visible light or ultraviolet light, which not
only limits tissue penetration and penetration strength but also
causes skin and tissue damage. However, the aerglow char-
acteristics of NIR long-persistence luminescent materials can be
used as the internal persistent light source of PDT, which can
allow deep tissue treatment and avoid skin tissue damage.186,187

Fan et al.188 successfully constructed an injectable ZGC-
e bioinspired PLNP nanocarriers for imaging and drug delivery in vivo.

Nanoscale Adv., 2022, 4, 4972–4996 | 4987
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Fig. 13 (a) Design strategy and synthetic route of pH-LIP-SS-GFLG-MSPLNPs (b) schematic diagram of pH-LIP-SS-GFLG-MSPLNPs@DOX as
a pH-driven targeted nanoprobe for the sustained luminescence imaging of tumors and chemotherapy. Reproduced from ref. 97 with
permission from the American Chemical Society, copyright 2020.
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persistent luminescence implant with stronger aerglow
intensity and longer aerglow lifetime than ZnGa1.996O4:-
Cr0.004(ZGC) PLNPs, which can be repeatedly charged with LED
for deep tissue aerglow imaging and PDT therapy greatly
improving the therapeutic effect. Abdurahman et al.189 reported
that the combination of a photosensitizer (Si-Pc) and an 808 nm
NIR-persistent luminescent material can provide an internal
light source to generate singlet oxygen for photodynamic
therapy without continuous external light source irradiation. In
2018, Liu et al.190 composed ZnGa1.996O4:Cr0.004 (PLNPs) and
photosensitizer IR780 into temperature-responsive “wax-seal”
therapeutic nanoplatforms. When activated by thermal stimu-
lation, PLNPs can not only serve as an internal light source to
continuously excite photosensitizers and generate reactive
oxygen species, but also provide high-resolution imaging of
cancer (Fig. 15).

4.3.5 Gene therapy. Gene therapy is a new type of cancer
treatment that introduces exogenous normal genes into the
target cells to correct or compensate for diseases caused by
defective and abnormal genes for therapeutic purposes. This
method has high specicity and effectiveness and fewer side
4988 | Nanoscale Adv., 2022, 4, 4972–4996
effects in post-surgical recovery.191–193 Wu et al.107 placed the
therapeutic plasmid on polyetherimide (PEI) to modify PLNPs.
A dual-functional persistent luminescent nanocomposite
(LPLNP) was prepared, which was used for effective lumines-
cence while tracking the homing and gene therapy of engi-
neered mesenchymal stem cells (MSCs) glioblastoma (Fig. 16a
and b). Qin et al.194 designed and synthesized a local therapeutic
system consisting of gold nanorods (Au NRs) loaded with TERT
siRNA on the surface of ZnGa2O4:Cr (ZGOC) nanobers. It
amplied gene phagocytosis, siRNA release in the cytoplasm of
the host Au NRs, and silencing effects through a potential LED-
induced mild photothermal effect.

4.3.6 Combination therapy. In recent years, a new type of
treatment called combination therapy has been developed.
Combination therapy is a treatment that combines two or more
therapies to treat cancer, such as the combination of surgical
treatment, chemotherapy, photothermal, and photodynamic
therapy. A variety of different combination therapies have been
reported. Zhao et al.195 reported acid-activated NIR PLNPs,
which were endowed with tumor targeting and prolonged blood
circulation under the surface functionalization of polyethylene
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Continuous luminescence imaging-guided in vivo PTT application of (ICG+PLPs)@mSiO2 is depicted in this diagram. The schematic
depicts the drug system's composition, which was injected into mice after UV excitation and guided in vivo PTT for cancer treatment using
continuous luminescence imaging that tracked the drug's aggregation and diffusion in vivo. Reproduced from ref. 99 with permission from the
American Chemical Society, copyright 2016.

Fig. 15 Design of the “wax-seal” design of the IR-ZGC nanoplatform. Reproduced from ref. 190 with permission from Wiley-VCH, copyright
2018.

© 2022 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2022, 4, 4972–4996 | 4989
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Fig. 16 (a) Schematic diagram of a surface functional modification of LPLNP (b) Schematic diagram of cell tracking and gene therapy.
Reproduced from ref. 107 with permission from Wiley-VCH, copyright 2017.

Fig. 17 Schematic of multimodality imaging and combination therapy. Reproduced from ref. 183 with permission from Wiley-VCH, copyright
2017.
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glycol. Combined with the long-persistence properties of the
material, the long-persistence imaging of tumors and the
combined treatment of PTT/PDT are realized. Wu et al.183

designed a multifunctional persistent luminescent nanoplat-
form (PHF) with human serum albumin (HSA) combined with
an IR780 probe and Fe3+ modied near-infrared emitting
persistent luminescent nanoparticles (PLNP), which can be
used for multimodal imaging of tumors and also enabling
Fenton-like combined photodynamic and photothermal
therapy that can effectively overcome harsh treatment condi-
tions to kill tumor cells (Fig. 17), demonstrating that the
multifunctional persistent luminescent nanoplatform has great
potential for cancer therapy.

5. Summary and outlook

In this review, we systematically summarize the luminescence
mechanism, synthesis methods, and biomedical applications of
NIR LPPs. As a promising alternative to traditional uorescent
materials, NIR LPPs have received widespread attention in the
biomedical eld because of their unique NIR aerglow char-
acteristics. NIR LPPs can separate excitation and emission in
time while avoiding background interference from uorescence
and scattered light. The most important one is that the emis-
sion range is in the NIR region. It has strong biological tissue
penetration, high resolution and sensitivity, small absorption,
and less scattering, which provides great convenience for its
application in the biomedical eld. Even though NIR LPPs have
made signicant growth in recent years, further work is
required, including but not limited to:

(i) Synthesis method. At present, many synthesis methods
have been reported, among which traditional synthesis
methods include the high-temperature solid phase reaction
method, combustion method, co-precipitation method,
template method, and hydrothermal synthesis method. Based
on the traditional synthesis method, electrostatic spinning, gas
deposition, and electrospray pyrolysis are discovered, as well as
a synthesis process that is helped by current technical methods
such as microwave and ultrasound. Nevertheless, none of these
synthesis methods is the best. It cannot simultaneously meet
the requirements of morphological appearance, uniformity,
and aerglow properties of NIR long aerglow materials, but
only improves one or several of these properties. The most
desirable synthesis method is that NIR LPPs with excellent
morphology, homogeneity, aerglow properties, good stability,
biocompatibility, recyclability, and low or even no toxicity can
be synthesized by simple operations. At the same time, few or
no pollutants are produced during the reaction. Therefore, the
synthesis method needs further research.

(ii) Material Design. The design of materials includes two
aspects. One is the design of the material itself, and the other is
the design of the material aer synthesis and before biological
application. First of all, the design of the material itself refers to
the design of the material synthesis. At present, the main thing
is to choose some transition metal ions or rare earth ions as the
luminescent center of the material when synthesizing the
material, so as to achieve the purpose of improving the
© 2022 The Author(s). Published by the Royal Society of Chemistry
aerglow performance of the material. At the same time, the
degradability of the material should also be considered, which
greatly contributes to the biosafety of the material. In 2020,
Lecuyer et al.196 demonstrated the degradability of ZGC in
a lysosome-like medium following in vivo application in
a simulated cellular environment, providing safety and credi-
bility for the use of ZGC in the biomedical eld. In addition,
most of the currently reported NIR LPPs are focused on NIR-I.
Fewer studies have been conducted in the NIR-II/III region,
which has better tissue penetration and imaging capabilities,
a strong investment in the research of NIR-II/III region lumi-
nescent materials is needed. The second is that aer the
material is synthesized, some materials with good biocompat-
ibility are usually selected for functionalization and modica-
tion. This not only can improve the drug delivery and
biocompatibility of the material but also can reduce the damage
of the material itself to the organism. However, there are still
a limited number of applications. Polyethylene glycol, folic acid,
and other substances are available. Better, more functionalized
modication materials are still in the works.

(iii) Excitation light. Excitation light is one of the most
important factors for the aerglow properties of NIR LPPs, but
most of the current applications involve UV excitation, and the
aerglow time of the excited materials is not sufficient to
support biological applications, requiring multiple repeated
excitations. Therefore, future research on excitation light will
focus on NIR light, radiation, and X-rays to better develop LPPs
with NIR-II/III region luminescence.

(iv) Luminescencemechanism.Many different luminescence
mechanisms have been reported, among which the most
applied is the carrier model. No luminescence mechanism can
be widely accepted by the general public yet. The luminescence
properties of NIR LPPs are related to the type and depth of the
traps present in the material and their ability to trap electrons.
The study of the luminescence mechanism of the material also
means the study of how the traps exist in the material and how
the traps trap and release electrons during the luminescence
process. Therefore, it is necessary to study how traps are
involved in the luminescence process.

(v) Biological applications. There are three main applications
of NIR LPPs in the biomedical eld. They are biosensing
detection, bioimaging, and cancer therapy. Among these, bio-
sensing detection and cancer therapy are realized with the help
of bioimaging technology. Breakthroughs in bioimaging tech-
nology have been achieved. With the guidance of bioimaging,
the material and the drug combination system can now be
applied to chemotherapy, PTT, PDT, gene therapy, and combi-
nation therapy. Despite the great progress in the research of NIR
LPPs in the biomedical eld, there is still a lack of experience in
the research of these materials in clinical trials, mainly focusing
on laboratory studies. Therefore, the biggest challenge of NIR
LPPs in the biomedical eld is the transition from laboratory
research to clinical trials. Therefore, a bioapplication system for
NIR LPPs should be constructed, so as to achieve efficient tar-
geted drug transport, enable sufficient internalization of drugs
in cells and tissues, promote the clinicalization of NIR LPPs,
and make NIR LPPs better available for the biomedical eld.
Nanoscale Adv., 2022, 4, 4972–4996 | 4991
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In conclusion, NIR LPPs are still in their initial stage of
research. In the future development, NIR LPPs with better
aerglow properties and application potential may emerge. We
have to focus on the luminescence mechanism of this material
and have a very in-depth luminescence mechanism in order to
better build on the strengths and avoid the weaknesses, and
design and synthesize NIR LPPs with better aerglow properties
for better application potential in the biomedical eld. We also
believe that achieving this goal is very interesting and worthy of
our expectations.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

We gratefully appreciate the nancial support from the National
Natural Science Foundation of China (No. 81903780), the
Shandong Provincial Natural Science Foundation of China (No.
ZR2020MB108), the Shandong University of Traditional Chinese
Medicine Youth Science Fund (No. 2018zk24), the Health
Commission of Shandong Province (No. 202004010938), Ji Nan
Science & Technology Bureau (Grant No. 2020GXRC005), Jinan
Education Bureau (JNSX2021041), the Funded by Shandong
University of Traditional Chinese Medicine, Chinese Medicine
Neuroimmunopharmacology Young Scientic Research Inno-
vation Team (NO. 22202112). We would also like to thank the
Experimental Center, Shandong University of Traditional
Chinese Medicine, Jinan 250355, PR China.

References

1 Y. Liu, J. Kuang, B. Lei and C. Shi, J. Mater. Chem. A, 2005,
15, 4025–4031.

2 Z. Pan, Y. Y. Lu and F. Liu, Nat. Mater., 2011, 11, 58–63.
3 Y. Wu, Y. Li, X. Qin and J. Qiu, Chem.–Asian J., 2016, 11,
2537–2541.

4 X. Chen, Y. Li, K. Huang, L. Huang, X. Tian, H. Dong,
R. Kang, Y. Hu, J. Nie, J. Qiu and G. Han, Adv. Mater.,
2021, 33, e2008722.

5 H. Jorma, Electrochem. Soc. Interface, 2009, 18, 42–45.
6 J. Xu, J. Ueda and S. Tanabe, J. Am. Ceram. Soc., 2017, 100,
4033–4044.

7 Y. A. Matsuzawa, N. Takeuchi and Y. Murayama, J.
Electrochem. Soc., 1996, 143, 2670–2673.

8 R. E. Rojas-Hernandez, F. Rubio-Marcos, M. A. Rodriguez
and F. F. Jose, Renewable Sustainable Energy Rev., 2018, 81,
2759–2770.
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