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ABSTRACT 
Persistent luminescence nanoprobes (PLNPs) can remain luminescent after ceasing excitation. Due to the ultra-long decay time of persistent 
luminescence (PersL), autofluorescence interference can be efficiently eliminated by collecting PersL signal after autofluorescence decays 
completely, thus the imaging contrast and sensing sensitivity can be significantly improved. Since near-infrared (NIR) light shows reduced 
scattering and absorption coefficient in penetrating biological organs or tissues, near-infrared persistent luminescence nanoprobes (NIR 
PLNPs) possess deep tissue penetration and offer a bright prospect in the areas of in vivo biosensing/bioimaging. In this review, we firstly 
summarize the design of different types of NIR PLNPs for biosensing/bioimaging, such as transition metal ions-doped NIR PLNPs, lanthanide 
ions-doped NIR PLNPs, organic molecules-based NIR PLNPs, and semiconducting polymer self-assembled NIR PLNPs. Notably, organic 
molecules-based NIR PLNPs and semiconductor self-assembled NIR PLNPs, for the first time, were introduced to the review of PLNPs. 
Secondly, the effects of different types of charge carriers on NIR PersL and luminescence decay of NIR PLNPs are significantly emphasized so 
as to build up an in-depth understanding of their luminescence mechanism. It includes the regulation of valence band and conduction band of 
different host materials, alteration of defect types, depth and concentration changes caused by ion doping, effective radiation transitions and 
energy transfer generated by different luminescence centers. Given the design and potential of NIR PLNPs as long-lived luminescent materials, 
the current challenges and future perspective in this rapidly growing field are also discussed. 
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1 Introduction 
Under ultraviolet (UV) or visible light irradiation, some materials 
absorb excitation energy and release it as a differently colored light 
either in a fast fluorescent form or in a slow form of phosphorescence 
or long persistent luminescence (PersL) [1]. Utilizing fluorophores 
with lifetimes in the same order of nanoseconds as the background 
signal, it is extremely difficult to decode molecular and cellular 
behaviors in complex biological environments, especially in the 
analysis of molecular information in biological tissues [2, 3]. In 
response to this, time-resolved photoluminescence technology that 
is capable to effectively distinguish the substances with different 
luminescence lifetimes/luminescence decay has been developed to 
eliminate the background signal [4–6]. The time-resolved photo-
luminescence technology possesses many advantages in biosensing 
and bioimaging. Firstly, the luminescence lifetime is hardly affected 
by concentration variation of intracellular luminescent probes or 
excitation laser power [7, 8]. Secondly, it is well known that the 
maximum lifetime of biological autofluorescence is about 10 ns [9], 
whereas the long-lived luminescent probe can remain luminescent 
for several minutes or even hours after cessation of the excitation 
[10, 11]. Collecting the long-lived luminescent signal after short- 
lived signals fade can selectively separate the probe signal from the 

biological autofluorescence [12]. Thus, based on the different emission 
attenuation rates between the biological sample and the long-lived 
luminescent probe, short-lived unwanted noise can be eliminated by 
time-gated luminescence signal measurement, considerably improving 
the signal-to-noise ratio and detection accuracy. 

With slower light release processes, long-lived luminescent 
probes, including lanthanides [13], transition-metal complexes [14], 
inorganic nanomaterials [15], and metal clusters [16], have been used 
for time-resolved biosensing/bioimaging. Persistent luminescence 
materials as long-lived luminescent imaging reagents have also 
been reported almost 20 years ago, whose PersL can last for hours 
or even days after the stoppage of excitation. Largely inspired by 
SrAl2O4:Eu2+,Dy3+ with the luminescence lifetime longer than 30 h 
proposed by in 1996, persistent luminescence materials have been 
rapidly developed [11, 17]. Since then, many inorganic materials 
composed of host materials and activators were discovered to 
exhibit PersL. The reported host materials include germinates [18], 
gallate [19], silicates [20], aluminates [21], stannates [22], sulfides 
[23], phosphates [24] and titanates [25]; activators [26–30] include 
transition metal ions (Mn2+ or Cr3+) [29, 31–34] and lanthanide ions 
(Eu2+, Yb3+, Ce3+ or Pr3+) [24, 35–37]. These materials as persistent 
luminescence nanoprobes (PLNPs) opened a new door to the 
biological applications from biosensing/bioimaging to theranostics. 
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Signal acquisition of PLNPs was performed after external excitation 
is turned off, thereby completely eliminating autofluorescence and 
significantly improving the signal-to-noise ratio and sensitivity [38]. 
Moreover, on account of the long PersL of these nanoparticles 
lasting for a long time (even to several days), long-term tracking  
for in vivo real-time biosensing/bioimaging can be achieved after 
injection. 

Normally, the emission wavelength of PLNPs has been extended 
from UV to near-infrared (NIR) light [39–42]. Considering the 
limited penetration depth of visible light, there has been increasing 
interest in employing near-infrared persistent luminescent nanoprobes 
(NIR PLNPs) to obtain high-quality time-resolved photoluminescence 
images of biological samples with minimized autofluorescence 
interference [43–46]. The PersL of NIR PLNPs falls within the 
tissue transparency window varying from 650 to 1,800 nm [47–49], 
which have stronger signal-to-noise ratio and deeper tissue penetration 
due to the reduced scattering and minimal absorption coefficient of 
NIR light transmitted through biological organs or tissues. However, 
the review about the summary of NIR PLNPs is lacking. At present, 
a number of excellent reviews emphasize the synthesis, chemical 
engineering of PLNPs and their biological applications. Qiu et al. 
presented a very comprehensive summary about the synthetic 
methods, luminescence mechanisms, characterization techniques, 
materials system, and the applications of persistent phosphors [50]. 
Richard et al. systematically summarized the achievements persistent 
luminescence nanoparticles with different matrixes for in vitro and 
in vivo imaging applications [51]. Yan et al. highlighted the advances 
in fabricating specific PLNPs-based nanoprobes and their biological 
applications from biosensing/bioimaging to theranostics [52]. Wang 
et al. summarized the preparation of PLNPs and the applications  
of PLNPs in biosensing, bioimaging and cancer therapy [53]. Singh 
et al. presented an overview of metal ions-doped red and NIR 
persistent materials and their applications for bioimaging [54]. 
These reviews mainly focus on PLNPs and their synthetic methods, 
surface engineering and biological applications. In this review, we 
firstly summarize the design and applications of various kinds of 
NIR PLNPs, including transition metal ions-doped NIR PLNPs, 
lanthanide ions-doped NIR PLNPs, organic molecules-based NIR 
PLNPs, and semiconducting polymer self-assembled NIR PLNPs. 
Secondly, the effects of different types of charge carriers on NIR 
PersL and luminescence decay of NIR PLNPs are significantly 
emphasized so as to build up an in-depth understanding of their 
luminescence mechanism. It includes the regulation of valence 
band and conduction band of different host materials, alteration of 
defect types, depth and concentration changes caused by ion doping, 
effective radiation transitions and energy transfer generated by 
different luminescence centers, etc. Finally, the review discusses the 
remaining challenges and future research directions in this field.  

2 Transition metal ions-doped NIR PLNPs 
There are two types of active centers in long persistent luminescence 
materials: emitters and traps. Emitters as the radiation centers can 
be emitted after excitation, whereas traps usually store excitation 
energy. Due to thermal or other physical stimulations, the excitation 
energy is gradually released to the emitters following by producing 
radiative transition. The emission wavelength of the persistent 
luminescence materials is primarily determined by emitters,  
while the PersL intensity and luminescence decay are dominated by 
trapping states associated with lattice defects or co-dopants. When 
it comes to the trap properties of a given persistent luminescence 
materials, there is no standard to describe it. Usually, three main 
features should be considered, such as trap types, concentrations 
and depths. For traps [55], the trap concentrations can be confirmed 
by a positron annihilation lifetime spectroscopy (PALS) after verifying 
the types [56], whereas the trap depth is necessarily analyzed by   

the thermal luminescence (TL) curves, which act a pivotal part in 
determining the luminescence decay [57]. As a consequence, to 
engineer NIR PLNPs for time-resolved biosensing/bioimaging, a 
proper emitter for emitting NIR light and a suitable host capable of 
generating appropriate traps are required to be seriously considered. 

2.1 Cr3+-doped NIR PLNPs 

Cr3+ is a highly desirable NIR emitter since its 3d3 electron con-
figuration produces a narrow-band emission close to 700 nm 
attributed to the spin-forbidden 2E → 4A2 transition, and a broadband 
emission (650–1,000 nm) ascribed to the spin-allowed 4T2 → 4A2 
transition. Cr3+-doped ZnGa2O4 spinel material, one of the most 
prominent materials, is of great interest in NIR PersL. The ZnGa2O4 
crystal has a cubic AB2O4 spinel structure crystallizing in the Fd3

＿

m 
(Oh

7) space group, in which Zn2+, Ga3+ ions occupy the tetrahedral 
A-sites and the octahedral B-sites, respectively [58–60]. The doped 
Cr3+ preferentially occupy the crystalline Ga3+ site in view of their 
identical valence and identical ionic radius (0.615 Å vs. 0.62 Å) [61] 
in distorted octahedral coordination, which gives rise to a strong 
NIR PersL at 696 nm [62–64].  

In 1973, van Gorkom et al. investigated the emission spectra of 
Cr3+ pairs in the spinel ZnGa2O4 in detail [65]. The authors described 
the excited state of the pair by introducing a modified exchange 
Hamiltonian to explain the optical absorption and emission spectra 
of ZnGa2O4:Cr3+, and proposed an energy-level scheme for Cr3+ in 
ZnGa2O4:Cr3+ bulk crystals. Afterwards, Roy et al. first reported that 
nanocrystalline ZnGa2O4:Cr3+ shows a broad luminescence between 
600 and 800 nm along with sharp spectral transition lines of Cr3+ 
[63]. The authors analyzed the exchange interaction between the 
ZnGa2O4 host and Cr3+ dopant ion from crystal field theory.    
The electronic band structure of nanocrystalline ZnGa2O4 has the 
significant effect on intensity of emission. Later, Bessiere’ group 
investigated the NIR PersL mechanism of ZnGa2O4:Cr3+ by varying 
the nominal Zn/Ga stoichiometry and verified that Cr3+ distorted 
by a neighboring antisite defect as a recombination centre result in 
NIR PersL, rather than ideal Cr3+. ZnGa2O4:Cr3+ was selected as a 
new high-performance NIR PLNPs for in vivo imaging for the first 
time as it corresponds to a transmission maximum for the biological 
tissues [59]. 

To satisfy the crucial demand for ultrasensitive biodetection 
and/or long-term bioimaging, the synthesis of high-quality PLNPs 
with bright NIR PersL and long luminescence decay time is also an 
urgent to consider. Many reported PLNPs were synthesized through 
high-temperature calcination followed by a physical grinding process. 
The prepared nanoparticles based on the “top-down” strategy 
usually aggregate with a poor size distribution and also sacrifice  
the PersL properties. In contrast, the “bottom-up” hydro/solvo- 
thermal strategy for the preparation of PLNPs shows the unique 
advantages of controllable size, uniform shape and effective surface 
functionalization [19, 66–69], which will be more promising in terms 
of in vivo biosensing/bioimaging. The most successful example for 
hydrothermal synthesis of NIR PLNPs was demonstrated by Maldiney 
and co-workers. The author synthesized ZnGa2O4:Cr3+ with size of 
50–100 nm by hydrothermal method, which method is dependent 
on the pH value, initial composition, reaction time and reaction 
temperature. Such unprecedented NIR PersL characteristics of 
Cr3+-doped NIR PLNPs completely avoid tissue autofluorescence 
and open alternatives to high-sensitivity in vivo optical detection, 
long-term bioimaging in living animals (Fig. 1(a)) [6]. Another 
successful example for the hydrothermal synthesis of monodisperse 
sub-10 nm ZnGa2O4:Cr3+ PLNPs was demonstrated by Han et al. in 
2015 [19]. The Cr3+-doped NIR PLNPs can be directly synthesized 
in aqueous solution by a solid-state-reaction-free chemical method. 
Such monodisperse attributes are premises for the further surface 
functionalization and beneficial to the in vivo colloidal stability and  
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Figure 1 (a) In vivo imaging with ZnGa2O4:Cr3+ PLNPs after LED activation. 
The inset shows a luminescence decay curve corresponding to the NIR PersL 
signal. Reproduced with permission from Ref. [6], © Nature Publishing Group 
2014. (b) Schematic illustration of the synthesis and in vivo deep-tissue imaging of 
ZnGa2O4:Cr3+ PLNPs. Reproduced with permission from Ref. [19], © American 
Chemical Society 2015. 

biodistribution of NIR PLNPs ((Fig. 1(b)). A step further, Chen et al. 
designed a facile strategy for the synthesis of monodisperse, 
rechargeable and light emitting diode (LED)-activated ZnGa2O4:Cr3+ 
NIR PLNPs through a modified solvothermal liquid–solid-solution 
method [64]. High-quality ZnGa2O4:Cr3+ PLNPs are roughly spherical 
and show a broad emission band with a sharp peak centered at  
695 nm (Figs. 2(a) and 2(b)). The luminescence decay more than 2 h 
was detected under UV excitation, ascribed to the direct quantum 
tunneling process between the deep traps and the 2E or 4T2 (t2

2e) 
state of Cr3+. By utilizing their unique NIR PersL, biotinylated NIR 
PLNPs as sensitive and specific luminescent nanoprobes exhibited 
a low detection limit (∼ 150 pM) in a heterogeneous bioassay of the 
avidin protein (Fig. 2(c)), thereby revealing the great potential of 
these NIR PLNPs in ultrasensitive biodetection and bioimaging. As 
already mentioned, Cr3+ ion has two excited levels, 2E and 4T2(4F), 
which are sensitive to their external surrounding. Since a thermal 
equilibrium exists between 2E and 4T2(4F) [70], the contributions of 
radiative transitions from 2E → 4A2 and 4T2 → 4A2 of both surface and 
interior Cr3+ ions to external surroundings and NIR luminescence 
can be distinguished. Zhang et al. designed a bifunctional ratiometric 
PersL nanothermometer with ZnGaGeO4:Cr3+ for simultaneous   
in vivo bioimaging and local tissue temperature sensing in the 
physiological temperature range (298−325 K) (Fig. 2(d)) [71]. Above 
all, such Cr3+-doped NIR PLNPs with multifold functions broad the 
feasibility in modern biomedicine sensing and imaging. 

Inspired by the Cr3+-activated gallate for NIR PersL, Pan et al. 
realized NIR PersL in La3Ga5GeO14:Cr3+ phosphor, whose lumine-
scence decay time is more than 1 h [72]. For the practical 
biomedical applications of NIR PLNPs, the lack of controllable size 
or luminescence decay for NIR PersL inevitably imposes significant 
limitations. Therefore, it is highly desirable to develop NIR PLNPs 
with tunable properties. To attain the longer PersL, the same group 
also prepared a series of Cr3+-doped zinc gallogermanate NIR PLNPs, 
achieving a super-long NIR luminescence decay of more than 360 h. 
The electron trapping and detrapping recombination processes in 
Zn3Ga2Ge2O10:Cr3+ was proposed, which were related to the optical 
transitions and electron transfer processes through either conduction 
band or energy-matched tunnelling channels [73]. Additionally, our 
group demonstrated that zinc gallogermanate (Zn1+xGa2−2xGexO4:Cr,  

 
Figure 2 (a) TEM image of ZnGa2O4:0.4% Cr3+ PLNPs. (b) Excitation (blue 
curve) and emission (red curve) spectra of ZnGa2O4:0.4% Cr3+ PLNPs at room 
temperature. The inset is digital photo of the corresponding PLNPs powder 
under 254 nm UV excitation. (c) Schematic illustrations of sensitive and specific 
persistent luminescent biotinylated PLNPs for the detection of avidin in the 
heterogeneous assay. Reproduced with permission from Ref. [64], © Royal 
Society of Chemistry 2017. (d) Schematic illustrations of the contributions of 
the interior and surface Cr3+ ions of the ZnGaGeO4:Cr3+ ratiometric luminescent 
nanothermometers to temperature sensing and in vivo bioimaging. Reproduced 
with permission from Ref. [71], © American Chemical Society 2017. 

0 ≤ x ≤ 0.5, ZGGO:Cr) with composition-dependent size and NIR 
PersL can be directly synthesized to effectively meet different practical 
biomedical requirements [74]. With the increase of x in the chemical 
formula, the size, intensity and decay time of NIR PersL in ZGGO:Cr 
nanoparticles can be fine-tuned (Figs. 3(a)–3(c)). What is more, 
the size of the ZGGO:Cr nanoparticles gradually increases by 
simply changing x in the formula. For in vivo imaging, ZGGO:Cr 
nanoparticles can efficiently eliminate tissue autofluorescence by 
collecting the NIR PersL signal of ZGGO:Cr nanoparticles after the 
short-lived autofluorescence decays completely (Figs. 3(d) and 3(e)). 
To conclude, the developed ZGGO:Cr nanoparticles give tremendous 
opportunities for autofluorescence-free bioimaging and can further 
contribute to potential areas, such as real-time monitoring of 
biological processes and constructing guiding systems for surgery. 

Apart from the above-mentioned Cr3+-doped NIR PLNPs,  
Qiu’s group also rationally designed and successfully fabricated 
Zn3Ga2Sn1O8:0.5 Cr3+ with remarkable long NIR PersL features by 
partially substituting Zn and Sn for Ga. The Zn3Ga2Sn1O8:0.5 Cr3+ 
phosphor shows bright NIR PersL and long decay time over 300 h, 
permitting a long-term, rechargeable and reliable deep tissue 
imaging. Moreover, the trap types of single ionized Zn interstitial 
and the Zn vacancy capturing an electron, and the larger deep  
trap concentrations also successfully verify the rationality of the 
material design [75]. Compared to Cr3+-doped zinc gallogermanate 
NIR PLNPs, Cr3+-doped non-gallate NIR PLNPs (Zn2SnO4:Cr3+ 
and Zn(2–x)Al2xSn(1–x)O4:Cr3+) were also obtained, whose optical 
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characteristics of broad emission band range from 650 to 1,200 nm 
with the peaking at 800 nm and long luminescence time about 35 h 
[76]. This is because that Cr3+ can easy occupy the sites of Zn2+ and 
Sn4+ by non-equivalently substitution, Al dopant can precisely tailor 
the local crystal field of host materials and adjust the trap 
distribution in this system. Above all, Cr3+-doped NIR PLNPs will 
open up new avenues for the exploration of more promising NIR 
PLNPs for medical imaging with superior resolution and low 
autofluorescence interference. 

2.2 Mn2+-doped NIR PLNPs 

Mn2+ possesses an incompletely filled d shell and has a typical 3d5 
electron configuration. Due to the involvement of the outermost d 
shells, the energy transitions of Mn2+ are considerably sensitive to the 
crystal/ligand field [77]. The interaction between Mn2+ ion surrounded 
by anions in different possible geometries (i.e., spherical, linear, 
square planar, tetrahedral, or octahedral) can be illustrated utilizing 
the crystal field theory. Mn2+ local environments in various 
crystallographic sites lead to the different distributions of the emission 
energies and generate a broad emission band varying from blue-green 
(490 nm) to NIR (750 nm) corresponding to the parity-forbidden 
3d–3d intra-atomic transition from the lowest excited level 4T1  
(4G) to the ground state 6A1 (6S). Green emission is produced by 
tetrahedral coordinated Mn2+ ion [78], whereas orange to red emission 
is given by octahedral coordinated Mn2+ ions [79, 80]. Thus, the 
emission strongly depends on the coordination number of Mn2+ in 
hosts. 

In 2007, Daniel Scherman’s group firstly reported Mn2+-doped 
NIR PLNPs with maximum intensity ~ 690 nm. Compared with 
the red-emitting MgSiO3:Eu2+,Dy3+,Mn2+, the authors prepared 
Ca0.2Zn0.9Mg0.9Si2O6:Eu2+,Dy3+,Mn2+ phosphor and altered the com-
position of the host lattice by introducing Ca and Zn. In the 

phosphor, Dy3+ dopant acts as trap centres and Eu2+ as the primary 
acceptor of energy, respectively. The energy is subsequently released 
to Mn2+ ions through quantum tunneling and transfer processes 
under thermal stimulus. The symmetry and crystal field strength 
around the Mn2+ site change along with the composition changes in the 
host, thus generating the emission from red to NIR, corresponding 
to the well-known transition from 4T1(4G) excited state to the 
6A1(6S) fundamental state [47]. To improve the persistent emission 
intensity/persistent time for in vivo long-term monitoring and 
diagnosis applications, the same group [81] synthesized several 
Mn2+-doped diopside nanoparticles, either co-doped with trivalent 
lanthanide ions, e.g. CaMgSi2O6:Mn2+,Ln3+ (Ln3+= Dy, Pr, Ce, Nd) 
(CMSO:Ln), or tridoped with Eu2+ and trivalent lanthanide ions, e.g. 
CaMgSi2O6:Mn2+,Eu2+,Ln3+ (CMSO:Eu,Ln) (Fig. 4). During irradiation, 
holes are mainly trapped by Mn2+ ions in Mg2+ sites, while electrons 
are trapped by oxygen vacancies and Ln3+ ions. Mn2+ emission from 
4T1 to 6A1 occurs by thermally activated electrons release and capture 
by Mn3+. Based on the different trap depths of Ln3+ ions on the NIR 
PersL properties of Mn2+-doped CMSO, the authors verified that 
Pr3+ ions in tridoped CMSO diopside provide the optimal electron 
trap levels (~ 0.7 eV) below the conduction band edge and the 
recombination at room temperature responsible for the highest NIR 
PersL. Additional doping with Eu2+ not only allowed for sensitization 
to UV irradiation, critical for a suitable in vivo application, but 
also left the relative efficiency of electron traps unchanged. In 
conclusion, Daniel Scherman and coworks’ pioneering works have 
greatly promoted the design of Mn2+-doped NIR PLNPs and its 
application in biomedical field. 

Apart from Mn2+-doped silicate, Mn2+-doped germanate as 
persistent luminescence materials are considerably studied. Usually, 
the PersL of Mn2+-doped germanate mainly centered on visible light 
region. For example, Zn2GeO4:Mn2+ showed a green PersL [82, 83], 

 
Figure 3 (a) TEM images, (b) photoluminescence spectrum and (c) PersL decay images of the Zn1+xGa2−2xGexO4:Cr (0 ≤ x ≤ 0.5) nanoparticles. (d) Elimination of
autofluorescence interference with ZGGO:Cr nanoparticles. (e) In vivo mice imaging with ZGGO:Cr (x = 0.2) nanoparticles, cyanine derivative dye, and Ag2Se QDs. 
Reproduced with permission from Ref. [74], © American Chemical Society 2017. 
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and MgGeO3:Mn2+; Li2ZnGeO4:Mn2+, CaZnGe2O6:Mn2+ [84], etc. 
presented an orange-red PLNPs. To date, NIR PersL of Mn2+-doped 
germanate was rarely reported. Inspiringly, Mn2+-doped sodium 
gallium germanate (Na(Al,Ga)Ge3O8:Mn2) glasses have been realized 
NIR PersL. The phosphors exhibit PersL in the spectral range 
from 600 to 800 nm, whose PersL can persist longer than 48 h at a 
dopant content of 0.1% Mn2+ (Fig. 5) [85]. When nanocrystalline 
high-albite Na(Al,Ga)Ge3O8 is precipitated from the supercooled 
melt through controlled thermal annealing, it can preserve the 
emission of Mn2+ ions, and in the meanwhile, the luminescence 
decay can be further improved more than 100 h. This originates 
from the introduction of Mn2+ at octahedral lattice sites with a more 
ionic bonding character in the nanocrystalline, and significantly 
increase defect density while decreasing depth. Owing to the 
prominent properties of Mn2+-doped Na(Al,Ga)Ge3O8 nanocrystal, 
it may hold great promise for in vivo bioimaging or tumor therapy. 
Until now, only limited works have been developed and the design of 
Mn2+-doped NIR PLNPs is still at the early stage. Currently, the 
reported Mn2+-doped NIR PLNPs are also far from reaching the  

 
Figure 5 (a) Emission spectra of glass samples Na(Al,Ga)Ge3O8:xMn2+ (0 ≤ x ≤ 
0.5) under excitation at 250 nm. (b) Emission decay curve for glass samples 
Na(Al,Ga)Ge3O8:xMn2+ (0 ≤ x ≤ 0.5). Inset: plot of lifetime to the Mn content x. 
(c) Photographs of glass samples Na(Al,Ga)Ge3O8:0.1Mn2+ upon different 
crystallization time (0–5 h) and persistent time (0–180 s) after ceasing 254 nm 
excitation. (d) Schematic diagram of the possible mechanism leading to the red 
to ultralong NIR PersL from the Mn2+-doped glasses and glass-ceramics. EC1, 
EC2 and EC3 represents the different types of octahedral Mn2+ emission centers; 
D1, D2 and D3 represents the different types of defects. Reproduced with 
permission from Ref. [85], © Royal Society of Chemistry 2015. 

requirements in biomedical applications. Further development and 
expansion are still necessary in the follow-up research. 

2.3 Mn4+-doped NIR PLNPs 

Mn4+ is another highly desirable NIR doping candidate because Mn4+ 
as same as Cr3+ ions possesses a 3d3 configuration in an octahedral 
coordination, showing a stabilized NIR emission from 600 to 800 nm 
[86, 87]. Once determining an activation ion, a proper host material 
capable of creating appropriate defects should be paid more attention 
to. Perovskite-type rare earth oxide is generally represented by 
the general formula of ABO3, wherein the A site is occupied by  
the trivalent rare earth ions such as Y3+, La3+ or Gd3+ ions, and the B 
site can be substituted by Al3+, Ga3+ ion or Mg2+/Zn2+-Ti4+ pair. 
Luminescence performance will be improved and changed with the 
replacement of chemical units in the A, B site while the crystal 
structure remains essentially unchanged.  

Due to the excellent ability of Mn4+ ions to substitute for Al3+/Ga3+ 
ions in octahedral sites, aluminates/germanates are anticipated to be 
the greatest representative host for producing NIR PersL. Therein, 
inspired by the design of CaTiO3:Pr3+ phosphor [88–90], Qiu et al. 
[91] developed a strategy and proposed a design concept for NIR 
PersL. The authors selected MAlO3 (M = La, Gd) and Mn4+ as the 
host and emitter, respectively. They successfully fabricate a series  
of novel Mn4+-doped MAlO3 (M = La, Gd) phosphors with the 
emission maximum around 730 nm. By in-depth investigation of 
defect types and trap depths, the non-equivalent substitution of 
Mn4+ for Al3+ forms various defects including electron traps and 
hole traps. An improvement of long luminescence decay over 20 h 
is realized by co-doping Ge4+/Mn4+. The obtained imaging of deep 
pork tissues injected with GdAlO3:0.1%Mn4+, 0.9%Ge4+ phosphor 
reveals that the phosphors gives a very superior resolution at even  
2 h post-injection and allow real-time bioimaging for tissue monitor 
more than 12 h (Figs. 6(a) and 6(b)).  

Since the luminescence efficiency of LaAlO3:Mn4+ is low, Poelman 
et al. proposed a charge compensation strategy with Cl−/Na+/Ca2+/ 
Sr2+/Ba2+/Ge4+ co-dopants for enhancing the photoluminescence and 
PersL intensity performance [92]. Besides Mn4+-doped MAlO3 (M = 
La, Gd), Qiu’s group further synthesized a novel non-rare-earth doped 
phosphor La2MgGeO6:Mn4+ with NIR PersL by solid-state reaction 
and proposed the possible luminescence mechanism to describe the 
long PersL behaviors in La2MgGeO6:Mn4+ phosphors (Figs. 6(c) 
and 6(d)). After UV light irradiation, electrons in the valence band 
are promoted to the conduction band, and simultaneously generate 
the hole traps. Mn4+ ions luminescence center obtains most of the 
excitation energy, producing a characteristic red emission, while the 
remaining part is subsequently captured by hole traps or electron 
traps. After stoppage of the irradiation, the trapped carriers are 
gradually released to the Mn4+ ions in the form of nonradiative 
transitions, resulting in the NIR PersL [93]. In addition, Hu group  

 

Figure 4 (a) Time-dependent Mn2+ luminescence intensity at 685 nm of CMSO and rare-earth co-doped CMSO:Ln compounds without further excitation after 
X-ray irradiation for 10 min. The inset shows the long-lasting phosphorescence spectrum. (b) Schematic energy level diagram of Mn2+ and Ln3+ in CZMSO and CMSO 
diopside PLNPs and in vivo imaging of different CZMSO and CMSO diopside PLNPs. Reproduced with permission from Ref. [81], © American Chemical Society 2011. 
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Figure 6 (a) Excitation and emission spectra spectra of GdAlO3:0.1%Mn4+,0.9%Ge4+ 
sample. (b) Long PersL decay imaging of pork tissue. (Reproduced with 
permission from Ref. [91], © Royal Society of Chemistry 2014). (c) Long PersL 
spectra of La2MgGeO6:Mn4+ after removal of the UV lamp excitation for 
different decay time. Inset: the digital photographs of La2MgGeO6:Mn4+ samples 
pre-irradiated by UV lamp for 5 min for different decay time. (d) Schematic 
diagram of possible long PersL mechanism in La2MgGeO6:Mn4+. Reproduced 
ith permission from Ref. [93], © The American Ceramic Society 2017. 

also successfully synthesized non-rare-earth doped long-persistent 
phosphor: Mg2GeO4:Mn4+ with emission centered at 659 nm and 
lasting for 2 h [94]. The above-mentioned Mn4+-doped NIR persistent 
materials will also broaden new horizons in fabricating novel NIR 
PLNPs and open the possibility of optical imaging with superior 
resolution and low autofluorescence interference. 

3 Lanthanide ions-doped NIR PLNPs 
Lanthanides have the same electronic configuration in both outer 
and sub-outer layer. Electrons are gradually filled into the 4f orbitals 
of lanthanides from 4f0 (for La) to 4f14 (for Lu). Benefited from their 
ladder-like dense energy level structures, lanthanides can generate 
emission ranging from the UV–visible to NIR regions [95, 96]. 
Since the effective shielding of 6s and 5p orbitals minimizes the 
ligand field effects, the luminescence of the lanthanides is mainly 
caused by electron redistribution within 4f orbitals. The electronic  

transitions within 4f orbitals are forbidden because of the violation 
of the Laporte rule, so the luminescent states of lanthanides are 
populated through energy transfer from a sensitizing host [97–101]. 
Thus, the emission of lanthanide ions-doped nanocrystals can be 
adjusted by varying both lanthanide emitters and host materials. 
Owing to the intersystem crossing and energy transfer processes 
between host and lanthanides, lanthanides display the extremely 
long-lived luminescence. However, the PersL of most lanthanide ions 
is usually located in visible region instead of NIR region. It is mainly 
due to the fact that the 5d state of the lanthanide is too high to be 
charged and it lacks carrier traps with a suitable defect types, depths, 
or distributions, etc. at room temperature. Before that, Bunzli et al. 
summarized some NIR PLNPs doped with lanthanide ions and 
their characteristic transitions in the NIR region [102, 103], where 
the main lanthanides such as Eu, Pr, Nd, Yb and Er mentioned 
can give prominent NIR PersL. Here we summarize the reported 
lanthanide ions-doped NIR PLNPs in recent years, including host, 
emitter, co-dopants, characteristic emission region and luminescence 
decay (Table 1). 

Eu2+ ion is the most common luminescent center of lanthanide 
ions-doped phosphor. According to the crystal field effect (i.e. the 
main electrostatic effect of adjacent ions on Eu2+), Eu2+ ions in solids 
have different emission wavelengths. A strong crystal field can reduce 
the lowest emission level of the 4f 6 5d1 electron configuration and 
produce yellow, orange, and red emission [23, 115]. Among them, 
the green SrAl2O4:Eu2+,Dy3+ and the blue Sr2MgSi2O7: Eu2+,Dy3+ 
have been commercially available and are being widely used [116]. 
The research and development in Eu2+-doped NIR PLNPs are  
far behind. On one hand, a concept of persistent energy transfer 
between two different emitting centers was proposed. In the energy 
transfer process, the emission spectrum overlaps between one and 
another emitting center in the same matrix, the later emitting center 
can be excited through persistent energy transfer to emit a longer 
wavelength persistence emission. Based on this, the most successful 
example for the Eu2+-doped NIR PersL from emitting centers Eu2+ 
to Er3+ in the well-known SrAl2O4:Eu2+, Dy3+ phosphor was realized 
[117]. On the other hand, suitable auxiliary dopants to create highly 
dense trapping levels is another well-developed strategy. For instance, 
Smet et al. [104] studied the PersL of Eu2+-doped Ca2SiS4 co-doped 
with the rare-earth elements (Dy, Nd, Sm, or Tm). Only Ca2SiS4:Eu,Nd 
phosphor shows the strongest PersL at 660 nm, because the 
co-doping of Nd lead to the addition of infrared emission lines into 
the luminescence spectrum, originating from 4f–4f transitions 
within Nd3+. 

Table 1 Detail of host, emitter, co-dopants, emission region and luminescence decay of lanthanide ions-NIR PLNPs 

Host Emitter Co-dopants λemission or emission region Luminescence decay References 
Y2O3 

 
Tm3+ 

Ho3+ 

Er3+ 

Yb3+ ~ 810 nm 
~ 1,200 nm 

1,000–1050 nm, ~1,530 nm 

— 
— 

[36] 

Y3Al2Ga3O12 Er3+ Ce3+,Cr3+ 1,450–1,670 nm > 10 h [49] 
Ca2SiS4 Eu2+ Nd3+ 660 nm ~ 18 min [104] 

MgGeO3 Pr3+  625, 900, 1,085 nm > 120 h [105] 
Ca3Ga2Ge3O12 Pr3+ Yb3+ 975 nm > 100 h [106] 

Sr3Sn2O7 Nd3+  1,079 nm 1,000 s [107] 
MgGeO3 Yb3+  1,019 nm > 100 h [108] 
CaTiO3 Yb3+ Bi3+ ~ 1,000 nm > 80 h [109] 

Ba0.8AlSi5O2N7 Yb2+  664 nm 300 s [110] 
Gd2-xRExO2 CO3 Yb3+  ~ 1,000 nm 144 h [111] 

Ca2SnO4 Sm3+  565, 610, 654 nm 30 min [112] 
BaGd2O4 Dy3+  670, 763 nm — [113] 

Ca4(PO4)2O Eu2+ Y3+ 690 nm > 200 s [114] 
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Additionally, Yb displays parity-allowed 5d–4f transition and tunable 
emissions, enabling it to be another potential emitter for Yb-doped 
NIR PLNPs. Lanthanide ions-doped gadolinium oxycarbonates 
Gd2−xRExO2CO3 (RE = Yb, Eu, Dy) were synthesized and the 
emission spectra were shown (Figs. 7(a)–7(c)) [111]. Among them, 
only Yb3+-doped Gd2O2CO3 has showed a significant NIR PersL at 
around 970 nm and exhibits a long luminescence decay time more 
than 6 days. The emission spectrum of Yb3+-doped Gd2O2CO3    
at 970 nm is dominated by the 2F7/2–2F5/2 transition of Yb3+ [118].  
In contrast, the PersL intensity of both the Eu3+- and Dy3+-doped 
Gd2O2CO3 is short-lived and extremely weak. The spectrum of 
Eu3+-doped Gd2O2CO3 shows a group of characteristic 5D0–7FJ 
transition of Eu3+ with the strongest emission peak of about 612 nm 
[119]. The emission lines of Dy3+-doped Gd2O2CO3 are ascribed  
to the 4F9/2–6HJ transitions of Dy3+ ion at around 575 nm [120]. 
Moreover, Xie et al. further reported that both Yb2+ and Yb3+ are 
considered as NIR PersL emitters to simultaneously exhibit strong 
PersL in the visible spectral region centered at 664 nm and NIR regions 
at 980 nm (Figs. 7(d)–7(f)) [110]. Trap centres in Ba0.8Sr0.2AlSi5O2N7 
phosphor are originated from the intrinsic defects of host material, 
which are caused by slight N/O ratio deviation during the synthesis 
process. The captured electrons are released to the lowest 4f135d1 
excited state of Yb2+ ions via thermal assistance processes. Since the 
distance between the excited state of Yb2+ (4f135d1) and the energy 
level of the host conduction band is very small, the 4f135d–4f14 
transition of the Yb2+ ion causes the broad emission band centered 
at 664 nm. Meanwhile, the resonance energy transfer from Yb2+ to 
Yb3+ and the consequent 2F5/2–2F7/2 transition of Yb3+occurs leading 
to a typical sharp emission peak at 980 nm. Hence, Yb-doped NIR 
PLNPs can also be selected as another ideal optical probe for 
further deep-tissue bio-application to avoid the autofluorescence 
interference. 

To date, the emission regions of NIR PLNPs are mostly located  
in the first bioimaging window (NIR-I, 650–950 nm). Dai and his 
group have recently shown NIR-II (~ 1,000–1,350 nm) fluorescence 
images recorded from deep-tissue anatomical imaging decorated 

with NIR-II probes have higher contrast compared to images 
recorded in the NIR-I window [121, 122]. Owing to the transitions 
from the excited state 4F3/2 to different 4IJ states (J = 9/2, 11/2, 13/2), 
Nd3+ ions have strong emission bands centered at 900, 1,060 and 
1,340 nm and are well-suited for NIR-II optical imaging. OHNO et al. 
synthesized Nd3+-doped Sr3Sn2O7 of a double-layered perovskite 
structure with oxygen octahedral tilt and rotation, which emits an 
intense NIR-II luminescence from 4f–4f transition of Nd3+ [107]. 
Intriguingly, under the skin of chicken wings for biological imaging, 
the Sr3Sn2O7:Nd3+ ceramic disk with a diameter of about 25 mm   
is invisible, while NIR PersL of the Sr3Sn2O7:Nd3+ ceramic disk is 
clearly visible. Hence, the deep transmission of NIR-II wavelength 
enhances the image contrast of Sr3Sn2O7:Nd3+, which may have the 
potential to acquire the time-resolved imaging of internal structures 
with higher contrast. 

Benefited from the typical 4I13/2–4I15/2 transition at around 1,550 nm, 
Er3+ is also considered as the most promising emitter of NIR 
PLNPs whose emitting wavelength matches well with the NIR-III 
(~ 1,500–1,800 nm) window. As the above mentioned in Eu2+-doped 
NIR PLNPs, the PersL from Er3+ through energy transfer from  
Eu2+ in the SrAl2O4:Eu2+,Dy3+ phosphor extend the emission 
wavelength [117]. However, after removing the UV excitation, the 
NIR PersL intensity and decay of the Er3+ emission at 1,530 nm is 
much weaker and shorter (less than 10 min) than the ultra-long PersL 
(more than 10 h) from Eu2+ in the green region. An successful example 
was promoted, where the Y3Al2Ga3O12:Er3+,Ce3+,Cr3+ exhibited long 
(more than 10 h) NIR-III PersL ranging from 1,450 to 1,670 nm 
through an efficient persistent energy transfer process form Ce3+ 
(Figs. 8(a)–8(c)) [49]. The excited electron of Ce3+ in the conduction 
band of Y3Al2Ga3O12 is trapped by the electron trapping center from 
Cr3+ and subsequently released from the formed Cr2+ trap with the 
thermal release back to the excited state of Ce3+. The 5d1–2F5/2, 2F7/2 
transition of Ce3+ exhibit a broad band peaking at around 500 nm. 
At the same time, the resonance energy transfer process from Ce3+ 

to Er3+ takes place, which finally causes two intense sharp bands 
arising from the sharp NIR-I luminescence band (around 862) of 

 
Figure 7 (a) TEM images with element mappings of Gd, Yb and X-ray powder diffraction (XRD) pattern of Yb3+-doped Gd2O2CO3. (b) Time-dependent long 
luminescence decay curve of Yb3+-doped Gd2O2CO3. The experimental data are fitted using a hyperbolic decay (red curve). (c) Normalized PersL emission spectra of 
different rare-earth elements doped Gd2O2CO3 phosphors. Reproduced with permission from Ref. [111], © American Chemical Society 2014. (d) Normalized 
photoluminescence excitation and photoluminescence spectra of Ba0.8Sr0.2AlSi5O2N7:Yb. (e) Long luminescence decay curves of Yb doped and undoped Ba0.8Sr0.2AlSi5O2N7

(λmon. = 980 nm). Inset: the PersL emission spectrum of Ba0.8Sr0.2AlSi5O2N7:Yb from 950 to 1,200 nm after the removal of 254 nm excitation. (f) Schematic 
representation of the PersL mechanism of Ba0.8Sr0.2AlSi5O2N7:Yb. Reproduced with permission from Ref. [110], © Royal Society of Chemistry 2017. 
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4S3/2–4I13/2 transitions of Er3+ and the broad NIR-III luminescence 
(around 1,532 nm) because of the typical 4I13/2–4I15/2 transition of 
Er3+ ( Fig. 8(d)). On account of improved optical resolution quality 
and deep tissue penetration depth in the NIR-III window, Er3+-doped 
NIR PLNPs can be expected as a functionalized bioprobe for in vivo 
biosensing/bioimaging in the near future. 

Among the known PLNPs, emitting centre ions play an important 
role in NIR PersL. Diversifying the emitting ions may be useful to 
advance the general comprehension of the phenomenon. At the 
same time, if the trap depth of holes or electrons can be controlled, 
we can reasonably design the capture and release process of charge 
carriers. It is theoretically significant for regulating the PersL 
properties in principle. In 2003, the energy level scheme for 
lanthanides in host, such as YPO4, was firstly proposed by Dorenbos 
et al. [123]. The author presented that charge carriers trapped by 
trivalent lanthanide impurity are determined by the location of the 
ground state of the divalent and trivalent lanthanides relative to the 
valence and conduction bands of the host material. Afterwards, 
successful examples were demonstrated by Bos [124] and Bessiere 
et al. [24]. Ce3+, Ln3+ co-doped or Pr3+, Ln3+ co-doped YPO4 can act as 

charge storage phosphors by a comprehensive thermally stimulated 
luminescence (TSL) study. The ground state energy of Ce3+ is above 
the valence band of YPO4, which can trap a hole from the valence 
band from 25 to 700 °C. Ln3+ as electron traps released electrons 
into the conduction band. Recombination with charge carriers 
result in the characteristic 5d-4f emission of Ce3+ in the UV region. 
Pr3+ as another recombination center (and hole trap) plays a similar 
role to Ce3+ giving rise to red luminescence, which is highly 
consistent with the predicted position of its ground state relative to 
the valence band from the predicted energy level scheme. In 
addition, Lyu et al. deliberately designed storage phosphors through 
precisely controlling the release of electrons and holes based on the 
constructed vacuum referred binding energy (VRBE) diagrams and 
band gap engineering [125]. Figure 9(a) shows the constructed VRBE 
diagram of YPO4 in the 4fn ground state of trivalent and divalent 
lanthanides. The curves I and II link the VRBE of the ground state 
electrons of divalent and trivalent lanthanides, respectively. Such a 
diagram plays an important role in determining which shallow and 
deep electron–hole trap combinations to achieve the specific 
persistent phenomenon. The lanthanide related hole trap depth can 

 
Figure 8 (a) PersL emission spectra of the Y3Al2Ga3O12:Er3+,Ce3+,Cr3+. (b) and (c) Wavelength–temperature contour plots of the Y3Al2Ga3O12:Er3+,Ce3+,Cr3+ samples. 
(d) Schematic representation of the PersL mechanism for Y3Al2Ga3O12:Er3+,Ce3+,Cr3+ samples. Reproduced with permission from Ref. [49], © Royal Society of 
Chemistry 2016. 

 
Figure 9 (a) VRBE diagram of the lanthanides with various traps depth in YPO4. (b) Stacked VRBE diagram of RePO4 with the binding energy in the ground states of 
Eu2+, Pr3+, and Tb3+. Reproduced with permission from Ref. [125], © Royal Society of Chemistry 2018. 
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be tuned through tailoring the VRBE at the top of the valence band 
and electron trap depth can be engineered by altering the VRBE at 
the bottom of the conduction band (Fig. 9(b)) [126]. In a word, by 
gaining insight into the trap level position, the transport and capture 
of charge carriers, the regulation of conduction band and valence 
band provides a promising approach to design electron and hole 
traps for new optical storage and long NIR PersL phosphors. 

4 Organic molecule-based NIR PLNPs 
Most PLNPs are typically limited to metal-containing inorganic 
materials. The obtained inorganic PLNPs usually have some limitations. 
For example, the fabrication of inorganic PLNPs requires high tem-
peratures over 1,000 °C and light scattering of inorganic host 
prevents the transparency of materials [50, 127]. The emission is 
controlled by slow release of trapped charge carriers from isolated 
traps of impurities, defects or ions through thermal stimulation, 
leading to low luminescence efficiency. In contrast, organic long- 
persistent luminescent (OLPL) systems, which are free from rare 
elements, have some more advantages than inorganic PLNPs in 
terms of solubility, transparency, flexibility and color tunability. The 
emission of OLPL originates from the recombination of long-lived 
charge-separated states of an exciplex, which forms between donor 
radical cations and acceptor radical anions. Under photo-excitation, 
donor molecule and acceptor molecule firstly form the charge- 
transfer states. Then, the generated radical ions of charge-transfer 
states diffuse by the hopping of charges and form the stable charge- 
separated states. After the stoppage of excitation, the separated 
charge carrier of the exciplex gradually recombine to generate long 
emission. 

Recently, Adachi and coworkers developed OLPL materials    
by a simple mixture of electron-donor and electron-acceptor 
molecules, N,N,N,N’-tetramethylbenzidine (TMB) and 2,8-bis(dip-
henylphosphoryl) dibenzo[b,d]thiophene (PPT). The obtained 
OLPL materials exhibit long-lived luminescence for more than 1 h 

at room temperature, which endows them with the ability for in 
vivo bioimaging [1]. Owing to the low photoluminescence quantum 
yield of the above OLPL materials, slightly adding a little emitter 
dopants into the exciplex forming matrix was early studied to improve 
the quantum yield [128, 129]. Adachi’s group tunes and enhances 
the OLPL emission of the same charge-separation matrix by doping 
different emitters, including 2,5,8,11-tetra-tert-butylperylene (TBPe), 
9,10-bis[N,N-di-(ptolyl)-amino]anthracene (TTPA), 2,8-di-tert- 
butyl-5,11-bis(4-tertbutylphenyl)-6,12-diphenyltetracene (TBRb), 
tetraphenyldibenzoperiflanthene (DBP), and 4-(dicyanomethylene)- 
2-methyl-6-julolidyl-9-enyl-4H-pyran (DCM2) (Fig. 10(a)) [130]. The 
TMB and PPT molecules can immediately form charge-transfer 
states under photo-excitation and turns into a charge-separated 
state consisting of TMB radical cations and PPT radical anions. The 
charge-separated states can maintain for a long time at room 
temperature. Afterwards, the radical cation and the radical anion 
gradually recombine and form exciplexs in singlet and triplet states, 
which exhibit a broad emission ranging from greenish-blue to  
NIR. Such broad emission spectrum of the exciplex is sufficiently 
overlapped with the absorption spectrum of the emitter dopant, the 
energy of the generated exciplex can be transferred into the emitter 
dopant via FRET, which broadly tune long persistent luminescent 
emission (Figs. 10(b) and 10(c)). Based on this principle, the TMB: 
PPT:DCM2-based OLPL system show unprecedented advantages in 
achieving an extremely effective NIR PLNPs with superior resolution 
for autofluorescence-free bioimaging compared with TMB:PPT and 
TMB:PPT:TBPe (Figs. 10(d)–10(f)). 

5 Semiconducting polymer self-assembled NIR 
PLNPs 
Semiconductor polymer nanoparticles (SPNs) are a novel class of 
photonic nanomaterials, whose main component is semiconducting 
polymer with a π-electron delocalized backbones [131–133]. SPNs 
can produce very bright fluorescence, and the optical properties 

 
Figure 10 (a) Chemical structures of the electron donor (TMB), electron acceptor (PPT), and five different emitter dopants. (b) Emission mechanism of OLPL involved
the form of charge-transfer state and the recombination a charge-separated state between TMB and PPT. (c) Energy level scheme of the charge-separation matrix and an
emitter dopant. Steady-state photoluminescence and LPL emission spectra of (d) TMB:PPT, (e) TMB:PPT:TBPe, (f) TMB:PPT:DCM2. Reproduced with permission
from Ref. [130], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2018. 
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are primarily determined by the molecular structure of polymer 
nanoparticles. Since the band gap can be turned by monomers used 
for polymerization, SPN is also widely used as a highly sensitive 
chemical and bioluminescent probe to meet different imaging 
requirements [134–136]. Rao et al. firstly used nano-precipitation 
of MEHPPV, PS-PEG-COOH and NIR775 to synthesize the bio-
compatible SPNs, which can emit NIR PersL with nearly 1 h decay 
time after the stoppage of white light excitation (Fig. 11(a)) [137]. 
Compared to the undoped nanoparticles, the MEHPPV emission at 
500–700 nm significantly decrease in the NIR775-doped nanoparticles, 
indicating effective energy transfer from the MEHPPV polymer to 
the NIR775 dye via FRET. In the NIR775-doped polymer nano-
particle, both fluorescence spectrum and PersL spectrum show  
a broad emission at 500–700 nm and a sharp peak at 780 nm 
(Fig. 11(b)). The semiconductor layer of the polymer can be effectively 
activated by white light excitation and then captures the excitation 
energy. The energy gradually release from the trap and was 
transferred to the NIR775, generating NIR PersL. Due to extremely 
low background interference, the NIR PersL imaging offers much 

improved signal-to-noise ratio compared with fluorescence imaging 
by injecting NIR775-doped MEHPPV polymer nanoparticles into 
the mice (Fig. 11(c)). This creative work indicates the potential of 
semiconducting polymer self-assembled NIR PLNPs for auto-
fluorescence-free in vivo imaging. 

Although Rao et al. observed the NIR PersL phenomenon in SPNs, 
it has not been explored whether the long PersL signal of SPNs 
from chemical structure or nanoparticle structure. Pu et al [138] 
designed SPNs with different molecular structures and further 
investigated the PersL mechanism. The authors found that only 
some phenylenevinylene (PPV)-based SPNs with electron-donating 
substituents show obvious PersL, which involves 1O2-induced formation 
of unstable chemical defects from a PPV-dioxetane intermediate. 
Such unstable intermediate can spontaneously degrade into a PPV- 
aldehyde to generate photons, confirming that the chemical structure 
rather than the nanoparticle structure determines the NIR PersL  
of SPNs. To effectively amplify and redshift the NIR PersL of SPNs, 
silicon 2,3-naphthalocyanine bis(trihexylsilyloxide) (NCBS) as 1O2 
producer and NIR emitter was doped into MEHPPV (Fig. 12(a)). 

 
Figure 11 (a) Schematic of nano-precipitation of MEH-PPV nanoparticles doped with NIR775 and fluorescence (FL) and PersL spectra of MEH-PPV nanoparticles doped
with NIR775 because of the Förster resonance energy transfer (FRET). (b) Comparison of signal-to-noise ratio of in vivo PersL and FL imaging after intravenous
injection of the nanoparticles. Reproduced with permission from Ref. [137], © Wiley-VCH VerlagGmbH &Co. KGaA,Weinheim 2015. 

 
Figure 12 (a) Schematic illustration of the preparation of SPN-NCBS through nanoprecipitation and the proposed mechanism for 1O2-sensitizer-amplified NIR 
PersL. (b) Schematic illustration of lymph node PersL imaging. (c) In vivo fluorescence and PersL imaging of a lymph node after intradermal injection of SPN-NCBS5 
into the forepaw of mouse. (d) Schematic illustration of PersL imaging of HeLa tumor-bearing mice. (e) In vivo PersL and fluorescence images of HeLa tumor-bearing 
mice after intravenous injection of SPN-NCBS5. Reproduced with permission from Ref. [138], © Nature Publishing Group 2017. 
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Due to the efficient energy transfer from MEHPPV to NCBS, the 
MEHPPV fluorescence at 580 nm gradually decreased, while NIR 
PersL of NCBS at 775 nm gradually increase with increasing doping 
concentration. When NCBS-doped MEHPPV was used to real-time 
mapping of lymph nodes, the signal-to-noise ratio of PersL image 
substantially increased to 127-fold than fluorescence image (Figs. 12(b) 
and 12(c)). After injected into tail vein of HeLa tumor-bearing mice, 
both NIR PersL and NIR fluorescence signals in the tumor site 
gradually increased over time. Also, the signal-to-noise ratio of NIR 
PersL images was higher than that of NIR fluorescence images in all 
time points, 23.3 times higher than that of NIR fluorescence image 
at t = 2 h (Figs. 12(d) and 12(e)). In addition to the above mentioned 
MEHPPV-based SPNs, the same group further promoted the 
application for ultrasensitive imaging of metastatic tumors in living 
mice with amphiphilic poly(p-phenylenevinylene) derivatives that 
self-assemble into the nanoagent (SPPVN) [139]. Therefore, with 
superior contrast in imaging of NIR dye-doped SPNs, more and more 
semiconducting polymer self-assembled NIR PLNPs and advanced 
scientific applications should be explored. 

6 Conclusion and outlook 
Over the past decades, PLNPs have attracted a wide range of 
attention in autofluorescence-free biosensing/bioimaging. In this 
review, we mainly focused on the different types of NIR PLNPs 
for biomedical applications. The design, fabrication and biological 
application of transition metal ions-doped NIR PLNPs, lanthanide 
ions-doped NIR PLNPs, organic molecules-based NIR PLNPs, and 
semiconducting polymer self-assembled NIR PLNPs and their 
biological application were summarized. Owing to the reduced 
scattering and absorption coefficient in penetrating biological organs 
or tissues, NIR PLNPs possess deep tissue penetration. Therefore, 
NIR PLNPs are ideal for in vivo biosensing/bioimaging with 
superior resolution and sensitivity. Although different kinds of NIR 
PLNPs are extensively studied to achieve better biological application, 
lots of efforts are still desired in many areas, such as (1) development 
of NIR PLNPs that can be charged by visible or even NIR light. 
NIR PLNPs in long-term biosensing/bioimaging is limited by UV 
irradiation with low penetration depth and high cellular damage.  
(2) Expansion of the emission band of NIR PLNPs to the second  
or third transparent window. The longer NIR PersL can improve 
the detection sensitivity of biomarkers for different diseases.     
(3) Improvement of PersL intensity and persistent decay time. Usually, 
emitting centres with lower fluorescence quantum efficiency will 
result in the decrease of PersL intensity, but defect properties (defect 
types, depths, or distributions etc.) and conduction band engineering, 
can significantly tune the luminescence properties. For example, 
the PersL intensity of Eu3+ co-doped MgGeO3:Mn2+ increased 
with increasing Zn content, while that of Yb3+ co-doped phosphors 
decreased, resulting from lowering the bottom of the conduction 
band relative to the ground state of the divalent lanthanide ions 
[140]. (4) Exploration of the new activators and matrices. The center 
and corresponding host of NIR PLNPs are very limited, especially 
OLPL systems. For Cr3+-doped NIR PLNPs, only gallates can be used 
as the suitable hosts to effectively generate NIR PersL. In addition 
to the gallates, aluminates and silicates, it is expected to discover 
new persistent luminescent matrices. For NIR OLPL systems, only 
TMB:PPT was reported as charge-separation matrix. In a word, to 
take full advantage of PLNPs for in vivo biosensing/bioimaging, the 
considerable strategies are altering the crystal structure of the host 
material to regulate the trap types and trap depth, selecting proper 
emitters for effective radiative transition as well as transferring 
energy of sensitizers to acceptors to tune long NIR PersL, which 
have been proposed as the important and considerable factors for 
rationally engineering NIR PLNPs. 
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