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Persistent luminescence is an optical phenomenon where solid phosphors can store photoenergy in 
defects and release the energy by luminescence after stopping excitation. Due to the intriguing optical 
characteristics, the defect luminescence based persistent phosphors have attracted enormous atten-
tion in recent decades, especially in biomedical fields such as biosensing and bioimaging. Persistent 
luminescence nanoparticles (PLNPs) can effectively avoid the autofluorescence interference from 
complex samples or tissues, leading to significantly improved sensitivity in biological analysis. In this 
review, we summarized the methods to control the optical performance of PLNPs from the perspec-
tives of controlled synthesis and defect regulation, and emphasized the close relationship between 
their optical performance and applications. We further provided a summary about a series of PLNPs 
nanoprobes designed by our group for biosensing and bioimaging. Our efforts, summarized in this 
review, will not only open a window for manipulating luminescence in PLNPs, but also further promote 
the application of PLNPs in biomedicine. 
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1. Introduction 

Persistent luminescence (PersL) refers to the optical phe-
nomenon that luminescence lasts for seconds or even days after 
ceasing excitation.

[1-4]
 PersL is originated from the crystal defects 

in solid phosphors (a substance that exhibits the phenomenon of 
luminescence), that is, a kind of defect luminescence.

[5-7]
 Defects 

are the irregular arrangement of atoms in the crystal, such as 
vacancies and interstitials.

[8-10]
 Under excitation, charge carriers 

are created and subsequently trapped by defects.
[11-12]

 After exci-
tation ceases, the trapped charge carriers can escape from the 
defects by thermal or other physical stimulations, and further 
recombine to generate the PersL.

[11-12]
 Regulating the morphology 

and defects of the defect luminescence based persistent phos-
phors can control their optical properties, including the intensity, 
decay time and emission wavelength.

[13-16]
 Generally, PersL inten-

sity of persistent phosphors decreases with the increased particle 
diameter.

[15]
 The intensity and decay time of PersL mainly depend 

on the depth of the trap levels in the bandgap. Phosphors with 
shallow traps mostly show a strong PersL intensity and a short 
lifetime. Whereas, deep traps usually produce a weak intensity 
and long-lasting luminescence.

[17]
 In addition, ion doping tends to 

be accompanied by energy transfer, making it possible for the 
emission spectrum to change from blue to red.

[18]
 Therefore, the 

defect luminescence based persistent phosphors can exhibit dif-
ferent optical properties by manipulating their morphology and 
defects. These various optical properties will endow persistent 
phosphors with the potential to meet different application re-
quirements.

[19-20]
 

The autofluorescence of biological chromophores usually in-
terferes with conventional optical imaging.

[21-22]
 Collecting the 

PersL signals after the short-lived autofluorescence disappears 
completely can effectively eliminate the autofluorescence inter-
ference.

[23-24]
 Based on this property, defect luminescence based 

persistent phosphors have broad application prospects in bio-
medicine.

[25-26]
 In biomedical applications, the optical properties 

of persistent phosphors will largely affect their performance in 
bioimaging and biosensing. Enhanced PersL intensity and pro-
longed decay time can effectively improve imaging sensitivity.

[27-29]
 

The long PersL decay time makes persistent luminescence materi-
als suitable for long-term biological imaging.

[30-31]
 In addition, 

there is a close relationship between the wavelength of PersL and 
the biological penetration depth. Tuning the wavelength to the 
near-infrared region can effectively improve the tissue penetra-
tion ability of the PersL signal.

[23,25]
 By controlling the morphology 

and defects of persistent phosphors, the optical properties can be 
optimized to expand their applications in biomedicine. 

In recent years, the significant progress in size and morpho-
logical control, PersL mechanism, and luminescence properties of 
persistent phosphors has greatly promoted their bioapplica-
tions.

[32-33]
 As plenty of groundbreaking works have been reported,  
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many reviews on persistent phosphor have also been published. 
At present, several excellent reviews emphasize the synthesis, 
functionalization and bioapplications of persistent phosphors. Qiu 
et al. made a comprehensive review on the synthesis methods, 
luminescence mechanisms, defect characterization techniques, 
material systems and applications of persistent phosphors.

[13]
 

Richard et al. systematically summarized the researches on per-
sistent luminescent nanoparticles (PLNPs) with different matrixes 
for in vitro and in vivo imaging applications.

[34]
 Yan et al. empha-

sized the surface engineering of PLNPs-based nanoprobes and 
their advances in bioapplications from biosensing/bioimaging to 
therapeutics.

[32]
 Wang et al. provided a summary in the prepara-

tion of PLNPs and their applications in biosensing, bioimaging and 
cancer therapy.

[33]
 Luo et al. reviewed the common surface modi-

fication methods and research progress of surface modified per-
sistent phosphors in biosensing and bioimaging.

[35]
 However, to 

our knowledge, the influence of morphology and defect regula-
tion on the optical properties and bioapplications of persistent 
phosphors has rarely been reviewed. In this review, we present 
an overview of our efforts on defect luminescence based persis-
tent phosphors from controlled synthesis methods, defect regula-
tion to biomedical applications. In the first section, we describe 
the synthesis methods of PLNPs with different shapes. In the se-
cond section, we describe the relationship between defects and 
luminescence properties of PLNPs. In the last section, we summa-
rize the applications of PLNPs in bioimaging and biosensing. 

2. Controlled Synthesis of PLNPs 

The synthesis methods of PLNPs are of great significance to 
their microstructure and optical properties, and are also closely 
related to the application performance of PLNPs.

[36]
 In recent 

years, the rapid development of biomedical field naturally puts 
forward more requirements on the morphology and luminescence 
properties of PLNPs.

[37]
 This makes PLNPs with controllable mor-

phology and size, excellent PersL properties, and effective surface 
functionalization become an emerging research trend. The con-
ventional method for synthesizing PLNPs is the “top-down” ap-
proach such as a high temperature solid-state reaction. In this 
method, grinding is required to break down the bulk rough grains 
into nanoparticles.

[38]
 However, PLNPs prepared by the top-down 

method usually show insignificant surface modification, poor dis-
persion, and heterogeneous size and shape distribution.

[13]
 Such 

shortcomings affect the PersL properties of PLNPs, further hin-
dering their biomedical applications. To prepare PLNPs with con-
trolled properties for biomedical applications, our group and oth-
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er researchers have pioneered the bottom-up methods for PLNPs 
synthesis.

[39-41]
 

2.1. Hydrothermal/solvothermal method 

Hydrothermal/Solvothermal method refers to a synthetic 
method, where the precursor solution is reacted in a closed sys-
tem at a certain temperature and pressure.

[42]
 Hydrothermal/ 

solvothermal method has the advantages of low synthesis tem-
perature, mild conditions and relatively stable system.

[41-42]
 This 

method, therefore, represents a high-efficiency and energy-saving 
synthesis method for nanomaterials. The controllable reaction 
parameters can enable the synthesis of PLNPs with easy disper-
sion and surface functionalization.

[13]
 Additionally, the properties 

of the PLNPs can be easily regulated by changing the reaction 
parameters.

[38]
 Our group has developed several solvothermal 

methods for the controlled synthesis of PLNPs. 
As illustrated in the synthesis route outlined in Figure 1a, we 

controlled the chemical composition of PLNPs and prepared a 
series of Zn1+xGa2‒2xGexO4:Cr (0 ≤ x ≤ 0.5, ZGGO:Cr) nanoparticles 
with tunable properties.

[43]
 Transmission electron microscopy 

(TEM) images show that these ZGGO:Cr nanoparticles are well- 
dispersed and have uniform shape and size (Figure 1b). The size of 
ZGGO:Cr nanoparticles gradually increases from about 7 nm to 
around 80 nm as the value of x increases. The PersL decay images 
in ZGGO:Cr nanoparticles (Figure 1c) further shows that the 
ZGGO:Cr nanoparticles are all activated by an orange LED, and 
strong PersL can be detected after the cessation of excitation. 
With the increase of x from 0 to 0.5, the decay time and PersL 
intensity primarily increase and then decrease. It is worth noting 
that the PersL of ZGGO:Cr nanoparticles with x = 0.2 is still strong 
even after 10 h of decay, indicating their potential prospects for 
long-term bioimaging.  

We also prepared a series of Zn2GeO4:Mn (ZGO:Mn) PLNPs 
with different sizes and PersL properties by controlling the pH of 
the hydrothermal reaction system.

[44]
 As shown in Figure 1d, 

ZGO:Mn PLNPs are well-dispersed with typical rod shape. By 

 
Figure 1  (a) Schematic illustration of the synthesis of Zn1+xGa2‒2xGexO4:Cr 

(0 ≤ x ≤ 0.5) PLNPs by the hydrothermal method. (b) TEM images and (c) 

PersL decay images of Zn1+xGa2‒2xGexO4:Cr (0 ≤ x ≤ 0.5) PLNPs. Reprinted 

with permission.[43] (d) TEM images, (e) photoluminescence images and (f) 

PersL images of the Zn2GeO4:Mn PLNPs prepared at different pH values. 

Reprinted with permission.[44] 

increasing the pH of the reaction system from 6.0 to 7.5, the 
length of the ZGO:Mn PLNPs decreases rapidly from about 900 nm 
to 60 nm. The length of the nanorods further increases to nearly 
80 nm when the pH increases to 9.5. The luminescence images of 
ZGO:Mn PLNPs dispersion under excitation (Figure 1e) present 
that the luminescence of the ZGO:Mn PLNPs changes gradually 
from blue to green with the increase of pH. This can be attributed 
to the gradual increase of Mn

2+
 emission and decrease of defect 

luminescence. After the removal of excitation, ZGO:Mn PLNPs 
display strong PersL and adjustable luminescence color (Figure 1f). 
Additionally, we also realized regulating the size and PersL prop-
erties of Zn1.5GaGe0.5O4:Cr PLNPs by the similar method.

[42]
 These 

results confirm that the properties of PLNPs can be well tuned by 
simply changing the reaction parameters of the hydrothermal 
system. 

Based on hydrothermal/solvothermal method, we synthe-
sized ZGO:Mn PLNPs with different morphologies by a molecular 
coordination method.

[45]
 Specifically, organic amines serve as a 

structure-directing reagent. Due to the difference in the number 
of amino groups, amine ligands will exhibit different coordination 
capabilities. By introducing ethylenediamine, butanediamine, and 
diethylenetriamine, the morphology of ZGO:Mn changes from 
nanorods to dumbbells, and finally to spherical shapes with the 
increase of the amino groups in the ligand (Figure 2a). At the 
same time, the diameter of the spikes that make up the dendrites 
gradually decreases. Among them, by using triethylenetetramine 
as the ligand, we obtained uniform ZGO:Mn flower-like dendrites 
with dense and sharp spikes. The element mapping image and 
EDX analysis results show the uniform distribution of Zn, Ge, O 
and Mn in the crystal (Figure 2b). The phosphorescence spectrum 
indicates that ZGO:Mn PLNPs have strong long-lived emission 
(Figure 2c). The PersL decay images show that ZGO:Mn PLNPs 
exhibit strong PersL and long decay time (Figure 2d). The above 
observations demonstrate that the morphology of PLNPs can be 
well-tuned by changing the coordination ability of the ligand in 
the hydrothermal reaction system. 

 

Figure 2  (a) The schematic illustration, and SEM images of Zn2GeO4:Mn 

persistent phosphors synthesized with amine ligands with different coor-

dination abilities. (b) The element mapping images of the Zn2GeO4:Mn 

radiated dendrites. (c) The phosphorescence spectrum of Zn2GeO4:Mn 

PLNPs. (d) The PersL decay images of Zn2GeO4:Mn PLNPs. Reprinted with 

permission.[45] 

Furthermore, we developed a biphase solution chemical reac-
tion system to directly synthesize one-dimensional ZGO:Mn 
PLNPs.

[46]
 We showed that the phase, morphology and PersL 

properties of PLNPs can be effectively controlled by adjusting the 
hydrothermal reaction time. In addition, doping can fine-tune the 
PersL intensity and the decay time of ZGO:Mn PLNPs. We believe 
that these unique nanostructured PLNPs prepared by this chemi-
cal method without solid-state reactions will facilitate the devel-
opment of imaging optical devices. 

2.2. Thermal decomposition method 

Thermal decomposition method refers to the preparation of 
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nanocrystals by thermally decomposing the precursor in high- 
boiling solvent.

[47-48]
 It is one of the best methods for synthesizing 

stable and small monodisperse nanoparticles with controllable 
morphology and size.

[49-50]
 By changing the precursor/surfactant 

ratio, reaction temperature, reaction time and aging period, the 
size and morphology of the nanoparticles can be precisely control-
led.

[51]
 Due to these advantages, nanomaterials are widely synthe-

sized by thermal decomposition method, including upconversion 
nanoparticles, magnetic nanoparticles and rare earth oxide nano-
crystals.

[52-54]
 Recently, thermal decomposition method has been 

used for the synthesis of PLNPs by our group. 
We reported a thermal decomposition method based on met-

al acetylacetonates for controlled synthesis of PLNPs with sub-5 
nm size (Figure 3a).

[55]
 In this method, metal acetylacetonates are 

used as the precursors due to their proper decomposition speed 
during thermal reactions. Oleylamine is used as the solvent and 
the stabilizer to avoid the aggregation of the nanocrystals. With 
this approach, we prepared the ZnGa2O4:Cr (ZGO: Cr) PLNPs. 
Moreover, the luminescence properties of ZGO:Cr can be en-
hanced by doping ions such as Al

3+
 or Sc

2+
. As shown in Figure 3b, 

Al
3+

-doped ZGO:Cr (ZGO:Al,Cr) PLNPs display uniform morphology 
and good dispersion. Size distribution curve indicates that the 
average size of ZGO:Al,Cr PLNPs is about 5 nm (Figure 3c). With 
the Al

3+
 concentration increased from 0 to 0.1%, the phos-

phorescence intensity and PersL intensity of the ZGO:Al,Cr gradu-
ally increase (Figures 3d—3e). Moreover, we extend the thermal 
decomposition method to other persistent phosphor systems, 
including sulfide and fluoride. Specifically, we have synthesized 
ZnS:Cr and CaF2 by this method. The PersL in the ZnS:Cr PLNPs 
and CaF2 PLNPs can last for more than 30 min and 1 h, respec-
tively. Overall, the thermal decomposition method can be used to 
prepare the PLNPs, and the PersL properties of the obtained 
PLNPs can be well controlled by methods such as ion doping. 

 
Figure 3  (a) Schematic illustration of the controlled synthesis of PLNPs 

by a thermal decomposition method. (b) TEM image, (c) size distribution, 

(d) phosphorescence spectra, and (e) PersL decay images of the ZGO:Al,Cr 

PLNPs. Reprinted with permission.[55] 

Together, to acquire the optimal solution between morpholo-
gy/size and PersL performance, the synthesis methods have been 

studied and improved from several aspects. Compared to the 
“top-down” approaches, the “bottom-up” methods have signifi-
cant advantages in the morphology and uniformity control of the 
preparation of PLNPs.

[13,39-41]
 By changing the reaction conditions 

such as temperature and pH, PLNPs with different morphologies 
and sizes can be obtained, and the PersL properties of PLNPs can 
also be optimized. Controllable synthesis of PLNPs is a key factor 
affecting their biomedical applications.

[56]
 Although great progress 

has been achieved, the preparation of PLNPs by the “bottom-up” 
methods is still in the research stage, and the reported approach-
es only partially improve the performance of PLNPs.

[30,38,57]
 So far, 

there is no general synthesis technology that can accurately con-
trol the morphology/size and PersL properties of PLNPs at the 
same time to meet the different needs of biomedical applications. 
Therefore, in the future, existing synthesis methods should be 
further improved or new synthesis methods need to be developed 
to simultaneously optimize the morphology, particle size and 
PersL properties of PLNPs. 

3. Defect Regulation 

The intensity and duration of PersL directly affect the applica-
tion performance of PLNPs in biomedicine.

[58]
 During the in vivo 

imaging, the PersL intensity of PLNPs decreases over time, result-
ing in a declining imaging sensitivity.

[59]
 Most PLNPs need to be 

activated by ultraviolet (UV) irradiation. Due to the limited tissue 
penetration of UV, PLNPs cannot be effectively reactivated by UV 
light.

[60]
 Therefore, regulating the emission wavelength of PLNPs 

from UV to visible, or even near-infrared, is beneficial for expand-
ing their bioapplications. The researches on the structure and 
PersL mechanism of PLNPs provides guidance for the design of 
PLNPs that are suitable for specific bioapplications. The overall 
mechanism of PersL is now recognized to be involved in the for-
mation of defects in phosphors.

[7,12]
 With the increased number of 

defects in the phosphor, the stored energy increases, thereby 
PersL can be enhanced. Whereas, high-density defects will cause a 
concentration quenching effect, resulting in a weakening of 
PersL.

[43,61]
 Modulating the defects in persistent phosphors is not 

only helpful to study the mechanism of PersL, but also can realize 
the regulation of the PersL intensity and decay time. 

3.1. Hetero-valence ion doping 

By doping host lattices with ions that have different valence 
from the host ions, hetero-valence ion doping can serve as an 
effective strategy to effectively introduce charged defects into the 
host lattice.

[62]
 The hetero-valence doped ions usually act as lu-

minescence centers or energy transfer mediators to affect the 
luminescence characteristics of persistent phosphors.

[62-63] 

By hetero-valence ion doping strategy, we prepared 
Zn(Ga1−xZnx)(Ga1−xGex)O4:Cr PLNPs by doping Ge

4+
 into ZnGa2O4:Cr 

(ZGO:Cr) to investigate the relationship between defects and PersL 
properties.

[64]
 As shown in Figure 4a, the Zn(Ga1−xZnx)(Ga1−xGex)O4: 

Cr PLNPs present a broad emission ranging from 650—750 nm in 
the photoluminescence spectra. The peak near 715 nm is the 
Stokes phonon sideband line, indicating that Cr

3+
 occupies the 

ideal octahedral position. Previous studies have shown that the 
PersL of ZGO:Cr is mainly contributed by the N2 line emission.

[12]
 

Obviously, the N2 line turns stronger with increasing the doped 
ratio of Ge

4+
. The PersL decay curves of Zn(Ga1−xZnx)(Ga1−xGex)O4: 

Cr PLNPs are presented in Figure 4b. Compared with undoped 
ZGO:Cr, the luminescence intensity of doped persistent lumines-
cence materials is significantly enhanced, and the intensity in-
creases with the addition of doped Ge

4+
. The above results clearly 

illustrate that hetero-valence doping of Ge
4+

 alters the local 
structure of Cr

3+
, affecting the luminescent properties of the 

PLNPs. 
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Figure 4  (a) Photoluminescence spectra, (b) PersL decay curves and (c) 

EPR spectra of Zn(Ga1−xZnx)(Ga1−xGex)O4:Cr PLNPs. N2: N2 zero photon line. 

S-PSB: Stokes phonon sideband line. Schematic illustration of the crystal 

structure of (d) ZnGa2O4:Cr, (e) Zn1.1Ga1.8Ge0.1O4:Cr and (f) Zn1.2Ga1.6Ge0.2O4:Cr. 

Reprinted with permission.[64] 

Further, we investigated the number of charge defects near 
Cr

3+
 in Zn(Ga1−xZnx)(Ga1−xGex)O4:Cr using low temperature elec-

tron paramagnetic resonance (EPR). Then we simulated the 
charge defects near disturbed and undisturbed Cr

3+
 in octahedral 

locations, respectively. The absorption band of perturbed Cr
3+

 is 
weaker than that of unperturbed Cr

3+
 in ZGO:Cr (Figure 4c). With 

the increase of doped Ge
4+

, the absorption band of perturbed Cr
3+

 
gradually increases, while that of undisturbed Cr

3+
 becomes 

weaker. These results show that the perturbation of Cr
3+

 content 
in Zn(Ga1−xZnx)(Ga1−xGex)O4:Cr increases significantly with the 
hetero-valent doping of Ge

4+
. This may be due to the increase of 

charged defects in the lattice. As shown in Table 1, the number of 
positively charged defects Ge

o
Ga, Ga

o
Zn and negatively charged 

defects Zn
’
Ga increases significantly with the increase of the dop-

ing amount of Ge
4+

. The observation reveals that a large number 
of charge defects have been introduced into 
Zn(Ga1−xZnx)(Ga1−xGex)O4:Cr by doping hetero-valence ions. We 
also studied the crystal structure of Zn(Ga1−xZnx)(Ga1−xGex)O4:Cr 
via Rietveld refinement. Compared with ZGO:Cr (Figure 4d), all of 
the doped Ge

4+
 ion enters the octahedral sites in Zn1.1Ga1.8Ge0.1O4: 

Cr (Figure 4e) and Zn1.2Ga1.6Ge0.2O4:Cr (Figure 4f). Specifically, the 
amount of Ga

3+
 ions at tetrahedral site and Zn

2+
 ions at octahedral 

site in Zn1.2Ga1.6Ge0.2O4:Cr are much higher than that at 
Zn1.1Ga1.8Ge0.1O4:Cr. Together, ion doping can introduce defects 
into the PLNPs and thus achieve the regulating of their PersL 
properties. 

Table 1  Charge defects in Zn(Ga1−xZnx)(Ga1−xGex)O4:Cr. Reprinted with 

permission.[64] 

Composition (x) Geo
Ga Zn’

Ga Gao
Zn 

0 0 0.03 0.03 

0.1 0.1 0.18 0.08 

0.2 0.2 0.38 0.18 

3.2. Surface defects passivation 

Many studies have reported the relationship between defects 
and PersL, whereas the influence of surface defects on PersL re-
mains unclear.

[8-12]
 Surface defects are the most commonly en-

countered defects for nanomaterials.
[65-67]

 A large number of ex-
posed atoms on the surface of nanomaterials lead to the produc-
tion of surface defects for the balance of charge

[68]
. Surface de-

fects are widespread on the surface of nanomaterials and can 
affect their luminescence performance.

[69]
 Our group investigated 

the influence of surface defects on the PersL of PLNPs. 

Taking the classic zinc gallogermanate (ZGGO:Cr) PLNPs as the 
model, we investigated the relationship between surface defects 
and PersL.

[61]
 By utilizing the surface coating strategy to passivate 

the surface defects, we prepared two core-shell structured PLNPs, 
Zn1.2Ga1.6Ge0.2O4:Cr@ZnGaO4 (ZGGO:Cr@ZGO) and 
Zn1.2Ga1.6Ge0.2O4:Cr@SiO2 (ZGGO:Cr@SiO2) (Figure 5a). TEM im-
ages show that the synthesized ZGGO:Cr@ZGO exhibits a uniform 
quasi-spherical shape with an average diameter of about 15 nm 
(Figure 5b). High-angle annular dark-field scanning transmission 
electron microscopy (HAADF-STEM) image clearly presents the 
core-shell structure of ZGGO:Cr@ZGO, manifesting the successful 
epitaxial growth of the ZnGaO4 shell (Figure 5c). ZGGO:Cr@SiO2 
also shows a uniform quasi-spherical shape (Figure 5d) and a clear 
core-shell structure (Figure 5e). Further, we investigated the lu-
minescence properties of ZGGO:Cr@ZGO and ZGGO:Cr@SiO2. The 
luminescence decay curve reveals that ZGGO:Cr@ZGO and ZGGO: 
Cr@SiO2 have stronger PersL intensity than ZGGO:Cr (Figure 5f). 
The corresponding luminescence decay image further proves that 
ZGGO:Cr@ZGO and ZGGO:Cr@SiO2 exhibit stronger PersL intensi-
ty and longer decay time than uncoated ZGGO:Cr (Figure 5g). 
These observations demonstrated that surface defects quench the 
PersL in PLNPs. Surface defect passivation can effectively enhance 
the PersL intensity and prolong the PersL time in PLNPs. 

 

Figure 5  (a) Schematic illustration of surface defects passivation of PLNPs 

by a surface coating strategy. (b) TEM image and corresponding size dis-

tribution of the ZGGO:Cr@ZGO PLNPs. (c) HAADF-STE image of the 

ZGGO:Cr@ZGO PLNPs. (d) TEM image and corresponding size distribution 

of the ZGGO:Cr@SiO2 PLNPs. (e) HAADF-STE image of the ZGGO:Cr@SiO2 

PLNPs. (f) The luminescence decay curve and (g) corresponding lumines-

cence decay images of ZGGO:Cr, ZGGO:Cr@ZGO and ZGGO:Cr@SiO2 PLNPs. 

Reprinted with permission.[61] 

The excitation and emission characteristics of PersL are critical 
factors affecting the biomedical applications of PLNPs. To make 
full use of PLNPs for in vivo biosensing and bioimaging, the main 
strategy is to modulate trap types, depths and concentrations by 
changing the crystal structure of the host material.

[20,70]
 At present, 

researchers mainly use rare earth ion doping and other methods 
to achieve defect regulation of PLNPs.

[71-72]
 All in all, defect plays a 

crucial role in PersL. However, the current understanding of the 
defect characteristics of PLNPs is not comprehensive enough, and 
the understanding of how defects participate in the PersL process 
is not deep enough. The relationship between defects and PersL 
should be further studied in the future, thereby optimizing effec-
tively the bioapplication performance of PLNPs via defect regula-
tion. 



 

 
Chin. J. Chem. 2021, 39, 3188—3198 ©  2021 SIOC, CAS, Shanghai, & WILEY-VCH GmbH www.cjc.wiley-vch.de 3193 

Defect Luminescence Based Persistent Phosphors Chin. J. Chem. 

4. Biomedical Applications 

In the past few decades, due to their significant advantages of 
high sensitivity, non-invasive and time-efficient, optical sensing 
and imaging technologies have become indispensable tools in the 
biomedicine and life sciences.

[73-74]
 So far, a variety of advanced 

fluorescent probes, such as fluorescent dyes, metal complexes, 
upconversion nanoparticles, and persistent phosphors, have been 
developed and successfully applied in biomedicine.

[75-76]
 Among 

these, persistent phosphors show unprecedented advantages in 
bioimaging and biosensing due to their unique ability to eliminate 
the interference of autofluorescence from biological samples.

[23-26]
 

The optical properties such as the PersL intensity and lifetime of 
phosphors will inevitably affect biomedical applications.

[19-20,23]
 

Regulating the morphology and defects can further optimize the 
luminescence properties of PLNPs, making them better applied in 
biomedicine. Our group has successfully applied the optimized 
PLNPs to fingerprint imaging and bioimaging, and further realized 
the detection of clinical samples, such as human serum and 
urine.

[43-44,77-79]
 

4.1. Fingerprint imaging 

Fingerprints contain a large amount of information such as 
friction ridge patterns and the metabolism of the donors, which 
are widely applied in forensic investigation and access control.

[80]
 

Latent fingerprints are the most common form of fingerprints.
[81]

 
For fingerprints on substrates that can produce background fluo-
rescence, latent fingerprint images are usually masked, which 
severely reduces sensitivity and resolution of current imaging 
method.

[82]
 Persistent phosphors can effectively avoid background 

fluorescence through collecting the PersL signal after the short- 
lived background fluorescence has decayed.

[23-24]
 Accordingly, 

persistent phosphors hold the potential to be an ideal choice for 
latent fingerprint imaging. 

We reported a strategy that uses PLNPs to realize back-
ground-free latent fingerprint imaging (Figure 6a).

[78]
 Acting as 

labeling agents for latent fingerprint detection, persistent lumi-
nescence materials functionalized with carboxyl groups can be 
linked to fingerprint by reacting with the amino groups in finger-
print ridges. Under excitation, the substrate exhibits strong back-
ground fluorescence, leading to the seriously blurred fingerprint 

 

Figure 6  (a) Schematic Illustration of background-free latent fingerprint 

imaging strategy with ZGO:Ga,Mn-COOH PLNPs. (b) Photograph of a 

treated fingerprint on a poker card (left) and a soft drink can (right) under 

excitation and after excitation ceased. (c) Specific details of (b). Reprinted 

with permission.[78] (d) Schematic illustration of the easy-to-perform strat-

egy for background-free latent fingerprint imaging with ZGO:Mn-COOH 

PLNPs. Photographs and luminescent images of marked fingerprints on (e) 

a cellphone, (f) a wineglass, and (g) scissors. Reprinted with permission.[83] 

image. After excitation ceases, the background fluorescence de-
cays rapidly, while the PLNPs remain luminescent, presenting a 
clear fingerprint image. The ZGO:Ga,Mn-COOH nanoparticles 
were utilized to mark the fingerprints on a poker card and a soft 
drink can to investigate imaging capability. As shown in Figure 6b 
and Figure 6c, the ZGO:Ga,Mn-COOH effectively avoided the in-
terference of background fluorescence, and bright fingerprint 
images with clear ridges can be observed. Notably, the high-qual-
ity fingerprint images make it possible to visualize specific details. 
Under higher magnification, the detailed information of the fin-
gerprint such as termination, bifurcation, whorl, and lake, can be 
clearly confirmed. The above results prove convincingly that 
PLNPs can effectively eliminate background fluorescence inter-
ference and are valuable in latent fingerprint imaging. 

We further established a more easy-to-perform strategy for 
background-free fingerprint imaging based on electrostatic inter-
action.

[83]
 As shown in Figure 6d, fingerprint imaging is realized by 

simply dropping the acidic Zn2GeO4:Mn-COOH (ZGO:Mn-COOH) 
colloidal dispersion stored in a portable spray bottle on the latent 
fingerprints. In a certain acidic pH range, ZGO:Mn-COOH PLNPs 
are negatively charged, whereas the proteins and amino acids in 
the latent fingerprints are positively charged, resulting in 
ZGO:Mn-COOH PLNPs binding to ridges in latent fingerprints by 
electrostatic interaction. Under excitation, the image of latent 
fingerprints is blurry. After the excitation is switched off, the 
ZGO:Mn-COOH PLNPs remain luminescent to show a clear finger-
print image. Without destructive operations, ZGO:Mn-COOH 
PLNPs can specifically bind to latent fingerprints only by adjusting 
the pH of the ZGO:Mn-COOH colloidal dispersion. Importantly, the 
acidic ZGO:Mn-COOH colloidal dispersion can be stored in a port-
able spray bottle for on-site detection. We used this imaging 
method to mark fingerprints on a mobile phone display screen, a 
wineglass, and scissors (Figure 6e). All the obtained fingerprints 
can display clearly visible fingerprint details. Collectively, ZGO: 
Mn-COOH nanoparticles display great versatility for removing 
background interference, suggesting their capabilities in potential 
areas such as criminal investigation and anti-counterfeiting au-
thentication. 

4.2. Bioimaging 

Optical bioimaging is an indispensable technology in modern 
biomedicine.

[84]
 It has the advantages of high sensitivity, non- 

invasiveness, and easy operation.
[85]

 Despite the many advantages, 
this technique is susceptible to interference from tissue autofluo-
rescence.

[21-24]
 Studies have found that persistent phosphors can 

effectively eliminate autofluorescence interference in bioimaging 
due to the long decay time of PersL.

[23-24]
 In a proof of concept 

study, we used Zn1.2Ga1.6Ge0.2O4:Cr (ZGGO:Cr) PLNPs for autofluo-
rescence-free bioimaging.

[43]
 After autofluorescence attenuates 

completely, the interference of autofluorescence can be avoided 
by gathering the PersL signal of ZGGO:Cr nanoparticles. As dem-
onstrated in Figure 7a, ZGGO:Cr nanoparticles injected into mice 
were activated in vivo. The strong autofluorescence in mice under 
excitation leads to the poor imaging sensitivity and low signal- 
to-noise ratio. The autofluorescence disappears rapidly after the 
stoppage of excitation, but the remaining PersL signal eliminates 
the interference of autofluorescence. Moreover, ZGGO: Cr, cya-
nine derivative dye and Ag2Se quantum dots were subcutaneously 
injected into mice for bioimaging (Figure 7b). Obviously, the PersL 
signal of ZGGO:Cr nanoparticles (left panel) is clear without auto-
fluorescence interference. On the contrary, cyanine derivative dye 
(middle panel) and Ag2Se quantum dots (right panel) injected 
mice both are observed with strong autofluorescence, making it 
difficult to distinguish the emission signal of cyanine derivative 
dye and Ag2Se quantum dots. The comparison demonstrates the 
potent ability of ZGGO:Cr nanoparticles in eliminating autofluo-
rescence interference.  
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We further developed the ZGGO:Cr PLNPs functionalized with 
aptamer (ZGGO:Cr-Apt) for tumor-targeting imaging in vivo. After 
injection, an obvious Persl signal is observed at tumor sites in 10 
min and the peak signal intensity is reached at 1 h (Figure 7c). It is 
worth noting that luminescence signal at tumor sites is still visible 
obviously at 5 h. Subsequently, the mice injected with ZGGO: 
Cr-Apt were dissected and in vitro images of tumor and various 
organs are obtained in Figure 7c. These observations prove pow-
erfully that persistent phosphors are ideal for long-term free- 
autofluorescence targeted biological imaging and hold broad 
prospects in cancer diagnosis. 

 

Figure 7  (a) Schematic illustration of the elimination of autofluorescence 

interference by ZGGO:Cr nanoparticles. (b) In vivo imaging of mice after 

different treatments. (c) In vivo and in vitro luminescent images of mice 

after injection of ZGGO:Cr-Apt nanoparticles. Reprinted with permis-

sion.[43] 

4.3. Biosensing 

The detection of biomarkers in complex samples plays an im-
portant role in early diagnosis and treatment evaluation.

[86]
 At 

present, fluorescence analysis has been widely used in biosensing 
due to its high selectivity and sensitivity.

[87]
 However, complex 

biological samples contain a variety of biomolecules, resulting in 
strong background fluorescence interference.

[88-89]
 Phosphors 

with long lifetime luminescence have the potential to eliminate 
autofluorescence in complex samples due to their unique optical 
properties.

[23-24]
 Therefore, we studied the application of our de-

veloped PLNPs in biosensing.  
The ZGO:Mn PLNPs functionalized with lysozyme-binding ap-

tamer (ZGO:Mn-LBA) were prepared for detection of lysozyme in 
serum. The photoluminescence and PersL spectra of the mixed 
solution were obtained by adding ZGO:Mn-LBA into serum (Figure 

8a).
[44]

 The curve shows that strong fluorescence appears in 
400—600 nm in photoluminescence spectra and the autofluores-
cence seriously covers the luminescence signal of ZGO:Mn-LBA at 
536 nm. The phosphorescence curve demonstrates that autofluo-
rescence of serum disappears completely after taking off excita-
tion. The unique long-lived PersL signal of ZGO:Mn-LBA was ob-
tained in the process of detection. The spectra clearly indicate 
that ZGO:Mn-LBA can effectively eliminate the interference of 
serum autofluorescence. We further analyzed the response of the 
biosensing probe to lysozyme, and measured the phosphores-
cence curve in the presence of lysozyme with different concentra-
tions (Figure 8b). The spectra reveal that the addition of lysozyme 
resulted in the effective recovery of the PersL of the biosensing 
probe. The above results clearly indicate that ZGO:Mn-LBA can 
effectively eliminate the interference of serum autofluorescence, 
exhibiting excellent biosensing performance. 

 

Figure 8  (a) Photoluminescence and PersL spectra of the mixed solution 

of ZGO:Mn-LBA and human serum. (b) The phosphorescence curve of 

ZGO:Mn-LBA in the presence of lysozyme with different concentrations. (c) 

Schematic illustration of the detection of bladder cancer-related miRNA- 

21 in urine by the portable biochip. (d) The recovered long-lifetime lumi-

nescence of the portable biochip in the presence of different concentra-

tions of miRNA-21. (e) The quantitative analysis of (d). Reprinted with 

permission.[79] 

We further developed a portable biochip for the detection of 
bladder cancer-related miRNA-21 in urine (Figure 8c).

[79]
 The 

ZGO:Mn PLNPs are modified with cDNAs that are completely 
complementary to miRNA-21, followed by being hybridized par-
tially with black-hole-quencher-labeled DNAs (BHQ-DNAs). The 
fluorescence resonance energy transfer between ZGO:Mn and 
BHQ dyes can quench the PersL. When miRNA-21 is added, the 
longer-sequence miRNA-21 is more competitive with cDNAs, 
causing the separation of BHQ-DNAs from cDNAs and the fluo-
rescence recovery of ZGO:Mn PLNPs. After the excitation is turned 
off, the biochip can remain luminescent. Whereas the autofluo-
rescence of the co-excited biomolecules decays rapidly, signifi-
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cantly reducing the background signal. With the increased amount 
of miRNA-21, the intensity of long-lifetime luminescence gradually 
recovered (Figure 8d). The quantitative analysis in Figure 6e illus-
trates a linear relationship between the PersL intensity and the 
concentration of target miRNA-21 ranging from 0.1—1 pmol/L. 
According to the 3s/σ criterion (s, the standard deviation of 11 
blank samples; σ, the slope of the linear working curve), the limit 
of detection (LOD) of miRNA-21 is calculated as 26.3 fmol/L. These 
results indicate that the biochip presents high sensitivity and low 
background for the analysis of miRNA in urine samples.  

Furthermore, we combined immunebiosensors, signal-ampli-
fication biochips and Python image algorithms to construct an 
intelligent diagnostic system for detecting bacteria in urine sam-
ples (Figure 9a).

[77]
 Based on antibody-antigen recognition, anti- 

pathogenic bacteria antibody functionalized ZGO:Mn PLNPs are 
used to specifically bind and capture target bacteria to form im-
mune complexes. Subsequently, the photonic crystals integrated 
in the biochip enhance PersL signal. Finally, a machine vision algo-
rithm is used to analyze the PersL signal and convert it into a digi-
tal signal. Luminescence spectra showed that in the presence of 
Escherichia coli (E. coli) or Staphylococcus aureus, a strong emis-
sion band peak is observed, while no obvious emission band is 
found in negative samples (Figures 9b,c). This indicates that the 
bacteria specifically bind to ZGO:Mn PLNPs modified by antibodies. 
Positive samples and negative samples are placed on the 
PC-based biochip, respectively, and then the collected lumines-
cence images are processed by the image algorithm (Figure 9d). 
After calculation, positive samples show a higher luminance value 
than negative samples (Figure 9e). These results indicate that the 
intelligent system can be used for rapid bacterial detection based 
on bacteria-specific labeled PLNPs. Reasonably designed PersL 
bioprobes make it possible to detect a variety of significant 

 

Figure 9  (a) Illustration of the intelligent diagnostic system combining 

immunebiosensors, signal-amplification biochips and Python image algo-

rithms. Luminescence spectra of immunocomplexes in the presence of 

Escherichia coli (b) or Staphylococcus aureus (c). (d) Images of positive and 

negative samples placed on a PC biochip respectively. (e) Normalized 

luminance values of positive samples and negative samples. Reprinted 

with permission.[77] 

biomarkers and have great potential in the fields of medical diag-
nosis and health assessment. 

Compared with traditional optical probes, PLNPs can efficient-
ly eliminate autofluorescence, making them more suitable for a 
wide range of bioapplications.

[90-91]
 However, the applications of 

PLNPs in biomedicine such as biosensing and bioimaging are still 
in the developmental stage. In general, skin, water, and deoxy-
hemoglobin in living tissues are strong UV-visible absorbents.

[92]
 

Most PLNPs require UV excitation, inevitably causing serious 
damage to the organism.

[93]
 Meanwhile, the penetration ability of 

UV light to tissues is weak.
[94]

 More types of PLNPs suitable for 
long-term and deep tissue bioimaging need to be developed, such 
as the PLNPs that can be directly charged by near infrared light. In 
addition, PLNPs imaging is highly sensitive, but it cannot provide 
all the information needed for disease diagnosis.

[19]
 Therefore, it is 

essential to combine PersL imaging with other imaging modalities 
to present more comprehensive and reliable information for dis-
ease diagnosis. 

5. Conclusions 

The defect luminescence based persistent phosphors have at-
tracted a lot of attention in biomedicine due to its sustainable 
luminescence without external continuous illumination. In this 
review, we discussed the mechanism of how the morphology and 
defects of PLNPs affect their PersL performance, and summarized 
our recent works in biomedical applications of PLNPs. Our re-
search attempts to confer various optical properties on PLNPs by 
controlled synthesis and defect regulation, and further expand 
the application of PLNP nanoprobes in bioimaging and biosensing. 
A variety of PLNPs engineered nanoprobes have been developed 
for clinical complex samples detection and tumor targeted imag-
ing. Although great progress has been made based on PLNPs, 
there are still many problems need to be solved: (1) PLNPs with 
uniform size, strong PersL intensity and long decay time are of 
great significance in biomedical applications. There is currently a 
lack of novel general synthesis methods to control the morpholo-
gy and optical properties to obtain such high-quality PLNPs. (2) 
The excitation range of most traditional PLNPs is in the ultraviolet 
region. This kind of high-energy excitation light will inevitably 
cause certain damage to the organism and has shallow tissue 
penetration. (3) Currently, PLNP-based nanoprobes are mainly 
used for tumor imaging, diagnosis and treatment. PLNPs can be 
vigorously tapped into the diagnosis and treatment potential of 
serious diseases such as cardiovascular and cerebrovascular dis-
eases. In short, PLNPs have demonstrated unprecedented ad-
vantages in biosensing and bioimaging, playing a pivotal position 
in the future of life science. 
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