¥ ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online
View Journal | View Issue

REVIEW

Electronic structure engineering and biomedical
applications of low energy-excited persistent
luminescence nanoparticles

{ '.) Check for updates ‘

Cite this: Nanoscale Adv., 2020, 2,
1380

Qiaosong Lin, @ 42 Zhihao Li,1* Chenhui Ji° and Quan Yuan & *2°

Persistent luminescence nanoparticles (PLNPs) are new luminescent materials that can store the excitation
energy quickly and persistently emit it after ceasing excitation sources. Due to the advantages of long-
lasting luminescence without constant excitation, PLNPs have been widely used in biomedical
applications. Visible light excitable PLNPs (VPLNPs) and near-infrared excitable PLNPs (NPLNPs) are two
kinds of novel and promising PLNPs. Compared to conventional PLNPs, VPLNPs and NPLNPs have the
characteristics of low tissue damage, deep tissue penetration, and high signal-to-noise ratio. With these
special features, they have great potential in applications such as long-term tracing, deep-tissue
bioimaging, and precise treatment. In this review, we introduce the common strategy of constructing
VPLNPs and NPLNPs based on electronic structure engineering and the applications of VPLNPs and
NPLNPs in biomedicine. This review article aims to offer valuable information about the progress and
development direction of VPLNPs and NPLNPs, promoting more applications in biomedicine, materials
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1. Introduction

Persistent luminescence nanoparticles (PLNPs), also named as
long afterglow nanoparticles, can quickly absorb the excitation
energy and gradually emit luminescence for a long time after
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science, energy engineering, and environmental technologies in the future.

ceasing excitation sources.' The most important feature of
PLNPs is the afterglow emission, which can last for minutes,
hours, and even several years.”® Owing to their long-lasting
luminescence without constant illumination, PLNPs are
usually exploited as lighting components for safety signage,
decoration," > and displays."® Furthermore, in biological
detection™® and imaging,'’° the advantage of long life-time
emission also ensures that autofluorescence interference can
be eliminated successfully.”** Benefiting from this unique
feature, PLNPs have already received much attention in bio-
analysis in recent decades.**** However, the excitation band of
conventional PLNPs is usually located in the ultraviolet (UV)
region.”>** The high energy UV ray invariably causes strong
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tissue damage and has low tissue penetration.”” These draw-
backs totally restrict their further utilization in biological areas,
especially in long-term tracing, deep-tissue bioimaging, and
precise therapy. To be specific, UV excitation of PLNPs usually
causes unnecessary tissue damage to the body and unneces-
sarily increases pain in patients. Besides, PLNPs should be
excited with UV light, which also results in low excitation effi-
ciency during in vivo bioimaging due to the low tissue pene-
tration of UV light.'”?® Therefore, it is particularly significant to
propose new regulation strategies to extend the excitation
bands of PLNPs from the UV region to the longer wavelength
region such as visible light region and near infrared (NIR)
region.

Generally, the range of the excitation band of PLNPs depends
on the energy difference between the ground state and excited
state of electrons.>***® Tuning the electron structures is the
most effective strategy to modulate the excitation band. In this
regard, electronic structure engineering strategies such as
doping®** and etching®*?** have already been used by
researchers to extend the excitation bands of PLNPs to the
visible light region and the NIR region. In 2011, Pan et al.
successfully extended the excitation band to the visible light
region by doping Cr*" ions into PLNPs." Also, in 2014, Pan's
group extended the excitation band to the NIR region by
incorporating the up-converting ion pair Yb*'/Er’*.3 The
development of visible light excitable PLNPs (VPLNPs) and NIR
excitable PLNPs (NPLNPs) is important for PLNPs in the
promotion of further biomedical applications. As for VPLNPs,
the excitation by visible light has lower tissue damage than that
by UV energy.***® In this condition, VPLNPs can be re-activated
multiple times in vivo without additional tissue damage so that
it is more suitable for long-term in vivo tracing and bioimag-
ing.* Besides, for NPLNPs, the excitation NIR light has strong
tissue penetration.” Therefore, NPLNPs can be re-activated in
deep tissues in situ and have advantages in deep-tissue bio-
imaging and tracing.*” In short, VPLNPs and NPLNPs have great
potential to play important roles in establishing in situ life
science imaging systems and precision diagnosis and treatment
platforms in the future; to summarize, the construction
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strategies and applications of VPLNPs and NPLNPs will have
positive effects on further development.

In this review article, we provide a summary of the current
developments in VPLNPs and NPLNPs with their recent prog-
ress in biomedical applications. Firstly, a brief description of
persistent luminescence mechanism is presented. Then, we
introduce the strategy for extending the excitation band to the
visible light region based on the Stokes mechanism. After dis-
cussing the strategy, the application of VPLNPs in the
biomedical field will be presented, especially in biodetection,
bioimaging, and imaging guided treatment. Following the
introduction of VPLNPs, the strategy of extending the excitation
band to the NIR region is discussed with the applications of
NPLNPs in disease diagnosis and precise treatment. At the end
of this review, an evaluation of the current challenges and the
outlook for the development of VPLNPs and NPLNPs are also
put forward. The aim of this review is to provide valuable
information about the progress and development direction of
VPLNPs and NPLNPs, and to make positive effects on their
improvement of synthesis and further applications.

2. Brief description of persistent
luminescence

In order to effectively control the luminescent properties of
PLNPs via electronic structure engineering, understanding the
mechanism of persistent luminescence is very important. In
this section, we will introduce the brief mechanism of persis-
tent luminescence.

The schematic diagram of persistent luminescence is shown
in Fig. 1.** For PLNPs, there are two main elements acting as
important parts in persistent luminescence: emitters and
traps.”>** Emitters usually consist of transition metal ions or
lanthanide ions doped in a host material, which forms the
ground state energy level and a series of excited state energy
levels. The distribution of emitters is sporadic, so the ground
state and excited state formed by the emitter will not expand to
the whole crystal. Traps in PLNPs can be formed by co-dopants
or intrinsic crystal defects, and the energy of the traps is usually
a few electronic volts lower than the conduction band of the
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Fig. 1 Schematic diagram of persistent luminescence (adapted with permission from ref. 41. Copyright 2019 Elsevier).

host material. Electrons in the ground state of the emitters
absorb photons and are excited to a higher energy level or the
conduction band. Then, some electrons in the conduction band
will be caught by electron traps and this process stores the
energy in the traps in the form of electrons. After stopping the
excitation light, with thermal motion or external stimulation,
these electrons will be slowly released to the conduction band
and return to the ground state of the emitters, which generates
long persistent luminescence. The lifetime of afterglow
depends on the number of electrons caught by the traps and the
persistent luminescence intensity depends on the rate of return
of electrons in the traps to the ground state of the emitter.

In this process, the distribution of energy levels in the
emitters and the depth of traps play important roles in persis-
tent luminescence and will affect the wavelength range of the
excitation and emission bands. If the ground state of the
emitter is closer to the conduction band of the host material,
the necessary energy of the photons is lower and the wavelength
of the excitation band shifts to the long wavelength region.
Besides, if there are some other excited energy states of the
emitters between the conduction band and the ground state,
their energy eigenvalues are close to the energy eigenvalues of
the traps; electrons can also be filled into the traps with
quantum tunnelling effect instead of passing through the
conduction band. Moreover, doping up-conversion ions as
emitters, which can utilize the up-conversion process to fill
electrons into the traps, is also a strategy to change the excita-
tion wavelength. Therefore, it is possible to change these
conditions of PLNPs via electronic structure engineering and to
construct VPLNPs and NPLNPs.

3. Electronic structure engineering of
VPLNPs and their applications

Owing to the good biocompatibility, low energy consumption,
and ease of use, visible light has been regarded as one of the
ideal excitation light sources." VPLNPs can be excited by visible
light so that they have several great advantages during long-
term biological detection, biological imaging, and imaging-
guided therapy, such as elimination of autofluorescence and

1382 | Nanoscale Adv., 2020, 2, 1380-1394

reduction of tissue damage."” During long-term bioimaging,
VPLNPs can be re-excited multiple times in vivo with visible
light, which will not generate additional tissue damage.*”*>**
This makes VPLNPs potential candidates for long-term in vivo
tracking.*>*® The development of VPLNPs will significantly
promote the building of precision diagnosis and treatment
platforms, and bring positive impacts in life sciences, materials
science, energy engineering, and environmental testing in the
future.

3.1. Tuning strategies based on Stokes mechanism

The luminescence mechanism of most PLNPs follows the
Stokes mechanism. The process is shown in Fig. 2a; the elec-
trons are excited from the ground state to the excited state by
absorbing only one photon for once. Then, the electrons in the
excited state undergo a series of non-radiative transition
processes such as vibrational relaxation, intersystem crossing,
and internal conversion. After ceasing the excitation light, these
electrons return to the ground state from the lowest vibrational
energy level of the excited state and emit a photon. In this
condition, the emission wavelength is usually larger than the
excitation wavelength.”-* Therefore, the effective strategy for
extending the PLNPs excitation band to the visible light region
is based on its Stokes luminescence mechanism and the key to
this strategy is to construct a reasonable excited state.

In 2012, Pan and his co-workers pointed out a strategy to
extend the excitation band to over 600 nm.'> The VPLNP was
synthesized by doping Cr** into zinc gallogermanates (ZGGO)
(Fig. 2b). After doping the Cr** ion, generation of “A,, “T,(t%),
*Ty(t%) and *Ty(te?) energy levels between the valence band and
conduction band occurs (Fig. 2b). Among them, *A, is the
ground state of Cr** and the difference in the energy between
A, and “T,(t%) is approximately in the visible light wavelength
range. Through the detection of the excitation spectrum, the
authors monitored a very board excitation band from 300 nm to
650 nm, corresponding to three inner transitions of Cr*’,
including *A, — Ty(te?®), *A, — Ty(t%¢), and *A, — *T,(t%).
The transition “A, — “T,(t’e) will originate the 568 nm excita-
tion peak. Besides, according to the authors, there is a linear
dependence between the reciprocal persistent luminescence

This journal is © The Royal Society of Chemistry 2020
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Fig.2 (a) Schematic diagram of Stokes mechanism. Sq is the ground state, Sy is the first excited singlet state, and Ty is the first excited triplet state.

The solid lines represent the electronic energy levels and the dashed lines represent the vibrational energy levels. Solid arrows indicate radiative
transitions and dotted arrows indicate non-radiative transitions. (b) Scheme of electronic structure engineering by Cr** doping (adapted with
permission from ref. 12. Copyright 2011 Nature). (c) Scheme of electronic structure engineering by the generation of deep traps (adapted with
permission from ref. 50. Copyright 2017 Royal Society of Chemistry). (d) Scheme of electronic structure engineering by Eu?* doping (adapted
with permission from ref. 52. Copyright 2019 Royal Society of Chemistry).

intensity (/') and time (¢), which represents the quantum
tunnelling effect during the process. Considering that the
energy of “T,(t%) is close to the energy of the traps, electrons in
“T,(t%) can be filled in the traps with quantum tunnelling effect
and be released back by reverse tunnelling recombination but
should not pass through the conduction band. The kinetic rate
of quantum tunnelling effect and reverse tunnelling recombi-
nation is slow so that it will cause persistent luminescence. In
this condition, the excitation band of PLNP is successfully
broadened to the visible light region according to Stokes
mechanism. Therefore, through construction of ‘A, — “T,(t%)
excitation by doping Cr*', the excitation band of PLNPs can be
effectively extended to the visible light region.

After Pan's work, Zheng and Chen et al. used ZnGa,0, as
a host material, which is different from Pan's ZGGO.*® Accord-
ing to the calculation by Chen's equation:**

2
Et = Ny (kBZ;m ) - szTm

wly,

B[2.52+ 10.2(% ~0.42)]

ny =

In this equation, w stands for the full width at half maximum
of the thermoluminescence band, ¢ is the high-temperature
fitting factor, Ty, and I, are the temperature and intensity,
@ represents the rate of heat. They put forward that there are

This journal is © The Royal Society of Chemistry 2020

shallow traps (0.49 eV) and deep traps (0.91 eV) in ZnGa,O,, and
these traps are usually generated with inherent lattice defects of
ZnGa,0,. Deep traps can also capture electrons from “T,(t%e) of
Cr’* through quantum tunnelling and release back via reverse
tunnelling recombination. This process only needs to excite the
electrons from “A, to *T,(t>e) whose excitation energy is in the
visible light region and can also cause persistent luminescence
(Fig. 2c).

In addition to Cr** doping, Ueda et al. put forward a new
strategy of co-doping Eu”" and Tm>" into Ba[Mg,Al,]N,.*> With
the doping of Eu®*, two separate energy levels between the
valence band and the conduction band of Ba]Mg,Al,|N, will be
generated. As a feature of rare earth elements,* the gap between
4f and 5d is not so wide and the electrons in 4f can be excited to
5d via long wavelength visible light. Besides, the excitation state
5d is close to the conduction band of Ba[Mg,Al,|N, and the
electrons in 5d can be caught by traps through the conduction
band (Fig. 2d). According to the authors’ characterization of the
excitation spectrum, this VPLNP has a wide excitation band in
the visible light region from 400 nm to 650 nm and these
excitation bands are attributed to the host-to-band absorption
and Eu®* transitions from 4f to 5d. Plus, when the electrons are
released from the traps and return to the 4d energy level, the
emitted energy can be transmitted to Tm>** without radiation.
Tm?*" can make the emission wavelength redshift to the NIR
region by the excitation-relaxation-radiation process. With the
strategy of Ueda et al, the excitation band is successfully
extended to the visible light region, even to the red-light region.

Nanoscale Adv., 2020, 2, 1380-1394 | 1383
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In short, doping Cr** ions, which utilizes the quantum
tunnelling effect of electrons between the excited states of Cr**
and electron traps to achieve visible light excitation, is one of
the most effective methods at present. Except for this method,
similar purposes can also be achieved by regulating the depth of
electron traps through defects in the host materials or by
doping of other ions. In this regard, electronic structural engi-
neering has already played major roles in extending the exci-
tation band of PLNPs into the visible light region. However, the
strategies are still insufficient and the efficiency of excitation by
visible light is not high enough. Therefore, developing more
strategies and improving the efficiency of excitation by visible
light are bottlenecks that need to be overcome in the future
development of VPLNPs.

3.2. Application of VPLNPs in biomedicine

While researching the strategies of constructing VPLNPs,
scientists have begun to focus on the applications of VPLNPs in
recent years. More and more VPLNPs are applied in many
biomedical areas, especially in biodetection, bioimaging for
diagnosis, and precise treatment.** In this subsection, we will
introduce the recent progress in the applications of VPLNPs in
biodetection, bioimaging, and guided disease treatment.

3.2.1. Biodetection. Biodetection is one of the most
essential technologies in bioanalysis,* including the detection
of various biological indicators such as proteins,”*® nucleic
acids,>* biological small molecules,">**** and physiological
parameters.”>** These technologies have already played impor-
tant roles in disease diagnosis,*®**® water quality monitoring,*
food and drug safety survey,® and criminal investigations.®*%®
Among various biodetection technologies, fluorophotometry
provides a convenient,*”*® real-time,*”> and non-invasive
method for detecting analyte contents, and is one of the most
promising quantitative detection technologies.”

Up to now, scientists have already developed several fluo-
rescent probes for fluorophotometry, all of which play crucial
roles in selective biodetection.”*”>”””° However, in complex
biological environments, these probes are typically affected by
strong background fluorescence generated by biological
substrates.?” Due to the need of sustained excitation, it will
significantly reduce the sensitivity and limit of detection.
Usually, the fluorescence lifetime of biological substrates is only
a few nanoseconds.*" In this condition, VPLNPs can effectively
reduce the background fluorescence of the substrates because
the fluorescence generation by substrates will be eliminated
after ceasing excitation and VPLNPs still have longer afterglow.
Therefore, the use of VPLNPs as probes for biological detection
can improve the sensitivity and limit of detection. In this
regard, VPLNPs are expected to be applied as imaging probes for
disease diagnosis and biological process research.

In 2017, Zheng and Chen et al. used biotinylated ZnGa,0,:-
Cr** as a sensitive and specific luminescent nanoprobe for the
detection of avidin in heterogeneous bioassays.”® The author
combined biotin with PLNPs by electrostatic attraction or
chelation of Zn**/Ga**. Due to the strong affinity of biotin-
avidin, biotinylated VPLNPs probes can specifically target

73-75
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avidin or avidin-bridged biotinylated antibodies (Fig. 3a). The
authors quantified the concentration of avidin by measuring
the afterglow signal of biotinylated PLNP and obtained a good
quantitative curve, which had excellent linear response in the
low concentration range (Fig. 3b). Furthermore, since ZnGa,-
0,:Cr** can be effectively excited by visible light, the back-
ground fluorescence interference is greatly reduced (Fig. 3c). In
this regard, they obtained lower detection limits and good
sensitivity, which reveals the great potential in ultrasensitive
biodetection.

In 2018, Wang and his co-authors developed a kind of unique
VPLNP probe for detecting food-borne aflatoxin in vivo.** Wang
et al. constructed the VPLNP by co-doping Cr**, Yb**, and Er**
into ZGGO. The aptamer was modified on the surface of VPLNP
probes and combined with ssDNA-modified CuS nanoparticles.
At first, CuS can quench the fluorescence of VPLNP probe. After
the concentration of aflatoxin increases, aflatoxin B1 will compete
with ssDNA-modified CuS nanoparticles and substitute them to
combine with the aptamer, which will recover the fluorescence of
the VPLNP probe. With co-doping of Cr**, Yb**, and Er*', these
probes can be excited by red LED light (650 + 10 nm) in vivo and
have long afterglow life. Thus, these probes have several advan-
tages such as high signal-to-noise ratio, wide linear range (0.1-2.4
uM), and lower detection limit (0.03 pM). In this regard, these
probes exhibit great potential in food safety testing and are ex-
pected to be developed into an iz situ nano detection platform for
monitoring food safety.

In conclusion, as VPLNPs can effectively decrease the back-
ground fluorescence of the substrate, VPLNPs have high signal-
to-noise ratio in biodetection. In this regard, VPLNPs are ideal
candidates for in situ detection in complex biological matrices
and it is expected that VPLNPs will have better performance in
highly selective and sensitive nano detection platforms.

3.2.2. Bioimaging. Bioimaging is a vital method to inves-
tigate the physiological and pathological mechanisms and
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Fig. 3 (a) Schematic diagram of heterogeneous ZnGa,O4 Cri*
VPLNPs assay of avidin. (b) Quantitative standard curve for the bio-
detection by utilizing ZnGa,04:Cr¥* VPLNPs. (c) Specificity of the assay
utilizing non-cognate proteins as the control (adapted with permission
from ref. 50. Copyright 2017 Royal Society of Chemistry).

This journal is © The Royal Society of Chemistry 2020
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provides significant information for disease diagnosis and
treatment.®>** Among various imaging techniques, fluorescence
bioimaging provides a non-invasive and visual approach to
monitor the biological processes®** and has been regarded as
one of the most powerful imaging tools.”>”> For bioimaging,
numerous fluorescent probes based on organic dyes,***
quantum dots,* fluorescent proteins, and metal complexes
have been developed and play significant roles in labelling the
targets. However, these probes should be excited during the
whole imaging process. At the same time, the light source can
also excite other matrix molecules in the tissues, leading to
intense autofluorescence.®** Such intense autofluorescence
would strongly affect the fluorescent signal of the targets of
interest and hamper the improvement in imaging sensitivity
and accuracy.

Given that the fluorescent lifetime of proteins and small
molecules is below nanoseconds, PLNPs are ideal alternatives to
these traditional fluorescent probes for bioimaging because the
lifetime of PLNPs can reach several minutes and hours.>®
VPLNPs probes can be excited by visible light effectively and
multiple times in the body. During long-term biological
imaging, it can reduce the tissue damage generated by the
excitation process, which can effectively reduce the pain of
patients.*® In this regard, VPLNPs hold great promise for the
construction of imaging probes for disease diagnosis and
investigation of biological processes.

According to what we mentioned in Section 3.1, utilizing Cr**
doping with its transition *A, — “T,(t%) is an effective method
to extend the excitation band of PLNPs to the visible light
region. In 2015, Prof. Han and his group utilized mesoporous
Si0,/ZnGa,0,:Cr’** persistent luminescence nanocomposites as
imaging probes.*® According to the authors, the novel persistent
luminescence nanocomposites can be repeatedly charged in
vivo by a white LED or even red light (620 nm). This property
demonstrates that these nanocomposites are suitable for
rechargeable long-term bioimaging. In addition to Han's work,
our group also made progress in the bioimaging application of
VPLNPs recently.®® We synthesized ZGGO nanoparticles Zn.,-
Ga,_,,Ge,0.:Cr** (x = 0-0.5) and assembled ZGGO:Cr*'-
aptamer nanocomposites to target cancer cells. We demon-
strated that with Cr** doping, ZGGO can be activated in vivo by
commercialized orange LED (550 nm) effectively (Fig. 4a).
Besides, we also noticed that the size and persistent lumines-
cence decay time of the nanoparticles can be easily controlled
by changing the concentration of Ge. Compared to the cyanine-
derivative dye and Ag,Se, autofluorescence of ZGGO:Cr*'-
aptamer nanocomposites is significantly decreased (Fig. 4b).
Besides, the nanocomposites also exhibit high affinity for the
tumour and good biocompatibility. Under the circumstances,
the nanocomposites are ideal materials for autofluorescence-
free tumour targeted bioimaging in vivo and cancer diagnosis.

In addition to Cr** doping, scientists have also used some
VPLNPs doping by other ions in bioimaging. In 2019, Ueda et al.
doped Eu®" and Tm®" into Ba[Mg,Al,N,].** According to the
authors, they monitored that this VPLNP has a wide excitation
band in the visible light region from 400 nm to 650 nm. In
addition, due to the doping of Tm*", the VPLNP also has near-

This journal is © The Royal Society of Chemistry 2020
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infrared emission bands, which can effectively solve the
problem of biological tissue penetration. The authors
confirmed that the VPLNP can indeed be excited by a red LED.
Besides, the emitted light is in the near-infrared light region,
which shows that this the emission light of VPLNP has good
tissue penetration. Due to the characteristics of long afterglow,
the VPLNP has a high signal-to-noise ratio and low background
fluorescence, and the stability and repeatability of continuous
light emission are reliable. Therefore, with the properties of
long afterglow and red LED excitation, this persistent phosphor
has the potential to be used as a persistent luminescent probe
for in vivo long-term imaging.

Hence, because the visible excitation light has better
compatibility with living organisms, using visible light as the
excitation source will not cause the same serious tissue damage
as UV excitation. In this way, VPLNPs exhibit great potential in
biological imaging, especially long-term bioimaging and
tracking. In the future, VPLNPs will play important roles in
building platforms for imaging and disease diagnosis.

3.2.3. Guiding for disease treatment. With the develop-
ment of medicine and the increase in the proportion of patients
with tumour diseases, building a precise treatment platform
will become a trend in future biomedical fields.**** Especially
for the treatment of malignant tumours, traditional chemo-
therapy and radiotherapy schemes have brought great pain to
patients and have caused serious damage to the patients’
bodies. In order to solve these issues, the development of
imaging-induced precise therapies is of great significance to
overcome malignant tumour diseases.*®® VPLNPs can be
excited by visible light, which avoids extra light damage caused
by in vivo excitation and is one of the important fluorescent
probes for imaging-guided precise treatment.** Without
background fluorescence, VPLNPs has high signal-to-noise
ratio, long luminous time, and have received widespread
attention from scientists in recent years.

Accurate drug delivery is one of the important strategies for
accurate treatment.®**°**> Through the imaging and tracking
of drug carriers, medical staff can monitor the distribution of
drugs can in real time and determine the plan of treatment for
the next step. In 2015, Zhang et al. developed multifunction
VPLNPs for drug delivery and targeted tumour imaging.*® The
authors prepared porous VPLNP probes Zn;Ga; gGey104:-
cr*' Eu** @8i0, and modified the surface with folic acid. These
probes can not only be loaded with a large amount of doxoru-
bicin hydrochloride but are also able to target tumours with
high sensitivity (Fig. 4c). Also, these modified nanoprobes can
be re-excited in vivo by red LED lights, which enables the
nanoprobes to be applied for long-term background-free cell
tracking and monitoring in vivo. Except for Zhang's work,
recently, Fu and co-authors constructed a new type of tumour-
targeting drug platform.* They used ZnGa,0,:Cr**,Sn*" as the
fluorescence part and covered mesoporous silica at the surface
of ZnGa,0,:Cr*",Sn** to load the drug. Except for that, authors
also modified hyaluronic acid on the outer surface of meso-
porous silica as the targeting part of these probes. Due to the
transition “A, — “T,(t%¢) in Cr**, these probes can be re-excited
by visible light (550 nm) in vivo, which exhibits that these probes
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Fig. 4 (a) Images of Cr®"-aptamer probes in in vivo bioimaging after the first (top), second (middle), and third (bottom) excitations by orange
LEDs. (b) Schematic diagram of eliminating autofluorescence interference in bioimaging by using Cr**-aptamer probes (adapted with permission
from ref. 39. Copyright 2017 American Chemical Society). (c) Schematic diagram for the synthesis, surface modification, and application of
VPLNPs in bioimaging and tracking of drug delivery (adapted with permission from ref. 46. Copyright 2015 Elsevier).

can be applied in reproducible and highly sensitive bioimaging.
According to the authors, they have successfully delivered the
non-fluorescent chemotherapeutic drug (paclitaxel) to human
breast adenocarcinoma cells and monitored the distribution of
the nanoplatforms by luminescence imaging. Therefore, it is
reasonable to believe that this nanoplatform can become
a promising tool for bioimaging guided drug delivery and can
effectively reduce the side effects.

In addition to tracking drug carriers, VPLNPs can also be
effectively used in photodynamic therapy. Photodynamic
therapy is an effective non-invasive treatment method.”*” It
generates reactive oxygen species (ROS) through photodynamic
reaction and uses ROS to kill the tumour cells.>”?*% In 2017,
Huang and Chen et al. used ZnGay 90604:Crog04° " as a photody-
namic excitation light source.** This VPLNP can be excited by
white LED in vivo and the NIR emission can activate the pho-
tochlor  2-(1-hexyloxyethyl)-2-devinyl ~ pyropheophorbide-
o (HPPH). HPPH, with the activation of VPLNP, will release ROS
(Fig. 5). According to the authors, the growth of the tumour was
effectively inhibited. Tumours after LED irradiation shrank
significantly within one week and showed massive tissue
apoptosis and necrosis. This is mainly due to ROS mediated
damage. In this condition, it proves that repeatable photody-
namic therapy based on VPLNP as the light source achieves the
best therapeutic effect. Thus, VPLNPs also have wide applica-
tion potential photodynamic therapy.

Moreover, bioimaging guided surgery has also gradually
attracted the attention of scientists. Surgical treatment is more
direct and more thorough, which is the main method of treating
tumours at present. Imaging-guided surgery can effectively
improve the accuracy and safety of surgery and reduce excessive
resection of the non-lesioned tissue.’ In 2019, Ding et al.

1386 | Nanoscale Adv, 2020, 2, 1380-1394

developed an organic VPLNP as a probe to guide cancer surgery
with precise imaging.** This organic VPLNP can be effectively
excited by visible light and generates NIR emission, which can
provide nearly 100 times higher ratio of tumour to liver than
that by traditional fluorescence imaging (Fig. 6). Ultra-high
tumour-to-liver signal ratio and low afterglow background
noise make for excellent performance in accurate imaging-
guided cancer surgery. In addition, it has a very long after-
glow life (more than 6 hours), which is also more favourable for
long-term tumour surgery. In this regard, organic VPLNP has
great potential in imaging-guided surgery.

In short, due to the good biocompatibility of visible light,
VPLNPs can effectively reduce tissue damage during the
imaging process as probes for imaging-guided therapy. In
addition, with the long afterglow characteristics of VPLNPs,
they have an extremely high signal-to-noise ratio, which can
provide clear imaging for precise treatment. Consequently,
VPLNPs will play significant roles in the development of
imaging-guided therapy in the future.

4. Electronic structure engineering of
NPLNPs and their applications

In addition to the long-term and in situ diagnosis and treatment
platform, deep tissue imaging technology is also an important
research trend and direction of modern medical technology.
NIR is in the biological transparent window and has good tissue
penetrability, which has attracted much attention. By extending
the traditional PLNPs excitation band to the NIR region, PLNPs
can be excited effectively in the deep tissue by NIR and applied
in deep-tissue bioimaging.”®** Besides, with small background
fluorescence of NPLNPs, they can also improve the signal-to-

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Schematic illustration of the construction of VPLNPs for photodynamic therapy (adapted with permission from ref. 80. Copyright 2017

American Chemical Society).

noise ratio. In this regard, NPLNPs can play important roles in
establishing deep-tissue diagnosis and treatment platforms. In
this section, we will introduce the main strategies for extending
the excitation band of PLNPs to the NIR range and its applica-
tion in the field of biomedicine.

4.1. Tuning strategies based on anti-Stokes mechanism

Under the condition of Stokes mechanism, NIR cannot bring
enough photoexcitation energy to enable PLNPs to be effectively
activated. Therefore, we need to design a new electronic

TPE-Ph-DCM Nanoprecipitation .
— .
V + .’\/

3 Lipid-PEG,

structure engineering strategy so that the excitation band of
PLNPs can be extended to the NIR region. The most common
one is to use the anti-Stokes mechanism to achieve the excita-
tion of PLNPs.'*>'* In this section, we will discuss the strategies
based on anti-Stokes mechanism for NPLNPs.

According to Pan et al., the strategy for expand the excitation
band to NIR region includes the construction of up-conversion
luminescence process into a persistent luminescence process.**
Up-converted luminescence consists of the following steps: (1)
electron in the ground state absorbs one photon and transfers

Chemiexcitation Energy transfer
_— e
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’ > 650 nm
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Fig. 6 Schematic diagram of the construction of organic long afterglow probes for imaging-guided surgery (adapted with permission from ref.

43. Copyright 2019 American Chemical Society).
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to the metastable state. (2) Electrons in the metastable state
transfer to a higher state by non-radiative relaxation or
absorption of another photon. (3) When the number of elec-
trons in the higher state is enough to form a population
inversion, the electrons in higher state will return to the ground
state and achieve high frequency emission. For NPLNPs, the
electrons in the metastable state can transfer to the delocalized
state by non-radiative relaxation. Some electrons in the delo-
calized state will return to the ground state and lead to transient
fluorescence, and other electrons will be caught by electron
traps (Fig. 7a). After ceasing the excitation light, with the
thermal motion or external stimulation, the electrons in the
traps will be released to the delocalized state again slowly. This
part of the electrons will finally return to the ground state and
lead to persistent luminescence. Therefore, constructing a suit-
able up-conversion system to promote PLNPs excitation is an
important way to construct NPLNPs. The common method to
convert an up-conversion system into persistent luminescence
is to co-dope with some up-conversion ions as emitters or form
some complexes of upconverted particles with PLNPs as the
emitters.

In 2017, Zeng and Hao et al. provided a method for con-
structing NPLNPs with anti-Stokes mechanism. They doped
Yb** and Er’" into ZGGO:Cr**, and these two up-conversion ions
can cooperate with Cr** as an anti-Stokes emitter.* For this
NPLNPs, Yb** ion will generate *F,/, and Fs,, energy levels, and
Er** will generate a series of energy levels (from low energy to
high energy: 4115/2, 4113/2, 4111/2, 419/2, 4Fg/z; 453/2, 2Hn/z, and 4F7/2)

View Article Online

Review

between the conduction band and valence band of the host
material. The electrons in *F5,, of Yb®" can be excited to *Fs,, by
NIR and can then be transferred to *F,, of Er*" through one step
or multi-step non-radiative relaxation. Except for the electrons
in Yb*", electrons in *I,5/, of Er’* can also be excited to *I,;, via
NIR and can then be transferred to *F5, by non-radiative relaxa-
tion. Electrons in “F, can relax to *H;j,, *Ss, and “Fy,, then
electrons in H,4,, and *S;), can be transferred to T, of Cr’* via
relaxation and can be caught by traps (Fig. 7b). The entire
processes form the part of filling electrons into the traps through
the anti-Stokes mechanism, which shows that NPLNPs can be
excited via NIR. After ceasing the excitation, the traps in ZGGO
will slowly release the electrons to *T, of Cr’** and turn back to *A,,
causing persistent luminescence. Thus, it is practical to extend
the excitation band of PLNPs to the NIR region by co-doping Yb*",
Er*", and Cr*" into ZGGO.

Apart from Zeng and Hao's work, Feng and Li et al. also put
forward another method to construct NPLNPs.'** According to
Feng and the co-authors, they synthesized a composite struc-
ture that can also carry out such similar electron transfer
processes (Fig. 7c). For this composite structure, PLNPs
ZGGO:Cr’" were covered by up-conversion nanoparticles f-
NaYbF,:Tm>*'@NaYF,. After the electrons in *F,, of Yb*" absorb
NIR and are excited to *Fs,, the electrons in >F5, will transfer to
high energy states of Tm®" by non-radiative energy trans-
mission. These electrons in the high energy states of Tm®" can
transfer to “T; of Cr*" in PLNPs and are caught by the electron
traps. Similar to that just mentioned, after ceasing the
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(a) Schematic diagram of electronic structure engineering based on the anti-Stokes mechanism (adapted with permission from ref. 35.

Copyright 2014 American Physical Society). (b) Scheme of electronic structure engineering by co-doping Yb®*, Er®*, and Cr** into ZGGO
(adapted with permission from ref. 40. Copyright 2017 Royal Society of Chemistry). (c) Scheme of electronic structure engineering by con-
structing a composite structure with ZGGO:Cr** and B-NaYbF,: Tm**@NaYF, (adapted with permission from ref. 104. Copyright 2017 American

Chemical Society).
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excitation, these electrons in the traps are slowly released to the
energy levels of Cr** and turn back to *A,, generating persistent
luminescence. In this way, effectively combining PLNPs with
up-converted nanoparticles can also extend the excitation band
to the NIR region.

Hence, the most effective way to construct NPLNPs is to dope
up-conversion ions. The up-conversion effect allows the elec-
trons to reach higher energy levels through NIR excitation and
are captured by the electron traps. However, the current devel-
opment of NPLNPs is still in its infancy, so there are still some
problems with NPLNPs, including low quantum efficiency, and
insufficient fluorescence intensity and lifetime after NIR exci-
tation. These problems are the bottlenecks that may limit the
further development of NPLNPs in the future.

4.2. Applications of NPLNPs in biomedicine

While studying how to construct NPLNPs, scientists have also
paid attention to the application of NPNLPs in recent years,
especially in biological imaging and imaging-guided therapy. In
this section, we will introduce the latest applications of NPLNPs
in biological imaging and imaging-guided therapy.

4.2.1. Bioimaging. Compared to UV and visible light, NIR
exhibits deeper tissue penetration depth and lower tissue
overheating. Benefiting from such advantages, NIR has been
widely used as a light source for applications in deep-tissue
imaging, playing important roles in understanding the biolog-
ical mechanisms and disease diagnosis.’®**® NPLNPs can be
activated via 808 nm or 980 nm laser and emit visible light or
NIR, and both of their excitation band and emission band are in
the biological transparency window (600-1100 nm).'*”'®
Therefore, NIR can effectively penetrate the deep tissue and
activate NPLNPs in vivo. Besides, the emission from NPLNPs
can also be detected in vitro.'® Furthermore, NPLNPs can also
be recharged in vivo several times, so they are suitable for long-
term bioimaging and biological tracing in deep tissues.*” In this
regard, NPLNPs have received extensive interest by scientists as
a substitute to traditional PLNPs for applications in long-term
bioimaging and tracing.

In 2017, Feng and Li et al assembled NaYbF,:0.5%
Tm**@NaYF, with ZGGO:Cr*" in a two-phase system nano-
cluster.'® NaYbF,:0.5%Tm>' @NaYF, can be effectively acti-
vated via 980 nm laser in vivo and generate the afterglow at
700 nm. Both the excitation and emission wavelengths are
within the biologically transparent window, which means that
using this nanocluster can effectively solve the problem of
insufficient tissue penetration. According to the authors, these
NPLNP nanoclusters can be activated in the lymphatic system
and can be recharged several times in vivo. After stopping the
excitation of the light source, the afterglow emission of NPLNPs
can be detected only in the lymphatic vessels and there is no
background fluorescence interference from other substrates.
Therefore, the two-phase system nanoclusters have potential for
being utilized in deep-tissue real-time lymphatic imaging in the
future.

In addition, Zeng and Hao et al. also reported a NIR-to-NIR
afterglow probe ZGGO:Yb*' Er*',Cr** for bioimaging.* This

This journal is © The Royal Society of Chemistry 2020
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probe is rechargeable in vivo by a 980 nm laser and the excita-
tion and emission bands are also both in the biologically
transparent window. About 2 hours after the first excitation, the
afterglow intensity is significantly reduced, which means that
the electrons trapped in the traps are depleted. At this time, the
980 nm light source is used to excite the body again and the
afterglow of this NPLNP can return to a higher intensity (Fig. 8).
Therefore, the NPLNP probes can be activated in deep tissue
and can also be recharged in vivo. Due to the features of deep
penetration and recharging in vivo, it is available and promising
for NPLNPs to be applied in renewable deep-tissue bioimaging.

In conclusion, compared to conventional bioimaging by
fluorescent dyes or traditional PLNPs, NPLNPs exhibit advan-
tages in bioimaging, such as low energy consumption, high
tissue penetration, no autofluorescence, low tissue damage, and
recharge in vivo. For these reasons, the application of NPLNPs in
bioimaging will get more attention from researchers and
versatile applications in bioimaging by NPLNPs can be envis-
aged in the future.

4.2.2. Guiding for disease treatment. Deep tissue tumours
are also very common in clinical practice today. For the precise
treatment of deep tissue tumours, NPLNPs can be repeatedly
excited in situ by NIR in deep tissues, which solves the difficulty
of traditional PLNPs, which cannot be excited in deep tissues.
Therefore, NPLNPs can effectively serve as a light source for
deep-tissue photodynamic therapy. Also, NPLNPs can effectively
eliminate background fluorescence because of the long after-
glow life, so they have great potential in guiding deep-tissue
treatment.

Owing to the long persistent emission and NIR excitation,
NPLNPs are advantageous as in vivo excitation sources for
photodynamic therapy. Photodynamic therapy with NPLNPs
can resolve the bottleneck of traditional photodynamic therapy.
Hence, it is of great worth to develop NPLNPs for photodynamic
therapy in the future. Recently, Zhang and Li et al. reported
a unique rechargeable “optical battery” implant for long-term
photodynamic therapy, which can be recharged in vivo by
a 980 nm NIR laser and can persistently emit for about 30 min
after ceasing charging.”® This optical battery was assembled by
embedding green persistent luminescence materials, up-
conversion phosphors, and photosensitizers into biocompat-
ible polydimethylsiloxane (PDMS). As demonstrated by the
authors, the optical battery exhibits excellent bio-stability and
flexibility, and yields ROS efficiently without photothermal
effect (Fig. 9). Aimed at different nidus sites, the shape and size
of the battery can also be easily controlled. Moreover, the optical
battery can be excited in the deep tissue up to 4 mm and can
yield singlet oxygen persistently. This means the optical battery
can be utilized in deep-tissue photodynamic therapy and the
drawbacks of traditional photodynamic therapy such as low
tissue penetration and insufficient ROS can be overcome. The
results in vitro and in vivo indicate that this optical battery can
effectively inhibit tumour proliferation, even hypoxic tumour
proliferation. Nevertheless, even if NPLNPs show great advan-
tages in photodynamic therapy, the research on photodynamic
therapy based on NPLNPs is still in the initial stage and more
efficient strategies must be presented.

Nanoscale Adv, 2020, 2,1380-1394 | 1389
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Fig. 8 Schematic diagram of long-term bioimaging of deep tissue with reproducible NPLNPs (adapted with permission from ref. 40. Copyright

2017 Royal Society of Chemistry).

In addition, with the feasibility of long-term bioimaging,
imaging-guided therapy has also received much more interest.
Macrophage-based immunotherapy is one of the most important
strategies of tumour targeted therapy. The macrophages can
enter the tumour micro-environment and restrain the growth of
the tumour by phagocytosis and cytokine secretion. However,
traditional macrophage-based immunotherapy cannot be effec-
tively tracked in vivo without activation in situ."'****> Recently,
Wang and Chang et al. developed Zn,SiO,:Mn*",Y*" Yb* Tm*"
NPLNPs for imaging-guided cell therapy in vivo.'** By labelling
tumour associated macrophages by Zn,SiO,:Mn>",Y**,yb**, Tm**,
the limitation of traditional macrophage-based immunotherapy
can be overcome. According to the authors, the NPLNPs can be
endocytosed by the macrophages and exhibit good biocompati-
bility in the macrophages. With the feature that Zn,SiO,:-
Mn**,¥**,Yb*",Tm*" can be excited in vivo by NIR, this NPLNP can
be effectively utilized to detect the distribution and location of
macrophages in cell therapy (Fig. 10). In this condition, it can
solve the limitation that traditional cell therapy cannot be visually
traced during the therapy processes.

Except for that mentioned before, tracking drug carriers is
also one of the important strategies for accurate treatment.

However, imaging and tracking the distribution of drug carriers
in deep tissue is still a challenging topic. NPLNPs can be
effectively stimulated by NIR in deep tissues, making them great
candidates for tracking drug carriers in deep tissues. In 2018,
Zhang et al. reported a unique multifunctional nano platform
for multimodal imaging and cancer treatment.'** They conju-
gated NPLNP (Gd3Gas04,:Cr’*,Nd*") together with mesoporous
silica and realized the integration of imaging and drug loading.
This NPLNP can be excited at 808 nm and generates afterglow at
1067 nm. Due to lower photon scattering and deeper penetra-
tion, it has proven to be more suitable for deep-tissue imaging
with high signal-to-noise ratio. In addition, the platform can be
used not only for fluorescence imaging to track the drug carriers
but also for magnetic resonance imaging to track the drug
carriers. This means that it has the advantages of multimodal
imaging. Therefore, we can expect the platform to have better
applications in future precision treatment.

In summary, due to the good tissue penetrability of NIR,
NPLNPs have great potential as probes for deep tissue imaging
to guide precise treatment. For these reasons, researchers
should pay more attention to the application of NPLNPs in the
construction of precision treatment platforms and the
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Fig.9 Schematic diagram showing the use of rechargeable NPLNPs for constructing “optical battery” implants for radiation-free photodynamic

therapy (adapted with permission from ref. 98. Copyright 2018 Elsevier).
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widespread application of NPLNPs in deep tissue therapy in the
future can be imagined.

5. Conclusion and outlook

PLNPs, a series of novel luminescent materials with long decay
time, have received major interest in biological science.
Compared to PLNPs excited by UV, VPLNPs and NPLNPs have
the excitation band in the visible light region and the NIR
region, displaying several advantages such as low tissue
damage, deep tissue penetration, and high signal-to-noise ratio,
receiving intensive interest in recent years. In this review, we
have introduced electronic structure engineering strategy for
constructing VPLNPs based on Stokes mechanism and con-
structing NPLNPs based on anti-Stokes mechanism. Besides, we
have also summarized their applications in biodetection, bio-
imaging, and guidance for treatment. Despite some progress
that has been made, the development of VPLNPs and NPLNPs
also faces several bottlenecks. The quantum efficiency of
VPLNPs and NPLNPs needs to be enhanced, and new
construction strategies are still in great demand. Also, it
remains difficult to precisely control the luminescent properties
of VPLNPs and NPLNPs, including their emission wavelength,
emission intensity, and afterglow duration. Hence, one of the
most important directions for reforming VPLNPs and NPLNPs
is to improve the quantum efficiency and to develop more
controllable synthetic strategies in the future. In order to ach-
ieve these targets, more progress must be made in the tech-
nology of electronic structure engineering. For example,
developing more synthetic control methods can effectively
promote the development of synthetic strategies for VPLNPs
and NPLNPs, such as doping strategies and etching technolo-
gies. Furthermore, the development of theoretical calculation
can also be helpful in guiding the design of more unique
VPLNPs and NPLNPs, especially spin-orbital coupling and
relativistic effect for rare earth ions, which can improve the

This journal is © The Royal Society of Chemistry 2020

calculation accuracy of the spectrum. With the improvement in
synthesis and properties of VPLNPs and NPLNPs, they will have
more comprehensive applications in various fields and promote
the development of not only biomedical research but also many
other fields.
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