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 ABSTRACT 

Persistent luminescence nanoparticles (PLNPs) and upconversion nanoparticles

(UCNPs) are two special optical imaging nanoprobes. In this study, efficient 

upconverted persistent luminescence (UCPL) is realized by combining their

unique features into polymethyl methacrylate, forming a film composed of both

PLNPs and UCNPs. The red persistent luminescence (~640 nm) of the PLNPs 

(CaS:Eu,Tm,Ce) can be activated by upconverted green emission of UCNPs 

(β-NaYF4:Yb,Er@NaYF4) excited by near-infrared light (NIR). Using this strategy,

both the unique optical properties of PLNPs and UCNPs can be optimally

synergized, thus generating efficient upconversion, photoluminescence, and 

UCPL simultaneously. The UCPL system has potential applications in in vivo

bioimaging by simply monitoring the biocompatible low power density of

NIR-light-excited persistent luminescence. Due to its simplicity, we anticipate

that this method for the preparation of UCPL composite can be easily adjusted

using other available upconversion and persistent phosphor pairs for a number

of biophotonic and photonic applications. 

 
 

1 Introduction 

Persistent luminescence (PL) is the afterglow emission 

of phosphors after excitation ceases [1, 2], which 

allows complete separation of the excitation and 

emission processes. Utilizing this unique property of 

persistent luminescence nanoparticles (PLNPs), high- 

quality in vivo luminescence imaging is possible owing 

to the absence of auto-fluorescence [3]. This has led 

to the creation of a great number of new persistent 

phosphors [4–12]. Much effort has been spent on 

exploring the diverse applications of PLNPs, such  

as in targeted tumor PL imaging [13], multi-model 

imaging [14, 15], traceable drug delivery [16, 17], cell 

tracking [18], bio-sensing [19], analysis [20, 21], and 

even new energy source exploration [22]. However, 

in vitro pre-excitation is typically needed to efficiently 

charge the PLNPs, in which some of the excitation 

energy is stored in the so-called energy traps and 

thereafter gradually released in order to generate PL. 
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After the stored energy is exhausted, the PL process 

ceases. Although a photo-stimulated PL strategy can 

be used to partially recover the exhausted PL in certain 

PLNPs (such as LiGa5O8:Cr), in vivo reactivation is 

needed to satisfy the needs of long-term imaging 

applications [23]. The visible-light-activating properties 

of ZnGa2O4:Cr (a typical persistent phosphor at 700 nm) 

were found to be useful for achieving real-time PL 

imaging both in situ and in vivo [24–26]. However,  

the PL of ZnGa2O4:Cr is most efficiently excited by 

ultraviolet (UV) light due to the large band gap of 

ZnGa2O4 (4.4 eV) [27–29]. In contrast, its PL, when 

excited by visible light derived from the absorption 

of Cr, is much weaker than that excited by UV light, 

which limits its potential clinical application at the deep 

tissue level because of the relatively poor transparency 

of bio-tissue with respect to UV/visible light [30]. 

Near-infrared (NIR) light is frequently used in photo-

dynamic and photothermal therapy because of the 

well-known NIR biological window (~650 to ~1,000 nm). 

Pan et al. reported the first upconverted persistent 

phosphor, Zn3Ga2GeO8:Cr3+,Yb3+,Er3+, which can be 

activated by a near-infrared laser (980 nm) and is  

able to emit long-lasting PL that peaks at 700 nm [31]. 

Despite this demonstration of the upconverted per-

sistent luminescence (UCPL) concept in bulk materials, 

a few limitations have hampered the development  

of such materials for in vivo study. For example, the 

doping of Yb/Er greatly decreased the PL. Further, 

Zn3Ga2GeO8 is a good matrix for persistent phosphors 

but is not an ideal matrix for doping Yb/Er for 

upconversion (UC) [32–35]. Its relatively low upconver-

sion efficiency is likely, in turn, to reduce the efficiency 

of the UCPL process. Therefore, it is desirable to design 

an upconverted PLNP system that has excellent PL/ 

UC/UCPL composite properties while largely retai-

ning each luminescence modality. 

Since a classic deep red (peaking at 640 nm) per-

sistent phosphor, CaS:Eu2+,Tm3+,Ce3+, can be efficiently 

excited by visible light that overlaps well with the 

efficient green upconversion of classical β-NaYF4:Yb,Er/ 

NaYF4 nanoparticles (Fig. S1 in the Electronic Supple-

mentary Material (ESM)) [36, 37], we hypothesize 

that efficient UCPL can be realized by integrating 

these two efficient PL and upconversion nanoparticles 

(UCNPs) (Scheme 1). Under 980 nm laser irradiation,  

 

Scheme 1 A schematic illustration of a NIR-in/long-time-red- 
out UCPL system. 

intense green UC can be generated, and this activates 

the nearby PLNPs. Although the UC luminescence 

ceases right after turning off the NIR laser, the 

efficient red PL is maintained for a long period. Once 

the stored energy is exhausted, the red PL can be 

recharged by a NIR laser. Thus, an efficient UCPL 

composite film was developed to achieve long-period 

deep red PL after brief NIR laser irradiation. 

2 Results and discussion 

In this study, we synthesized CaS:0.02%Eu,0.1%Tm, 

0.1%Ce, PLNPs, and β-NaYF4:Yb,Er@NaYF4, UCNPs 

(Figs. 1(a) and 1(b)) according to previous research 

[37, 38]. The PL excitation spectra of CaS:Eu,Tm,Ce 

indicate that its PL peaks at 640 nm and that this can 

be efficiently excited by the 540 nm upconversion 

luminescence of the as-synthesized β-NaYF4:Yb,Er@NaYF4 

nanoparticles (Fig. 2). The synthesized PLNPs and 

UCNPs were subsequently dispersed into polymethyl 

methacrylate (PMMA)/dichloromethane solution. After 

the dichloromethane evaporated, the nanophosphors 

were embedded into PMMA forming a UCPL thin 

film, as shown in Fig. 1(c). Under 980 nm constant 

wave laser excitation, intense green emission can be 

generated. After turning off the laser, deep red PL 

can be easily observed by the naked eye in the dark. 

The UCPL film also inherited the intense afterglow 

property of the PLNPs after white light LED excitation. 

Thus, 3-in-1 UC/PL/UCPL films were successfully 

obtained (Fig. 1(c)).  

Figure 3(a) shows the UC spectra of the UCPL  
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Figure 2 Persistent luminescence excitation spectrum (black line, 
monitored at the emission of 660 nm) and emission spectrum (red 
line, excited at 540 nm) of CaS:0.02%Eu,0.1%Tm,0.1%Ce, shown 
with the upconversion luminescence spectrum (green line, excited 
by 980 nm laser irradiation) of standard, β-NaYF4:20%Yb,2%Er/ 
NaYF4 UCNPs. 

membrane under a series of excitation power densities. 

Under 980 nm laser irradiation, in addition to typical 

UC luminescence from β-NaYF4:20%Yb,2%Er/NaYF4,  

we found broad shoulder peaks between 580 to 

650 nm, which can be assigned to the luminescence 

spectra of Eu2+ in CaS [39, 40]. Figure 3(b) shows the 

PL spectra of the film after turning off the NIR laser 

irradiation. We observed that the PL emission could be 

activated under a power density as low as 145 mW/cm2. 

Furthermore, a short exposure time (10 s) was used 

to generate efficient PL emission. The PL intensity 

increased with higher exposure power density, implying 

that the exposure time can be shortened by increasing 

the power density. Figure 3(c) shows the PL decay 

curves from 980 nm laser excitation. It shows decay 

profiles typical for persistent phosphors. Notably, the 

PL can be completely reactivated at any time using 

NIR irradiation (Fig. 3(d)). 

The as-synthesized UCPL film has potential appli-

cations in luminescence bioimaging. As a proof of 

concept, a small piece of the UCPL membrane (1 mm 

× 2 mm) was implanted into the thigh of a mouse   

to model a medical implant. As indicated in Fig. 4(a), 

this membrane can be activated by room light during 

surgery. Since the PL signal became relatively weak 

20 min after implant, a 980 nm NIR laser (468 mW/cm2) 

was utilized to reactivate the PL of the device in vivo 

and in situ. The reactivated PL kept decaying for  

 

Figure 1 TEM images of the as-synthesized (a) CaS:Eu,Tm,Ce nanoparticles, (b) β-NaYF4:20%Yb,2%Er/NaYF4 nanoparticles, and 
(c) digital pictures of the as-synthesized UCPL membrane taken by an iPhone 6 camera, from left to right: under room-light, under 980 nm
CW laser (468 mW/cm2) irradiation in the dark, afterglow image after turning off the laser, and afterglow after white LED irradiation. 
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Figure 3 Spectral properties of the as-prepared UCPL composite membrane. (a) UC luminescence spectra of the UCPL membrane
under 980 nm constant wave laser irradiation. (b) PL spectra 10 s after turning off the NIR laser. (c) PL decay curves after exposure to
various power densities. (d) Repeatable NIR-excitation/red-PL-emission decay curves recorded at 640 nm. 

 

Figure 4 PL imaging of a UCPL membrane device (1 mm × 2 mm) implanted into the thigh of a mouse. The image in (a) was taken
20 min after the device was transplanted, the PL signal likely stems from exposure to room-light during the surgery. Images in (b), (d), 
(f), (h), and (j) were taken 1 min after 980 nm laser exposure for 10 s. Images in (c), (e), (g), and (i) were taken 10 min after laser 
irradiation ceased. An ROI tool was utilized to analyze the luminescence intensity of selected areas. The ROI values in (c) and (d) are
1.008 × 105 and 2.743 × 106, respectively. The imaging settings here are: exposure 5 s, bin 4, f/stop 1, no filter and the CW NIR laser 
exposure was 468 mW/cm2, for 10 s. 
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~10 min. It should be noted that the imaging time 

window could be further extended by increasing the 

exposure time (Fig. S2 in the ESM). The reactivation 

could be replicated multiple times with a stable PL 

intensity (also shown in Fig. S3 in the ESM), meaning 

that one can reactivate the PL emission at any time if 

needed by using a 980 nm NIR laser and PLNPs can 

indeed be reactivated in conjugation with UCNPs. In 

comparison with traditional UC luminescence imaging, 

UCPL imaging is simpler to process. The UC laser 

excitation is conducted before the PL imaging and 

can thus be performed using traditional luminescence 

imaging systems without any equipment modification 

like laser control. Further, UCPL imaging potentially 

has less heating effects than traditional UC biomedical 

processes. The excited PL can last for long periods 

after several seconds of excitation. Such short laser 

exposure times will alleviate the potential health risks 

of laser therapy, especially in cases where long-term 

light exposure is needed. 

3 Conclusions 

We successfully fabricated a UCPL system by simply 

integrating UCNPs and PLNPs together. This system 

possesses both intense UC and PL properties derived 

from standard β-NaYF4:Yb,Er@NaYF4 upconversion 

NPs and CaS:Eu,Tm,Ce deep red persistent lumines-

cence NPs, respectively. We confirm that the red 

persistent luminescence of PLNPs can be repeatedly 

activated by NIR via UCNPs both in vitro and in vivo. 

Although this UCPL system is a simple mixture of two 

different nanoparticles, we believe it can be improved 

by fabricating novel compact nanosystems such as 

core/shell nanostructures. Generally, our result provides 

a novel understanding of the fabrication of UCPL 

functional materials and their potential applications 

in UCPL imaging, deep tissue photodynamic therapy, 

and optogenetics, etc. [41, 42]. This research should 

also facilitate the further development of PLNPs in 

photonics and biophotonics. 
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