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A B S T R A C T   

Near-infrared (NIR)-emitting persistent luminescence nanoparticles (PLNPs) are ideal optical imaging contrast 
reagents characterized by autofluorescence-free optical imaging for their frontier applications in long-term 
bioimaging. Preparation of uniform small-sized PLNPs with excellent luminescence performance is crucial for 
biomedical applications, but challenging. Here, we report a facile magnesium doping strategy to achieve size- 
independent boost of NIR persistent luminescence in typical and most concerned ZnGa2O4:Cr3+ PLNPs. This 
strategy relies on the doping of Mg2+ ions that with similar size of Zn2+ ions in the host lattice matrix, and 
concomitant to the electron traps tailoring tuned by varying the feed ratio of Mg2+. The optimum Mg2+-doped 
PLNPs give a long afterglow time (signal-to-noise ratio (SNR) = 31.6 at 30 d) without changing the desirable 
uniform sub-10 nm size of the original nanocrystals. The appropriate increase of the depth and concentration of 
electron trap contribute jointly to the enhancement of lifetime (488 % longer, 20.57 s) and afterglow time for 
700 nm persistent luminescence. Meanwhile, these PLNPs keep the original excellent rechargeability and 
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promote over 60 times increase of SNR in renewable in vivo imaging. This simple strategy provides a basis for 
new opportunities to address the critical challenge of effective optical performance boost in small-sized PLNPs.   

1. Introduction 

Persistent luminescence (PL) is a fascinating optical phenomenon 
with continuous light emission from minutes to days after the excitation 
source vanishes [1–3]. Such unique “self-sustained” luminescence 
property makes persistent luminescence nanoparticles (PLNPs) excep
tional as ideal optical imaging contrast reagents in various biomedical 
applications [4–7]. Specifically, near-infrared (NIR) PLNPs enable sig
nificant improvement of signal-to-background ratio and sensitivity in 
bioimaging, ultrasensitive detection and long-term biomolecule tracking 
[2,8–11]. 

Preparation of high-quality PLNPs with both uniform small size and 
excellent persistent luminescence is crucial for their biomedical appli
cations. Most early PLNPs were prepared by the “top-down” method to 
get nanometric size alternative after the bulky persistent phosphors 
were broken into nanoscale particles [1,2,12,13]. This method first 
needs solid-state annealing at high temperatures to get good afterglow 
performance of bulky persistent luminescence materials, and then 
generally requires a further mechanical milling process to deal with 
large sizes and serious aggregation. However, the uncontrollable me
chanical milling method usually results in the broad size distribution, 
serious surface defect, unpredictable morphology and poor lumines
cence performance [14,15]. Moreover, such uncontrollable preparation 
dramatically restricts the potential in delicate chemistry and biology 
studies [16–18]. 

Great efforts have been made to develop “bottom-up” methods for 
the fabrication of PLNPs with controllable uniform size, such as 

solvothermal synthesis [2,18,19,20], templated synthesis [17,21,22] 
and sol–gel synthesis [7]. However, the afterglow luminescence of the 
prepared small-sized PLNPs is usually unsatisfactory due to the inade
quate crystallinity at low reaction temperature and surface quenchers 
that come from larger surface-to-volume ratio. Smaller particles (<10 
nm) are often employed for more precise labelling of cellular structures 
in practical imaging applications, while excellent PL performance is 
required to improve the imaging quality and detection sensitivity in 
long-term and deep tissue monitoring in vivo. 

It is still difficult to prepare high-quality PLNPs with both uniform 
small size and excellent PL. Recent studies reveal that the afterglow 
enhancement of PLNPs (Zn1+xGa2–2xGexO4: Cr3+) was usually coupled 
with the dramatic increase of particle size in bottom-up synthesis 
[23–25]. Conventional high temperature calcination produces excellent 
PL, but unfavorable large-sized particles for biomedical applications. 
Moreover, low reaction temperature favors for the preparation of small- 
sized PLNPs, but usually creates inadequate crystallinity and excessive 
surface quenchers which inevitably sacrifice PL performance. For these 
reasons, it is very hard for previous studies to achieve ideal PLNPs which 
not only give excellent PL performance but also uniform small size 
[3,19,26]. Therefore, it remains a key challenge to boost the PL of PLNPs 
through bottom-up design but without sacrificing their size and 
uniformity. 

Herein, we report a facile Mg2+ ions doping strategy to boost the PL 
of small-sized PLNPs without sacrificing the size and uniformity. As 
shown in Fig. 1, ZnGa2O4:Cr3+ is taken as model PLNPs because it has 
raised great interest as one of the most effective NIR PLNPs to date. 

Fig. 1. Schematic illustration of the engineering electron traps in ZnGa2O4: Cr3+ nanoparticles through Mg-doping.  
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Magnesium ions (0.72 Å) is chosen to partial substitute zinc ions (0.74 
Å) in ZnGa2O4:Cr3+ due to their close size. The doping of Mg2+ ions is 
systematically tuned in mixed spinel, and the slight substitution of Zn2+

by Mg2+ gives a size-independent enhancement of PL intensity and 
afterglow decay time. The partial doping of Mg2+ ions in the nano
crystals produces more inherent electron traps and a new type of trap. 
The excellent afterglow performance of Mg-doped PLNP (MgxZn1- 

xGa2O4:Cr3+) is further confirmed by renewable in vivo imaging. As 
such, we provide an efficient and facile ions doping strategy to address 
the critical challenge for effective PL boost with desirable size and 
morphology preservation of PLNPs. 

2. Results and discussion 

Preparation and Characterization of MgxZn1-xGa2O4:Cr3þ. To 
minimize the influence on the nanocrystal crystallization and keep the 
size and uniformity of original ZnGa2O4:Cr3+, we proposed a facile 
strategy to substitute Zn2+ by close-sized Mg2+ in mixed spinel. Fig. 1. 
shows the schematic diagram for the developed Mg2+ doping strategy to 
boost the PL of small-sized PLNPs without sacrificing the size and uni
formity. To show the effect of Mg2+ doping, we prepared a series of 
MgxZn1-xGa2O4:Cr3+ PLNPs by tuning the doping of Mg2+ ions in the 
precursor solution. All the MgxZn1-xGa2O4:Cr3+ (0 ≤ x ≤ 0.5) PLNPs 
were synthesized by a typical bottom-up hydrothermal method. In a 
typical preparation of optimized formula MgxZn1-xGa2O4:Cr3+ (x = 0.3), 
0.3 mmol Mg2+, 0.7 mmol Zn2+, 2 mmol Ga3+, 0.003 mmol Cr3+ were 
mixed, and the precursor ion were further precipitated in alkaline so
lution via hydro-thermal crystallization. The prepared MgxZn1-xGa2O4: 
Cr3+ (x = 0.3) showed highly crystalline typical cubic spinel structure 
with spherical and monodispersed morphology as well as 7.3 ± 1.4 nm 
diameter (Fig. 2a,b,c), and gave a consistent NIR emission (at ~ 700 nm) 
with ZnGa2O4:Cr3+ (Fig. S1), originating from the spin forbidden 2E-4A2 
transition of the distorted Cr3+ ions [1,20,27,28]. Moreover, the 

prepared MgxZn1-xGa2O4:Cr3+ (x = 0.3) exhibited a significant 
enhancement of NIR persistent luminescence at ~ 700 nm with an 
average lifetime of 20.57 s and a long afterglow time (signal-to-noise 
ratio (SNR) = 31.6 at 30 d for the powder) (Fig. 3a,b,c). 

Effect of Mg2þ-doping on Morphology, Size and Crystal Struc
ture. To systematically investigate the effect of Mg2+-doping, the size 
and crystal structure of the nanoparticles were studied using trans
mission electron microscopy (TEM) and X-ray powder diffraction (XRD). 
In the absence of Mg2+ (x = 0), the resulting ZnGa2O4:Cr3+ nano
particles were spherical and monodispersed with the diameter of 5.8 ±
1.3 nm (n = 200) (Fig. 2a,b). Mg-doping did not lead to significant 
change in the morphology and size of the nanoparticles (Fig. 2a,b, 
Fig. S2), and the nanoparticles are colloidally stable and monodispersed 
with a narrow hydrodynamic size distribution of 11.5 ± 5.0 nm 
(Fig. S3). In addition, atomic level substitution did not affect the hy
drothermal crystallization of MgxZn1-xGa2O4:Cr3+ significantly due to 
the quite close ionic radii of Mg2+ and Zn2+ ions. The prepared MgxZn1- 

xGa2O4:Cr3+ (x = 0–0.5) nanocrystals gave a highly crystalline typical 
cubic spinel structure (JCPDS 38–1240), and displayed clear resolved 
lattice fringes corresponding to the 311 spacing of cubic spinel regard
less of Mg-doping (Fig. 2c,d). However, the crystallinity in 311 crystal- 
plane gradually increased with the content of doped Mg2+ ions, maxi
mizing at x = 0.3 (Fig. 2e). This is mainly due to the slight crystal lattice 
shrinkage arising from the substitution of Zn2+ by slightly smaller ionic 
radii Mg2+. Elemental mapping analysis shows that the elements of Zn, 
Mg, Ga, O and Cr were evenly distributed in the nanoparticles after Mg- 
doping (Fig. 2f), indicating the solid solution nature of the nanocrystals 
and the effective doping of Mg2+ ions into ZnGa2O4:Cr3+ crystal lattice. 
The above results show that the morphology, size and crystal structure 
of ZnGa2O4:Cr3+ nanoparticles did not change significantly by Mg2+

ions doping. 
Effect of Mg2þ-Doping on Optical Properties. High-efficiency 

activation of PLNPs with light is crucial for the restoration of PL in 

Fig. 2. Characterization of MgxZn1-xGa2O4:Cr3+ (x = 0–0.5). (a) TEM images. (b) Size distribution (n = 200). (c) High-resolution TEM images. (d) X-ray diffraction 
(XRD) patterns of the magnesium-doped nanoparticles. (e) Relative intensity of the crystallinity in 311 crystal-plane of the nanoparticles. (f) EDS element mapping of 
MgxZn1-xGa2O4:Cr3+ (x = 0.1). 
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vivo to improve long-term bioimaging sensitivity and signal-to-noise 
ratio. The PL emission intensity of PLNPs changed significantly, 
relying on the Mg2+ doping contents. MgxZn1-xGa2O4:Cr3+ with x = 0.2 
display about 2.2 times the amplified photoluminescence intensity 
compared to ZnGa2O4:Cr3+ (Fig. S4). Importantly, the excitation peaks 
of PLNPs at about 260 nm remain similar (Fig. S5), indicating that the 
bandgaps of these nanocrystals are almost identical regardless of Mg2+

doping. 
The impact of Mg2+-doping on the persistent luminescence was then 

investigated. The as-synthesized MgxZn1-xGa2O4:Cr3+ exhibited excel
lent long-lasting NIR luminescence. The Mg-doped nanocrystals gave 
enhanced luminescence intensity in NIR afterglow decay images and PL 
decay curves, maximizing at x = 0.3 (Fig. 3a, Fig. S6). Moreover, Mg2+- 
doped PLNPs showed a slower decay in the PL decay curves with a 
maximum luminescence lifetime at x = 0.3 (Fig. 3b). The optimal 
average lifetime of Mg-doping PLNPs is 488 % longer than that of the 
nanocrystals without Mg-doping (τav (x=0.3) = 20.57 s vs τav (x=0) = 3.50 
s) (Table S1 and S2). The NIR PL was still detectible with a SNR of 31.6 
by a CCD camera for 30 days without the need for any external illumi
nation (Fig. 3c). In addition, MgxZn1-xGa2O4:Cr3+ (x = 0.3) NPs show 
excellent rechargeability for UV (254 nm)/visible (650 nm red LED 
light) radiation with reproducible decay cycles (Fig. 3d, Fig. S7). The 
direct activation by red LED light makes these nanoparticles more 
valuable in biomedical application. Collectively, the above results 
clearly show that properly Mg2+-doping effectively boosted the PL in
tensity and lifetime of ZnGa2O4:Cr3+, while kept the uniform sub-10 nm 
size. 

It is noteworthy that excessive Mg2+ doping with x beyond 0.3 is 
detrimental to persistent luminescence in nanocrystals (Fig. 3a,c). As a 
matter of fact, we attempted to replace 100 % Zn2+ by Mg2+, the 
resulting MgGa2O4:Cr3+ nanocrystals looked micron-sized rodlike 
(Fig. 3e), but gave no photoluminescence signal (Fig. 3f). The above 
results indicate that the optimal amount of Zn2+ is essential for the 
nanocrystal formation and afterglow signal enhancement in Mg-doped 
ZnGa2O4:Cr3+. 

Mechanisms on Mg2þ-Doping Improved PL Performance. To 
figure out the mechanisms on the effect of Mg2+-doping on the PL 

performance of ZnGa2O4:Cr3+ nanocrystals, the doped content of Mg2+

and the electron traps in the prepared PLNPs were further investigated. 
Fig. S8 shows that the doped Mg2+ content in MgxZn1-xGa2O4:Cr3+

increased with the feeding amount of Mg2+ precursor. In particular, the 
doped content of Mg2+ in MgxZn1-xGa2O4:Cr3+ (x = 0.3) was determined 
to be 0.0146 %, which is much smaller than the initial content of Mg2+

in the feeding precursors (2.84 %). 
High-resolution XPS spectra for Mg 1s, Zn 2p3/2 and Ga 2p3/2 in 

MgxZn1-xGa2O4:Cr3+ were further analyzed to reveal the effect of Mg2+- 
doping on the local microstructure and the changing trends of occupa
tion. The spectra of Mg 1s core levels exhibit asymmetric characteristics, 
and can be well fitted by bi-Gaussian function. The fitting binding en
ergies at ~ 1300 eV and 1304 eV are assigned to the Mg2+ occupying 
tetrahedral sites and octahedral sites, respectively, because the cations 
occupying tetrahedral sites usually contributed to the smaller binding 
energy than those in the octahedral sites [29]. The XPS spectra of Mg 1s 
clearly shows that more Mg2+ occupied the tetrahedral sites as x 
increased from 0.1 to 0.5 (Fig. 4a, Table S3), confirming the slight 
substitution of Zn2+ by Mg2+. Meanwhile, the percentage for the peak 
area assigned to tetrahedral sites gradually decreased in the spectra of 
Zn 2p3/2 due to the substitution of Zn2+ by Mg2+, getting asymmetric 
spectra of Zn 2p3/2 core levels with Mg-doping (Fig. 4b, Table S4). Be
sides, the symmetric spectra of Ga 2p3/2 core levels for each sample can 
be fitted by a single Gaussian function (Fig. S9, Table S5), indicating that 
Ga3+ ions mainly occupy the octahedral sites. 

The afterglow performance of Mg-doped ZnGa2O4 nanocrystals 
without Cr3+ doping was further studied to investigate the effect of 
Mg2+-doping on the host lattices matrix of ZnGa2O4. The characteristic 
afterglow of Cr-free ZnGa2O4 nanocrystals was entirely from host matrix 
defects rather than the emission from Cr3+. As a result, albeit being 
much weaker in intensity, the afterglow of Mg-doped ZnGa2O4 varied 
with the doped content of Mg2+ (x) in a similar way as that of Mg-doped 
ZnGa2O4:Cr3+. Both chromium-free Mg-doped ZnGa2O4 and Mg-doped 
ZnGa2O4:Cr3+gave the maximum PL emission intensity in PL spectra 
at a Mg/Zn molar ratio of 1:4 (i.e. x = 0.2) (Fig. 4c, Fig. S10), and the 
maximum afterglow intensity in NIR afterglow decay images at a Mg/Zn 
molar ratio of 3:7 (i.e. x = 0.3) (Fig. 4d,e). The consistent optical 

Fig. 3. Persistent luminescence properties of Mg-doped ZnGa2O4:Cr3+. (a) PL decay images and corresponding PL quantification at 96 h after irradiation with a UV 
lamp for 5 min. (b) Normalized PL decay curve monitored at 700 nm after irradiation with a UV lamp (254 nm) for 5 min. The decay curves were recorded 15 s after 
excitation ceased. (c) NIR afterglow decay images of Mg-doped ZnGa2O4:Cr3+ NPs recorded by CCD camera at different times after stopping UV irradiation. (d) PL 
decay curves of MgxZn1-xGa2O4:Cr3+ (x = 0.3) excited by a UV lamp and LED light for 5 min. The decay curves were recorded 15 s after excitation ceased. Char
acterization of MgGa2O4:Cr3+. (e) TEM images of MgGa2O4:Cr3+. (f) Photoluminescence spectrum of MgGa2O4:Cr3+. 
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performance in Mg-doped ZnGa2O4:Cr3+ and Mg-doped Cr-free 
ZnGa2O4 nanocrystals suggests that the afterglow enhancement resulted 
from the effect of Mg2+ doping on the crystal-field environment of the 
host lattices matrix of ZnGa2O4 nanocrystals. 

Thermoluminescence (TL) spectra was further studied to understand 
the mechanism. TL measurement is a versatile tool to investigate the 
properties and distribution of the electron traps in phosphors [30]. For 
ZnGa2O4:Cr3+ nanocrystals without Mg-doping, there is an original TL 
peak at approximately 307 K (Fig. 5a). However, the intensity of the 
original TL peak multiply increased in Mg-doped nanocrystals, indi
cating the increased concentration of inherent electron traps. Moreover, 
the TL peak involved with intrinsic electron trap slightly shifted with 

Mg-doping (307, 317, 314, 325, 330, and 320 K for MgxZn1-xGa2O4:Cr3+

with x = 0–0.5, respectively). Interestingly, Mg-doping led to a newly 
emerging peak at approximately 495 K. The new peak emerged its 
maximum with x = 0.1, and then decreased with the doping content 
increasement of magnesium. However, MgxZn1-xGa2O4:Cr3+ with x =
0.3 gave the optimal luminescence lifetime and maximum luminescence 
intensity in the foregoing PL decay curves. It mainly due to that inade
quate or excessive concentration and depth of electron traps is detri
mental to afterglow performance. Considering the crucial role of 
concentration and depth of electron traps in the afterglow mechanisms, 
we further contrast the integrated area under the curve of TL intensity 
(299 K to 450 K), which reflects the concentration of the shallow 

Fig. 4. Effect of Mg2+-doping on the microstructure of ZnGa2O4:Cr3+ nanoparticles. (a) High-resolution XPS spectra of Mg 1s core-levels for MgxZn1-xGa2O4:Cr3+

nanocrystals (x = 0.1–0.5 and x = 1.0 (i.e. MgGa2O4:Cr3+)). (b) High-resolution XPS spectra of Zn 2p3/2 core-levels for MgxZn1-xGa2O4:Cr3+ (x = 0 (i.e. ZnGa2O4: 
Cr3+) and x = 0.1–0.5) PLNPs. (c) Photoluminescence spectrum of the Cr-free MgxZn1-xGa2O4 nanoparticles with x from 0 to 0.5. (d) Quantification of luminescence 
intensity and (e) corresponding PL decay images of Cr-free MgxZn1-xGa2O4 powder at 48 h after irradiation with a UV lamp for 5 min. 

Fig. 5. Effect of Mg2+-doping on the electron traps of ZnGa2O4:Cr3+ nanoparticles. (a) Thermoluminescence spectra of Mg2+-doped ZnGa2O4:Cr3+ nanoparticles. (b) 
Diagram for engineering electron traps in ZnGa2O4:Cr3+ nanoparticles through Mg-doping. 
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electron trap. We found that MgxZn1-xGa2O4:Cr3+ with x = 0.3 gave the 
highest concentration of inherent electron trap (Table 1). Hence, the 
optimal long-lasting NIR luminescence of MgxZn1-xGa2O4:Cr3+ (x = 0.3) 
was likely attributed to adequate shallow trap concentration and 
appropriate deep trap concentration in nanocrystals. The two peaks of 
MgxZn1-xGa2O4:Cr3+ (x = 0.3) at about 325 K and 495 K correspond to 
two electron traps with a depth of Etrap1 ~ 0.65 eV and Etrap2 ~ 0.99 eV, 
respectively (according to the equation Et (eV) = Tm/500, Tm refers to 
the temperature at the TL peak maximum [31]) (Fig. 5b). Typically, 
traps with a medium depth of 0.5–1 eV, ideally around 0.65 eV are 
suitable for progressive release of carriers at room temperature, while 
shallower traps may lead to rapid afterglow decays and deeper ones to 
energy storage without release at room temperature [15,32]. In addi
tion, the photo-charging effect curves under 254 nm UV light irradiation 
show the longest time needed to reach stable luminescence for MgxZn1- 

xGa2O4:Cr3+ (x = 0.3), indicating that the trap level of the nanoparticles 
has a longer process from filling to release. This is consistent with the 
appropriate trap level and the observed optimal long-lasting NIR lumi
nescence of MgxZn1-xGa2O4:Cr3+ (x = 0.3) (Fig. S11). In brief, the 
appropriate Mg-doping not merely contributes the increased amount of 
inherent shallower electron traps, but also introduces a new type of 
deeper electron trap in the nanocrystals. These appropriate trap depth 
and trap concentration contribute jointly to the enhancement of after
glow performance. 

The bandgap energy of MgxZn1-xGa2O4:Cr3+ (x = 0–0.5) was esti
mated to investigate the physical origin of the NIR luminescence 
enhancement for specific Mg2+ ions doping levels. The reflectance 
spectra were used to calculate optical bandgap energy (Eg) by applying 
the Tauc plot, which was converted to the Kubelka-Munk function 
[33–35]. The calculated values of Eg were 4.94 eV (x = 0), 4.89 eV (x =
0.1), 4.81 eV (x = 0.2), 4.85 eV (x = 0.3), 4.82 eV (x = 0.4) and 4.83 eV 
(x = 0.5) (Fig. S12). The bandgap in MgxZn1-xGa2O4:Cr3+ (x = 0.1–0.5) 
is slightly narrower as Mg2+ ions doping than that in the host sample (x 
= 0), meaning a more likely excitation of electrons from valence band to 
conduction band under the UV excitation. However, due to the small 
change in Eg, its contribution to the improvement of optical perfor
mance is limited. 

We further considered the change of the inherent electron traps with 
Mg2+ doping to understand the mechanism. Based on the aforemen
tioned results from the TL spectra, appropriate Mg-doping led to a sig
nificant increase of inherent shallower electron traps (Table 1). The long 
afterglow performance of Mg-doped ZnGa2O4:Cr3+ under visible light 
excitation (red LED light, 650 nm) (Fig. 3d, Fig. S7) in combination with 
the linear time dependence of the reciprocal of the PL intensity indicate 
that a quantum tunneling-related process between trap and luminescent 
center were involved in the long persistent luminescence in Mg-doped 
phosphors (Fig. S13) [1,36,37]. The efficiency of the tunneling effect 
is related to the distance between the luminescent center and the trap 
center. The great increase of the concentration of inherent shallower 
electron traps by appropriate Mg-doping shortened the distance be
tween the luminescence center and the trap center, thus the energy 
transfer efficiency from the material matrix to Cr3+ ions and the optical 
performance were significantly improved. The above physical origin 
analysis of the NIR luminescence enhancement can make good sense to 
explain the optimal luminescence lifetime and maximum luminescence 
duration of MgxZn1-xGa2O4:Cr3+ (x = 0.3) (Fig. 5b). 

We attempted to match this Mg2+ ions doping strategy to the green 
emitting Zn2GeO4:Mn PLNPs for further extend this strategy to other 
important PLNPs. However, Mg2+ doping (with x from 0.2 to 1.0) is 

detrimental to persistent luminescence in nanocrystals. The PL emission 
intensity of MgxZn2-xGeO4:Mn (~534 nm) significantly decrease relying 
on the Mg2+ doping contents (Fig. S14a), and the afterglow intensity and 
afterglow time of MgxZn2-xGeO4:Mn in afterglow decay images show the 
similar decrease trend (Fig. S14b-d). Therefore, this Mg2+ doping 
strategy needs to be further explored to match other important sub
strates of PLNPs. 

Persistent Luminescence Enhancement in In Vivo Imaging. In 
view of the good performance of light rechargeable Mg-doped PLNPs. 
We further investigated these nanoparticles with respect to their in vivo 
long-term imaging capability. For comparison, two groups of experi
ments were set up (UV lamp pre-activated group and LED in situ acti
vated group). The nanoparticles in pre-activated group were irradiated 
by UV lamp for 5 min to fill the trap first, MgxZn1-xGa2O4:Cr3+ solutions 
(x = 0, 0.2, 0.3) were subcutaneously injected into the same mouse on 
the back. The PL signal of the injected nanoparticles was then able to be 
continuously observed on an IVIS imaging system. The luminescence of 
Mg-doped PLNPs (x = 0.3) remained after 24 h of decay (SNR = 13.2), 
showing obviously improved PL signals compared to Mg-free PLNPs (x 
= 0) (Fig. 6a). Moreover, such improved PL signals of PLNPs was able to 
be quickly reactivated by red LED light, allowing the most simple and 
convenient recovery of the persistent luminescence signal whenever 
required. 

To study the potential of the nanoparticles for bioimaging without 
UV lamp pre-activation, MgxZn1-xGa2O4:Cr3+ in another group were 
directly excited by red LED light after subcutaneously injected. Decay 
images in Fig. 6b shows that the PL signal of Mg-doped PLNPs with x =
0.3 can keep at least 12 h (SNR = 13.7). Moreover, the repeated reac
tivation gave similar decay images without noticeable attenuation 
within 48 h, suggesting the good photostability of the Mg-doped PLNPs 
by red LED light (Fig. 6b, Fig. S15). In comparison with the ZnGa2O4: 
Cr3+ (x = 0), the Mg-doped PLNPs (x = 0.3) promoted over 60 times 
increase of SNR in in vivo imaging. Besides, it is obviously that red light 
gave a better SNR than UV light. The above findings clearly demonstrate 
that properly Mg2+ ions doping in ZnGa2O4:Cr3+ (x = 0.3) offered a 
significant improvement in vivo imaging performance, thus making the 
nanoparticles more valuable in long-term bioimaging. 

3. Conclusion 

We have developed a facile strategy ground on the direct aqueous 
bottom-up synthesis to boost the PL performance of ZnGa2O4:Cr3+

PLNPs, while nicely preserving the desirable uniform sub-10 nm size and 
morphology. We have shown that the slight substitution of Zn2+ ions by 
Mg2+ ions in the nanocrystals led to increased amount of inherent 
electron traps and new deep electron traps. The appropriate depth and 
concentration of these added electron traps contribute jointly to the 
increase of PL intensity and duration of NIR emission (SNR = 31.6 at 30 
d). Compared to previous studies [3,19,32], our proposed synthesis 
protocol allows the successful preparation of ideal PLNPs not only with 
excellent PL performance but also uniform small size. Moreover, the 
prepared nanocrystals exhibit excellent rechargeability for UV/visible 
radiations at a desired time, and promote over 60 times SNR increase in 
long-term in vivo bioimaging. The developed nanoparticles are ideal for 
autofluorescence free long-term bioimaging. Proper functionalization of 
the nanoparticles enables further develop promising nanoplatforms for 
disease diagnosis and long-term monitoring of physiological process. 
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