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stone, and later shown by Lastusaari et al. 
to be BaS:Cu+, originated from the calci-
nation of BaSO4 found in Paderno.[2] But 
even earlier, usages of these materials can 
be found in history, such as in ancient 
China.[3]

Modern studies on persistent lumines-
cence were reignited during the 1990s, 
with a report of a long-lasting persistent 
material, SrAl2O4:Eu2+, Dy3+ by Matsuzawa 
et  al.[4] Since then the field has rapidly 
grown, with reports of dozens of persis-
tent materials by many groups around 
the world,[3,5–12] and growing applications, 
from toys, luminous watches, and safety 
signs to in vivo and in vitro imaging, ther-
anostics and therapy.[3,13–17]

The mechanisms for persistent lumi-
nescence usually involve the absorption 
of a high energy excitation source, such 
as X-rays, UV, or visible light, for storage 

of electrons or holes in defects in the crystal structure, either 
locally around the luminescent center, or in defects over the 
lattice.[18] These trapped electrons/holes are then released by 
thermal energy, and recombined into ground state, with radia-
tive emission.[1,3,11,16,19,20]

In recent years, some studies using upconversion (i.e., emis-
sion of a photon with a smaller wavelength than the excitation 
source) as a way to charge the persistent materials have been 
introduced using different approaches. So far, three mecha-
nisms have been unveiled (Scheme 1). These mechanisms are: 
i) phonon assisted direct charging of a low-energy level of the 
persistent luminescent centers, as shown for Zn3Ga2GeO8: 
Cr3+,[21] ZnGa2O4:Cr3+,[22] LiGa5O8:Cr3+, MgGeO3:Mn2+, and 
MgGeO3:Pr3+;[23] ii) introduction of an upconversion pair 
(Yb/Er; Yb/Tm; Yb/Ho) together with the persistent lumines-
cent emission center[24] in matrices such as Zn3Ga2GeO8:Yb3+, 
Er3+, Cr3+,[24] or ZnGa2O4:Yb3+, Er3+, Cr3+;[25] and iii) radiative 
energy transfer between UCNPs (upconversion nanoparti-
cles) and PLNPs (persistent luminescent nanoparticles), with 
reported systems of NaYF4:20%Yb, 2%Er@NaYF4 UCNPs 
transferring to CaS:0.02%Eu,0.1%Tm,0.1%Ce PLNPs[26] and 
NaYF4:20%Yb,1%Tm transferring to three different persistent 
luminescent materials.[27] Although a core–shell system would 
be ideal to work with by limiting the losses caused by longer 
distances between donors and acceptors in the upconversion 
persistent luminescence (UCPL) mechanism, hitherto there 
are no available works in the literature that successfully synthe-
sized such oxide/fluoride composite.

The charging of persistent luminescence using an infrared laser as a power 
source and an upconversion process is a recently proposed trend in the 
field of persistent luminescence that allows expansion of the potential 
applications for these materials. In bioimaging at nanoscale, it allows for 
increased rechargeability capacity, as the excitation wavelength is fully inside 
the biological window. In this work, a novel approach is proposed to this 
phenomenon using energy transfer on associated materials. For this purpose, 
β-NaGd0.8Yb0.17Er0.03F4 nanoparticles, known for their efficient upconversion, 
and Zn1.33Ga1.335Sn0.33Cr0.005O4 nanoparticles, known for their persistent 
luminescence properties, have been synthesized and associated through a 
dry impregnation method. The obtained hybrid material is found to present 
persistent luminescence at 700 nm after charging with a 980 nm laser. A 
mechanism is proposed to explain this energy transfer process and the capa-
bilities of the hybrid material as rechargeable persistent nanoprobe for in vivo 
applications are shown.
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1. Introduction

Persistent luminescence is an optical phenomenon in which 
luminescence is still ongoing for a long time after the end of 
excitation, lasting from minutes to hours.[1] The first persistent 
luminescence material was reported in the 17th century by Cas-
cariolo, after he synthesized what is now known as the Bologna 
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In this paper, we present new inputs on the upconversion 
capabilities toward persistent luminescence phenomenon 
associating NaGdF4:17%Yb3+, 3%Er3+ nanoparticles, consid-
ered as one of the best upconverting materials available and 
Zn1.33Ga1.335Sn0.33Cr0.005O4 (ZGSO), a ZnGa2O4:Cr3+ (ZGO) 
derivative, which was synthesized as nanoparticles for the first 
time in the present work. Both matrices were intimately mixed 
using dry impregnation to associate ZGSO with β-NaGdF4:Yb3+, 
Er3+. Further, we propose a mechanism for the upconverted 
persistent luminescence (UCPL) of this system and propose 
applications in bioimaging for this composite.

2. Results and Discussion

In comparison to other previous systems developed for UCPL, 
the combination of ZGSO and NaGdF4 is advantageous for 
several reasons. i) As stated before, both are well established 
materials in regard to their efficiency in persistent lumines-
cence and upconversion, respectively.[28,29] ii) Additionally, both 
have already been studied for in vitro or in vivo imaging sepa-
rately, with good results and no safety problems.[13,30–34] iii) The 
proposed system has both excitation and emission wavelengths 
falling inside the biological window (BW-I),[35] leading to a 
potential in vivo rechargeable persistent luminescence probe 
excited by upconversion. iv) The process used (impregnation 
method) allows the proportion of each material to be adjusted 
easily and rapidly in the composite.

X-ray diffraction patterns for both materials prepared sepa-
rately are available in Figures S1 and S2 (Supporting Informa-
tion). In both cases, no phase impurity was found.

ZGSO NPs were synthesized for the first time using a hydro-
thermal method derived from the already well known ZGO syn-
thesis developed in our research groups.[13,36] Compared to ZGO, 
already a remarkable material for persistent luminescence in the 
deep red,[37–39] ZGSO presents higher visible excitation efficiency 
for persistent luminescence and improved performance in the 
initial times of the persistent luminescence decay.[28] The high 
excitation capability of persistent luminescence in the visible 
range renders ZGSO among the best material able to efficiently 
store energy using Er3+ upconverted emission. The average size 
of ZGSO particles in TEM is ≈40 nm, as reported in Figure 1a.

NaGdF4:Yb3+, Er3+ is a well-known material with high effi-
ciency upconversion feature due to low phonon energy of the 
fluoride host preventing non-radiative relaxation. This com-
pound was synthesized by a co-precipitation method adapted 

from Palo et al.[40] The obtained nanoparticles have an average 
size of 15 nm. (Figure 1b).

Transmission electron microscopy (TEM) images for 
these associated particles obtained by dry impregnation 
can be seen in Figure  1c,d. Sphere-like shapes, with sizes 
≈15–20  nm, correspond to the NaGdF4 hexagonal-phase. 
The bigger size squares correspond to the ZGSO spinel 
nanoparticles. Then within this work, we present an easy  
method to associate the two nanoparticles that can be proposed 
to the end-users.

The optical spectroscopic features of the materials were 
studied both separately and after the association. For the upcon-
verting material, the emission spectrum using a 980 nm laser 
diode as excitation can be seen in Figure  1e. It shows both 
common transitions reported in Yb, Er upconversion sys-
tems, the green 2H11/2,4S3/2  → 4I15/2 transitions and the red 
4F9/2  → 4I15/2 transition. Notice that the blue 2H9/2  → 4I15/2 
transition is not observed here. The power law dependence 
(Figure S4, Supporting Information) shows that as expected 
more than one photon is involved in both emissions, with slope 
being 1.93 for the green emission, and 1.65 for the red one, in 
good agreement with the already reported power law depend-
ence for this system.[41–43]

For the persistent luminescent material, the more inten-
sive emission band at ca. 700  nm is attributed to the radia-
tive spin forbidden 2E → 4A2 transition. A tail beyond 750 nm 
was attributed to the small contribution of the 4T2 → 4A2 tran-
sition in thermal equilibrium.[44] The excitation spectrum 
of ZGSO’s photoluminescence considering its emission at 
700  nm (Figure  1f, black line) shows two broad bands in the 
visible range, that can be attributed to the 4A2 → 4T2 (≈570 nm) 
and 4A2  → 4T1 (4F) (≈420  nm) transitions. The third band in 
the UV (<350 nm) is attributed to the 4A2 → 4T1 (4P) transition 
partially overlapping the bandgap absorption. The 4A2  → 4T2 
excitation band is in good resonance with the Er3+ emission 
(2H11/2,4S3/2 → 4I15/2 transitions), as there is an overlap between 
the two transitions (Figure 2a, red line). In the first step, to ana-
lyze if the green emission coming from erbium can promote 
persistent luminescence, a 565 nm LED that well corresponds 
to the green upconversion from erbium was used. Addition-
ally, to compare with data obtained from micrometric powder 
in the literature, a 254  nm excitation light was used for the 
sake of comparison. The photoluminescence spectra are shown 
in Figure  2b. The emission spectra are similar for both exci-
tation wavelengths and are also in well agreement with the 
data reported for micrometric size ZGSO, with the N2 line at 

Adv. Optical Mater. 2023, 11, 2201468

Scheme 1.  i,ii) Different upconverted persistent luminescence (UCPL) approaches in the literature, taking Cr3+ as recombination center and Yb3+, Er3+ 
as upconversion pair. iii) Schematic of the present work.
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ca. 694  nm enlarged and enhanced as a consequence of Sn4+ 
doping in regards to the ZGO:Cr matrix, a slight modification 
of the crystal field due to the cationic substitution.[28] Notice 
that the enhancement of the N2/R1 ratio is favorable to the per-
sistent luminescence properties[45] as presented in Figure S5 
(Supporting Information).

The persistent luminescence spectra are shown in Figure 2c 
with a 5 min charging time under 565 and 980 nm excitation, 

and 2  min for 254  nm excitation. It was previously demon-
strated that in persistent phosphors: charging time, wave-
lengths and temperatures are very important parameters.[46,47] 
As the efficiency of the UV charging is much higher, the spec-
trometer slits are, 0.1 and 1  mm for 254 and 565  nm, respec-
tively. This leads to experimental spectral broadening as seen 
in Figure  2c for the 565  nm excitation. The most prominent 
band in the persistent luminescence spectrum under 254  nm 

Adv. Optical Mater. 2023, 11, 2201468

Figure 1.  a) TEM image of ZGSO. b) TEM image of NaGdF4:Yb, Er. c,d) TEM images of NaGdF4:Yb3+, Er3+ mixed with ZGSO:Cr3+ obtained by dry 
impregnation. ZGSO particles are indicated by orange squares, and NaGdF4 particles by green circles. e) Upconversion spectrum for NaGdF4:17%Yb3+, 
3% Er3+ nanoparticles after excitation at 980 nm. f) Excitation (λem = 700 nm) and emission (λexc = 254 nm) spectra of ZGSO.

Figure 2.  a) Overlap between ZGSO excitation spectrum and NaGdF4:Yb, Er upconversion spectrum. b) ZGSO photoluminescence under 254 and 
565 nm excitations (see Figures S5 and S6, Supporting Information, for complements). c) Persistent emission of ZGSO:Cr3+ 10 s after excitation stops 
with excitation at 254, 565, and 980 nm. The normalization in the 980 nm excitation was done according to the background of the emission spectrum 
with 565 nm excitation just to show the absence of signal, monochromator slits are 0.1 mm for 254 nm and 1 mm for 565 and 980 nm. d) Normalized 
persistent luminescence over time for ZGSO:Cr3+ under 254 and 565 nm excitations.
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excitation remains the N2 band, as observed for micrometric 
size ZGSO compounds.[26] The nanosized compounds, in com-
parison to the bulk ZGSO, has a larger contribution from the 
broad 4T2  → 4A2 emission band (Figure S6, Supporting Infor-
mation). It appears that the excitation at 565 nm can effectively 
charge the persistent luminescence. This was further confirmed 
by the integrated persistent luminescence over time, as shown 
in Figure 2d even if the persistent luminescence under 565 nm 
remains smaller in intensity than under 254 nm excitation.

After associating by the dry impregnation method these 
persistent nanoparticles with NaGdF4:Yb,Er nanoparticles, the 
optical spectroscopy properties were reinvestigated. At first, 
the optimal phosphors ratio was determined. Ratios ranging 
between 1/3, 1/1, and 3/1 for the ZGSO and NaGdF4, respec-
tively, were tested (see Figure S7, Supporting Information), 
and it clearly appears that the 1/1 ratio is the most efficient in 
terms of persistent luminescence intensity. Then in the fol-

lowing part of the study only the 1:1 ratio is used for the hybrid 
compounds associated by dry impregnation. Under excita-
tion at 254 and 565  nm, as expected, no changes in photolu-
minescence and persistent luminescence shapes were found 
for the mixed compounds. When charging the NaGdF4/ZGSO 
NPs with 980  nm NIR excitation (Figure 3a), it was possible 
to observe a visible and broad 700  nm emission by upconver-
sion mechanisms. Comparing this emission with the single 
fluoride particles, the spectrum presents a broadband with weak 
intensity corresponding to a shoulder in the deep red range 
>650  nm and extending toward 700  nm. This emission corre-
sponds to Cr3+ emission fed by the energy transfer. This result 
demonstrates the capability of exciting the hybrid material in 
the near infrared (980 nm) and with emission in the deep red  
(> 650 nm) arising from Er3+ and Cr3+, both localized into the 
biological window.[35] This could allow further applications in the 
bioimaging field. The kinetics are furthermore strongly affected 

Adv. Optical Mater. 2023, 11, 2201468

Figure 3.  a) Normalized upconversion spectrum of NaGdF4:Yb,Er (in blue), NaGdF4 associated to ZGSO (in black), and pure ZGSO (in red). (Nor-
malization with pure ZGSO is in the range of 0 to 0.015 to show the lack of signal). b) Persistent luminescence of NaGdF4-associated ZGSO, starting 
2 s after the end of excitation at 980 nm. c) Persistent luminescence of NaGdF4-associated ZGSO with different charging powers using a 980 nm laser 
source. d) Persistent luminescence of NaGdF4-associated ZGSO changing the charging time with a 980 nm laser source. e) Thermoluminescence 
(TSL) of NaGdF4-associated ZGSO with excitations in 254 and 565 nm at 15 K. f) Proposed mechanism of the infrared excitation and emission of 
NaGdF4-associated ZGSO nanoparticles.
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by the energy transfer process, as investigated in the following 
part of the paper.

In Figure  3c, the associated NaGdF4/ZGSO materials were 
excited by the 980 nm laser diode for 5 min with different exci-
tation powers to corroborate the capability of the infrared exci-
tation to promote the persistent luminescence. Indeed, higher 
excitation powers increase the duration of the persistent lumi-
nescence as seen in Figure 3c to reach several tens of seconds. 
This suggests that higher powers open the path to enhance 
the filling of traps useful for the persistent luminescence. As 
in the persistent luminescence mechanism, the charging time 
could play an important role, this was also investigated within 
this work and the results are presented in Figure 3d. There is 
no significant variation when charging from 1 to 5  min for a 
given 980 nm NIR power. At 15 s and 30 s charging time dura-
tions (see Figure S11, Supporting Information) the charging 
efficiency is however smaller. Comparing these data with the 
variations reported in Figure 3c when incident power is modi-
fied, this suggests that for charging times of at least 1 min, the 
number of filled traps only varies with the excitation power of 
the NIR 980 nm laser diode, but not with the duration of the 
excitation. Nevertheless, in the case of the bioimaging applica-
tion low NIR power was mainly used, namely 0.25 W NIR laser 
diode, in order to limit the heating processes of the laser on the 
biological tissues.

Thermoluminescence (TSL) study of the mixed associ-
ated particles was performed using different excitation wave-
lengths at 565 and 254  nm at low temperature (15  K) to see 
if there is a difference in the trapping process by changing 
the incident wavelengths (Figure  3e). Excitation at 254  nm 
induced more efficient trapping than at 565 nm, with a broad 
band in both cases in the thermoluminescence glow curves. 
For excitation at 254  nm, the thermoluminescence  signal 
peaks at 210 K and extends until 350 K, in the persistent lumi-
nescence range. It is possible to observe with the signal to 
noise ratio that the TSL glow curve is much more intensive 
after 254  nm excitation.[13] Most of the traps in this material 
are not located in the temperature range for good persistent 
luminescence, rather corresponding to effective charging at 
lower temperatures than room temperature. The excitation 
at 565 nm leads to a small shift toward higher temperatures 
peaking at ≈230  K. These traps should be indeed charged 
when exciting with 980  nm wavelength. Thermolumines-
cence using 980  nm as excitation wavelength was also per-
formed, but no trapping was further observed. This suggests 
that the energy transfer is not efficient at low temperatures 
and Cr3+ excitation bands tend to be narrower because of the 
low phonon effect at 15 K.

With all this information, one can propose a mechanism 
for the persistent luminescence process in these materials 
after 980 nm excitation, as seen in Figure 3f. When 980 nm 
laser excitation is used, Yb3+ cations are excited and energy 
transfer to Er3+ within a two-photon process is observed in 
NaGdF4 NPs. The light emitted from Er3+ in the green 
range could then further excite Cr3+ in ZGSO through the 
4A2  → 4T2 transition. From this Cr3+ excited state, energy 
transfer to traps could occur. Notice that without Cr3+ there 
is no persistent luminescence in NaGdF4Yb3+, Er3+/ZGSO 
NPs. During thermal stimulation, traps are released into the 

system over time to reach the Cr3+ recombination centers, 
then returning to ground state through 2E → 4A2 transition. 
Due to the low energy of the green Er3+ emission, the trap-
ping/de-trapping mechanism in ZGSO:Cr3+ should be very 
similar to the one previously described by Bessière et al. for 
ZGO:Cr3+.[48] The Sn4+ substitution only increase the amount 
of site distortion namely related to anti-site defects,[28] which 
are very important for these low-energy excitation in ZGSO, 
and appears crucial for UCPL using the NaGdF4/ZGSO 
system.

It is important to further notice that to well observe upcon-
version charging process, the materials should be kept away 
from ambient, sunlight, and photostimulation processes.[17,49]

After these optical characterizations, the NaGdF4-associated 
ZGSO particles were first tested in a simple test to check if 
the persistent luminescent light emitted by the composite 
could be captured by a visible camera through a 2  mm-thick 
layer of ham. In these studies, ham was used to mimic a bio-
logical environment. The results obtained using three dif-
ferent excitation sources (a 254  nm lamp, an orange/red vis-
ible LED with a cut-off filter at 515 and a 980 nm diode laser) 
are shown in Figure 4. The setup for the experiments is 
described in Figure  4a. When using the 254  nm lamp or the 
visible LED, excitation was performed without the ham layer, 
and photons are collected after the sample holder was covered 
by a ham layer (direct excitation). When using the 980  nm 
laser, two experiments were tested: one as described with the 
254 nm lamp and the visible LED, where the sample is directly 
excited by the excitation source before being covered by ham 
(Figure 4a, top), and a second one, where the excitation occurs 
through the ham layer (Figure 4a, bottom).

Through Figure  4b–d it is possible to see that all excita-
tion sources were able to charge the particles allowing emit-
ting light at ≈700 nm in the deep red through the ham layer. 
The infrared light excitation, namely 980 nm, was also able to 
excite even through the ham as shown in Figure 4e. Figure 4f 
shows the persistent luminescent decay profiles of NaGdF4-
associated ZGSO with all used excitation sources. The 
infrared excitation of the persistent luminescent compounds, 
which depends on the energy transfer from NaGdF4:Yb, Er to 
ZGSO:Cr3+ is about two orders of magnitude less intensive 
than the direct excitation of ZGSO in the UV (band gap) or in 
the green/orange (4A2 → 4T2 excitation), however, it is possible 
to record signal for at least 5  min using a low energy light 
source.

After these tissue-like mimicking experiments, and before 
performing more complicated in vivo experiments, the ability 
of the associated nanocomposite to keep on emitting light in 
water, after 980  nm laser excitation, has been evaluated. For 
this purpose, two conditions have been tested in which the 
associated nanocomposites (16 mg NaGdF4:Yb, Er/ZGSO:Cr3+, 
1/1 weight ratio) in an Eppendorf tube were either directly in 
contact with 1  mL of water (Figure S8a, Supporting Informa-
tion), or the associated nanocomposite were isolated from water 
by confinement in a capsule, Figure S8b (Supporting Informa-
tion). In these conditions, without dispersion, as can be seen in 
Figure S8 (Supporting Information), persistent luminescence 
signals can be obtained. In both cases, water reduces the inten-
sity of the signal compared to solvent free experiments (blue 

Adv. Optical Mater. 2023, 11, 2201468
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curves, Figure S8, Supporting Information). However, when 
both conditions (free powder or inside a capsule) are dispersed 
into water, only the condition in which the associated powder 
has been introduced into a capsule allowed keeping a persis-
tent luminescence signal (Figure S9, Supporting Information). 
This special packaging, using the associated nanocomposite 
inside a capsule, has been used for the in vivo experiments on 
mice.

Two kinds of in vivo experiments have been performed on 
mice. In the first series, a capsule containing the associated 
nanocomposite (16  mg) was excited ex situ with the 980  nm 
laser for 2 min (Figure 5a), and the excited capsule was imme-
diately implanted in the back of a Balb/c mice, just under the 
skin. After observation with a ICCD camera (Biospace lab) a 
persistent luminescence signal, characteristic of ZGSO:Cr, 
was clearly detectable (Figure  5b), with an emission lasting 
for >5  min (Figure  5c). When there was no more signal, we 
have shown that it is possible to re-excite the capsule, inside 
the animal body (Figure 5d), allowing to recover the persistent 
signal (Figure  5e,f). Even if lower than after the ex situ exci-
tation, the signal intensity is still higher than the background 
(BKG, black line). We have shown, that by adjusting the power 
of the laser (from 0.8 to 2.4 A corresponding to 1 to 5.1 W cm−2) 
the intensity of the emitted signal can be increased to facilitate 
the detection (Figure 5g–i).

In a second series of experiments, we have demonstrated 
that it is possible to perform in vivo imaging in deeper tissue, 
using another way of administration of the capsule, the oral 
route (Figure  5j–l; Figure S10. Supporting Information). As 
before, the capsule can be pre-excited ex situ (Figure S10a, Sup-
porting Information), then administered orally via a cannula 
and the signal emitted by the capsule can be clearly detectable 
(Figure S10b,c, Supporting Information). As before, when the 

signal is off, we have shown that it is possible to re-excite the 
associated composite, through the throat (Figure  5j), using a 
980 nm excitation (1 W cm−2, 2 min), allowing recovering the 
characteristic persistent signal of ZGSO:Cr (Figure 5k,l).

These in vivo results, the first realized in mice using asso-
ciated UCNP/ZGSO nanocomposites highlight the feasibility 
of this strategy based on the emission of a persistent lumines-
cence signal after an energy transfer mechanism. Using this 
phenomenon, different applications can be envisioned: after a 
local injection to follow the stability of an implant or the release 
of a drug; and after oral administration, to study the kinetic of 
the degradation of the capsule in the stomach.

3. Conclusions

In this work, at first, we successfully synthesized and character-
ized ZGSO:Cr3+ NPs, elaborated using a hydrothermal method. 
These nanoparticles present persistent luminescence with emis-
sion at ca. 700 nm (2E → 4A2 transition) when excited at 254 nm 
and 565  nm, and indeed the excitation in the visible range is 
enhanced in the Sn-substituted compound. The capability of 
sensitization in the 565  nm Cr3+ band can be used to charge 
the persistent luminescence materials through upconversion 
using a fluoride host presenting high upconversion efficiency. 
565 nm Cr3+ absorption band is particularly favorable thanks to 
a good overlap with Er3+ emission (4S3/2,2H11/2  → 4I15/2 transi-
tions). A core–shell system would be ideal to work with a UCPL 
system due to the reduced losses in energy transfer caused by 
distances, however, this requires a fine control of the material 
chemistry and leads to expensive compounds. In the present 
work, an alternative strategy was used in which ZGSO:Cr3+ 
NPs were associated with NaGdF4:Yb3+, Er3+ NPs, by using a 

Adv. Optical Mater. 2023, 11, 2201468

Figure 4.  a) Setup used for tissue-like persistent luminescence imaging b–e) Light collected through 2 mm ham layer with NaGdF4-associated ZGSO 
samples after excitation with: (b) 254 nm (2.1 mW cm−2) for 2 min; (c) visible, orange-red LED (31.2 mW cm−2) for 10 s with 515 nm cut-off filter;  
(d) 980  nm (5.1  W  cm−2) for 2  min with direct excitation of sample; (e) 980  nm (5.1  W  cm−2) for 2  min with excitation through the ham layer.  
f) Persistent luminescence decays of the four excitation schemes used in this first study.
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fast and easy dry impregnation method. These associated par-
ticles NaGdF4:Yb, Er/ZGSO:Cr showed persistent lumines-
cence when excited with a 980 nm laser diode thanks to energy 
transfer from upconversion excited Er3+ to Cr3+. Further, note 
that other rare earth cations (Yb3+/Tm3+ for instance) could also 
be considered to reach 254  nm by upconversion (with a four-
photon process), however, the use of high energy can be detri-
mental for in vivo applications and cell viability.

The temperature-assisted nature of this energy transfer is 
demonstrated by an absence of thermoluminescence glow 
signal when excited at 15 K with 980 nm excitation light, while 
direct excitation of ZGSO using a 254 or 565  nm excitation 
sources has intense glow signal. A mechanism is proposed for 
the near infrared 980  nm excitation inducing upconversion 
in the NaGdF4:Yb, Er NPs then followed by energy transfer 
between excited Er3+ and Cr3+ in ZGSO NPs. After this energy 

transfer, defects in the ZGSO:Cr3+, NPs, namely antisite defects, 
are filled by excited Cr3+ and are thermally released in the Cr3+ 
recombination centers with emission in the deep red range.

The excitation (980  nm) and emission (ca. 700  nm) wave-
lengths of this hybrid material are both located inside the bio-
logical window (BW-I), which allows its potential as a recharge-
able persistent bioimaging probe. As demonstrated within this 
work, in vivo imaging is possible using pre-excited capsules 
loaded with a 1/1 ratio of NaGdF4:Yb, Er/ ZGSO:Cr NPs, either 
after subcutaneous or oral administration in mice. In both 
cases, when the signal is off, it is possible to recover it by a 
re-stimulation in situ, through biological tissues. This way of 
imaging, based on energy transfer using laser excitation can be 
of particular interest in different applications, for example, to 
follow the stability of an implant or on the contrary to study 
the kinetic of degradation of the capsule. Even if a little more 

Adv. Optical Mater. 2023, 11, 2201468

Figure 5.  In vivo imaging using associated nanocomposite in capsules. a) Ex situ excitation of a capsule filled with the associated nanocomposite using 
980 nm laser (1 W cm−2, 2 min). b) Total counts collected after the capsule has been implanted on the back of a mice. c) Persistent luminescence decay 
of the capsule implanted under the skin. d) In situ re-excitation of the capsule implanted under the skin using the 980 nm laser (1 W cm−2, 2 min). 
e) Total counts after in situ re-excitation. f) Persistent luminescence decay of the capsule re-excited in situ. g) In situ re-excitation of the capsule using 
the 980 nm laser (5.1 W cm−2, 2 min). h) Counts of the in situ re-excited capsule. i) Persistent luminescence decay of the capsule in situ re-excited. 
j) In situ excitation of a capsule (40 mg) after oral administration in the throat of a mice, using the 980 nm laser (1 W cm−2, 2 min). k) Counts obtained 
after in situ excitation of the capsule. l) Persistent luminescence decay of the in situ re-excited capsule.
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difficult to synthesize, monohybrids containing NaGdF4:Yb, Er, 
and ZGSO:Cr NPs incorporated into a silica matrix can be con-
sidered, allowing others in vivo applications after functionaliza-
tion and intravenous injection.[50,51]

4. Experimental Section
β-NaGdF4:Yb, Er Synthesis: To synthesize β-NaGdF4:Yb, Er 

nanoparticles, 2.4 mL of a 0.4 mol L−1 GdCl3 aqueous solution, 0.51 mL 
of a 0.4  mol  L−1 YbCl3 aqueous solution and 0.09  mL of a 0.4  mol  L−1 
ErCl3 aqueous solution were mixed together in a 250  mL three-necked 
round flask. To the same flask, 21 mL of 1-octadecene (technical grade, 
Sigma–Aldrich) and 9 mL of oleic acid (analytical grade, LabSynth) were 
added and then, under Ar atmosphere, heated to 160 °C for 40 min and 
then cool down to room temperature.

During the cooling, a mixture of 0.120  g of NaOH (analytical 
grade, LabSynth) and 0.1776  g of NH4F (analytical grade, LabSynth) 
were dissolved in 15  mL of methanol (analytical grade, LabSynth) and 
then added to the three-necked flask and stirred for 30  min at room 
temperature. Then under an argon atmosphere, the mixture was heated 
to 300 °C for 90 min. After the flask returns to room temperature, 10 mL 
of absolute ethanol was slowly added and transferred to a centrifuge 
tube and centrifuged for 8 min at 4400  rpm and then the supernatant 
was removed. The material was centrifuged six more times, each 
time adding 5  mL of absolute ethanol, followed by removal of the 
supernatant. After the last centrifugation the remaining ethanol is 
evaporated, and the β-NaGdF4:Yb, Er solid was used for analysis and 
characterizations.

ZGSO Synthesis: The synthesis of ZGSO was adapted from the 
synthesis of ZGO nanoparticles by a hydrothermal method,[13] the tin 
concentration was chosen according to the results from Pan et  al.[28] 
In this method, 8.94  mmol of gallium oxide (99.999%, Alfa Aesar) 
were dissolved in 10  mL of concentrated nitric acid (35  wt%) under 
hydrothermal conditions for 48 h at 150 °C. Then 10 mL of an aqueous 
solution containing 17.82  mmol of zinc nitrate hexahydrate (>99%, 
Fluka), 4.42  mmol tin (IV) chloride pentahydrate (98%, Alfa Aesar), 
and 0.07 mmol chromium (III) nitrate nonahydrate (99.9%, Alfa Aesar) 
were added to the vessel under vigorous stirring. The solution pH was 
adjusted to 7.5 using ammonia solution (30 wt%), was stirred for 3  h 
at room temperature and then transferred to a stainless-steel autoclave, 
in which it was kept for 24 h at 120 °C. The resulting solid was washed 
several times with water and ethanol and then dried at 60  °C for 2  h, 
and was sintered in air at 750 °C for 2 h in a tubular oven. The obtained 
white powder was then ground in hydrochloric acid (5  mmol  L−1), 
stirred overnight in HCl 50 mm, and centrifuged at 4500 rpm for 10 min, 
selecting the supernatant that had an average size of ≈100 nm, as seen 
in Figure S3 (Supporting Information).

Dry Impregnation: An amount of 90 mg of ZGSO was collected 
from the former suspension by a centrifugation at 14500 rpm, then 
the pellet was dried under vacuum for 2 h at 60 °C and the solid was 
spread on the Petri dish heated at 50 °C. To this Petri dish, 5 mL of a 
suspension, containing 90 mg of NaGdF4 in cyclohexane, was added 
in 100  µL aliquotes by spreading it over the ZGSO and mixing the 
ZGSO powder and NaGdF4 suspension until the mixture was dry, 
repeating this process until all NaGdF4 suspension is added. The 
obtained NaGdF4 mixed with ZGSO was then used for analysis in 
solid state.

Characterization: The crystal structure and phase analysis were 
performed by powder X-Ray diffraction in a PANanalytical X’Pert Pro 
diffractometer using Cu Kα radiation operating at 40 mA and 40 kV in a 
2θ range from 10 to 70°, with a scanning step of 0.0167°. TEM images are 
taken using a Tecnai G2 Spirit Apparatus and the images are recorded 
on a CCD camera (Orius Gatan 832 Digital). Carbon-coated copper TEM 
grids are used after evaporation of one drop of aqueous nanoparticles 
suspension. Excitation and emission spectra of ZGSO nanoparticles 
are registered with a Cary Eclipse Varian spectrophotometer in 

phosphorescence mode, ranging from 250 to 650 nm excitation for the 
emission band at 700 nm. Other optical measurements were recorded 
using a charge-coupled hyperspectral camera (Roper Pixis 100) coupled 
to a visible monochromator (Acton Spectra Pro with grating 300 grooves 
per mm, Princeton Instruments) using the suitable excitation source 
to the measurement. For these experiments, as excitation sources and 
wavelength, a 6 W 254 nm Hg UV lamp, a 565 nm 1 W LED (Thorlabs) or 
a 980 nm (LIMO), powers 0.6–2.2 W were used.

Tissue-Like Experiments Realized on Ham Slices: To simulate biological 
tissues, experiments were done using ham bought in a supermarket. 
For this purpose, 30 mg of samples in powder form (ZGSO + NaGdF4) 
were deposited in a sample holder and observed with an Optima 
camera (Biospace Lab, France). The sample holder was covered by a 
2 mm thick pork ham layer during data collection in all cases. For the 
excitation, three different sources were used: i) a 6  W 254  nm Hg UV 
lamp (irradiance 2.1 mW cm−2), ii) a 70 W 5700 lm LED lamp (irradiance 
31.2  mW cm−2) equipped with 515  nm cut-off filter, or iii) a 980  nm 
(irradiance between 1 and 5.1 W cm−2) diode laser.

For the infrared diode laser excitation experiments, two different 
methods were used: i) Without the ham layer over the sample holder, 
the powders were excited for 2 min by the infrared laser. After excitation, 
the ham was readily put to cover the sample holder before decay data 
collection, starting data collection 30  s after the excitation stopped. 
ii) With the ham layer already covering the sample holder, the powders 
were excited for 2  min using the infrared laser, simulating an in vivo 
excitation through biological tissue. The decay data collection also 
started 30 s after the excitation ceased.

For the visible LED lamp excitation, the sample was excited for 10 s 
without the ham layer, which was then put over the sample holder. 
Data collection started 2  min after excitation ceased to avoid camera 
saturation. After 5  min of decay data collection, the sample was 
re-excited for 1  min through the ham layer using the 980  nm infrared 
diode laser to recharge persistent luminescence, simulating an in vivo 
re-excitation of the sample, and decay data was then re-collected for 
more 5 min.

For the UV lamp excitation, the sample was excited for 2 min without 
the ham layer, which was then added to cover the sample holder. 
Decay data collection started 2  min after the end of the excitation to 
avoid camera saturation. After 5 min of data collection, the sample was 
re-excited for 1 min using the 980 nm infrared diode laser through the 
ham layer to recharge persistent luminescence. After the re-excitation, 
the decay data was collected for 5 min.

In Vivo Experiments on Mice: All experiments involving the mice were 
approved by French Comité d’éthique en expérimentation animale No. 
034 and by French Ministry of Research APAFIS#8519-20 16090514387844. 
Local administration route: capsule containing 16 mg of nanocomposite 
(1:1 ratio) are first excited ex situ for 2 min at 980 nm (1 W cm−2) and 
implanted under the skin of a five-week-old female BALB/c mice 
(Janvier) anaesthetized by intraperitoneal injection of ketamine/xylazine. 
The persistent luminescence signal was then collected for 5 min with a 
Biospace camera. After ≈15 min, in situ re-excitation of the capsule was 
performed for 2  min at 980  nm (1  W  cm−2) and the decay signal was 
recorded for 5 min.

Oral administration route: a capsule containing 40  mg of 
nanocomposite (1:1 ratio) was first excited ex situ for 2  min at 
980 nm (1 W cm−2) then administered to the throat of a five-week-old 
anaesthetized female BALB/c mice, via a cannula, and decay data 
was collected for 5  min. After ≈15  min, in situ re-excitation of the 
capsule was realized by using the infrared diode laser (1  W  cm−2) 
for 2  min, and then the decay data was collected for 5  min. Time 
duration effect of the excitation is reported in Figure S11 (Supporting 
Information).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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