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ABSTRACT: Near infrared (NIR)-emitting persistent lumi-
nescent nanoparticles (PLNPs) have great potential for in vivo
bioimaging with the advantages of no need for in situ
excitation, high signal-to-noise ratio, and deep tissue
penetration. However, functional NIR-emitting PLNPs with
long afterglow for long-term in vivo imaging are lacking. Here,
we show the synthesis of NIR-emitting long-persistent
luminescent nanoparticles (LPLNPs)
7n,,0,Ga; 0Ge,0;0:Cr’*,Pr’* by a citrate sol—gel method in
combination with a subsequent reducing atmosphere-free
calcination. The persistent luminescence of the LPLNPs is
significantly improved via codoping Pr’*/Cr’* and creating
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suitable Zn deficiency in zinc gallogermanate. The LPLNP powder exhibits bright NIR luminescence in the biological
transparency window with a superlong afterglow time of over 15 days. A persistent energy transfer between host and Cr** ion in
the LPLNPs is observed and its mechanism is discussed. PEGylation greatly improves the biocompatibility and water solubility of
the LPLNPs. Further bioconjugation with c(RGDyK) peptide makes the LPLNPs promising for long-term in vivo targeted tumor

imaging with low toxicity.

B INTRODUCTION

Optical imaging has received great attention in recent years
because of its merits of high sensitivity, cost, and time
effectiveness, portability, no harmful radiation, and feasibility
for clinical translation, especially its great potential for high-
resolution analysis of molecular 1nf0rmat10n on Dbiological
tissues and change of physiologic parameters.' To date, various
luminescent nanoprobes, such as dye -doped nanopartlcles,
semiconductor quantum dots (QDs),® metal nanoclusters,* and
upconversion nanocrystals,” have been applied to optical
imaging. However, the necessity for in situ excitation of
conventional fluorescent probes during in vivo imaging
produces strong tissue autofluorescence, light scattering and
phototox1c1ty Recently, several es of nanoprobes such as
Ag,S QDs® and carbon nanotubes’ with tunable emission in the
second near-infrared window have been reported for in vivo
imaging to eliminate the background noise,® but in situ
excitation is still needed during imaging.

The long-lasting after%low nature of persistent luminescent
nanoparticles (PLNPs)”® allows optical excitation before
bioimaging, and permits detection and imaging without external
illumination, thereby avoiding the background noise from in
situ excitation.” Moreover, PLNPs with NIR emission have
great advantages for in vivo whole body imaging with high
signal-to-noise ratio (SNR), deep penetration, and no need for
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in situ excitation. Although the bulky size of persistent
phosphors have been rapidly developed in the past decade,''
the nanoscale counterparts, especially NIR-emitting PLNPs, are
still lacking.

In view of their remarkable optical advantages, PLNPs have
been apphed for therapy, bioimaging, and bioanalysis.'”'* Chen
and Zhang'® pioneered the application of PLNPs with
attached photosensitizers as an in vivo agent for photodynamic
therapy. Scherman and co-workers published a milestone paper
on in vivo bioimaging with NIR-emitting PLNPs
(Cag,ZngsMgy 6Si,04:Eu>*,Mn?",Dy*").)% Such PLNPs al-
lowed real-time monitoring of living mice for over 1 h after
intravenous injection without external illumination source, and
permitted nontargeted imaging of tumor after PEGylatlonIOb
and in vitro targeted imaging of glioma cells' ® and prostate
cancer cells'® after further functionalization. Recently, the
same group reported two new PLNPs (CaMg-
Si,O:Eu**,Mn?*,Pr¥* and Ca,SisNg:Eu**, Tm?") with improved
optical characteristics.'>*® Encouraged by the pioneering works
in biomedical application of PLNPs, 19 functional green-
emitting PLNPs (Ca, 3sMg, 1,ZnSi,O,:Eu**,Dy*") were also
fabricated for detecting a-fetoprotein excreted during cancer
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cell growth,12f while blue-emitting PLNPs
(SrMgSi,O4:Eu**,Dy**) were prepared with mesoporous silica
nanospheres as a template for luminescence imaging of a mouse
over 1 h after peritoneal injection.'”® However, the preparation
of all the aforementioned PLNPs from Eu®*-doped silicate
hosts necessitates high-temperature calcination in reducing
atmosphere to reduce Eu®" to Eu®", while their afterglow time is
still not long enough for long-term in vivo imaging. Therefore,
there is an urgent need for functional NIR-emitting PLNPs
with bright luminescence and long afterglow for long-term
targeted tumor imaging in vivo.

Recently, Cr**-doped gallate persistent phosphors with NIR
emission and long afterglow, such as ZnGa,0,:Cr*, Ge/Sn
substituted ZnGa,0,:Cr’*, and Zn;Ga,Ge,0,,:Cr** (360 h
afterglow time for ceramic disc), were prepared by a solid-state
method without the need for a reducing atmosphere.'*”'®
However, these bulky materials are unsuitable for in vivo
bioimaging. More recently, a novel Cr’*-doped LiGa;O5 NIR
phosphor with a persistent luminescence of more than 1000 h
in powder form was reported, and in vivo imaging could be
monitored for more than 4 h in mouse after subcutaneous
injection without an illumination source."*" In light of the long
afterglow time and reducing atmosphere-free preparation, the
development of functional Cr**-doped gallogermanate based
PLNPs would be promising for targeted bioimaging.

Herein, we report the fabrication, by a citrate sol—gel method
in combination with a subsequent reducing atmosphere-free
calcination, of functional NIR-emitting long-persistent lumines-
cent nanoparticles (LPLNPs) with a nominal composition®™ of
71, 0,Ga; 06Ge,0,:Cr**,Pr**. The persistent luminescence
intensity and afterglow time of the LPLNPs are significantly
improved via codoping Pr’*/Cr’* and creating suitable Zn
deficiency in zinc gallogermanate (ZGGO) host. The prepared
LPLNPs give distinguished advantages of bright NIR emission,
long afterglow time (>15 days for the powder), excellent
biocompatibility, and low toxicity, and are promising for long-
term in vivo bioimaging application.

B RESULTS AND DISCUSSION

Synthesis and Characterization. The NIR-emitting
LPLNPs were successfully synthesized by a citrate sol—gel
method in combination with a subsequent reducing atmos-
phere-free calcination (see Experimental Section for details).
The persistent luminescence intensity and afterglow time of the
LPLNPs depended on the pH of the starting solution and
calcination temperature. The optimal pH of the starting
solution is about S (Figure S1 in the Supporting Information
(SI)). Calcination temperature no more than 600 °C gave no
NIR emission (SI, Figure S2). Increase of calcination
temperature led to an increase of the NIR emission at 695
nm in conjunction with a decrease of the host emission. The
host emission disappeared at the calcination temperatures
higher than 1000 °C (SI, Figure S2). The NIR persistent
luminescence intensity increased with increasing of calcination
time (S, Figure S3), probably due to more vacancies of Ge*,
Zn®*, and oxygen created during calcination."*"?

The persistent luminescence intensity and afterglow time of
LPLNPs was improved by codoping Pr’*/Cr’* and creating
suitable Zn deficiency in ZGGO. The luminescence decay
curves of Zn;Ga,.,.,Ge,0,0:Cr,Pr, varied with the content of
doped Pr and Cr (Figure la). The persistent luminescence
intensity decreased as the content of Cr** increased because the
increased Cr** emitter in the ZGGO host made a quicker
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Figure 1. The afterglow decay curves of LPLNPs powder after 5 min
irradiation with a 254 nm UV lamp: (a) ZnyGa,.,.,Ge,0,:Cr,Pr, with
various contents of Pr**/Cr¥. (b) Zn,Ga, sGe,0,0:CrgoProg; with
various contents of Zn. Persistent luminescence intensity (logarithmic
scale) was monitored at 695 nm as a function of time.

release of the energy of excitation storage and faster decay of
persistent emission. > The Pr**/Cr** codoped ZGGO gave
more intense persistent luminescence than the single Cr'-
doped ZGGO. The most intense persistent luminescence was
obtained for Zn;Ga, 94Ge,0,9:Cry ¢, Pro o3 The role of Pr’* was
probably to prolong the afterglow time through adjusting the
trap density and depth because the trivalent lanthanide ions
with abundant energy levels of 4f electron configurations can
provide more efficient traps to improve the intensity and time
of persistent luminescence.'”*'¢" Similar results were also
observed by other scientists for CaMgSi,O4:Eu*",Mn*" Pr**
via controlling the electron trap depth with Pr**, and
S1,Sn0,:Sm*",Dy*" via increasing appropriate traps with
Dy 12417

The control of zinc content not only creates a suitable Zn**
deficiency in LPLNPs to enhance the persistent luminescence
intensity, but also facilitates the persistent energy transfer
between host emission and Cr** (SI, Figure S4). Figure 1b
shows the NIR luminescence decay curves of
Zn,Ga; 96Ge,04:Cry o, Pry 3 with various contents of Zn. The
persistent luminescence intensity increased as the content of Zn
(z) decreased from 3.0 to 2.94 but decreased with a further
decrease of z to 2.93. It was reported that a suitable cation
deficiency such as the Zn** deficiency in ZnGa,0,:Cr** and
Sr** deficiency in SrAl,O,:Eu**,Na* produced more cation
vacancies as hole traps to enhance the persistent luminescence
intensity.””16b

The X-ray diffraction (XRD) pattern of the LPLNPs is
similar to the spinel phase of ZnGa,O, (JCPDS file number 38-
1240) and Zn,GeO, (JCPDS file number 25-1018) (Figure
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2a). No peaks from other phases such as ZnO, GeO,, or Ga,0,
appear. The actual composition of the LPLNPs was determined
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Figure 2. (a) XRD patterns of the LPLNPs powder; (b) TEM and (c)
high-resolution TEM images of the LPLNPs.

to be Zn,-3Ga; ¢sGe;09O05:Crog,Prog, by X-ray fluorescence
spectrometry. The above results indicate the formation of a
pure spinel phase zinc gallogermanate solid solution. Trans-
mission electron microscopy (TEM) reveals nanosized
LPLNPs (48.7 + 15.3 nm, calculated from 100 randomly
selected particles) (Figure 2b and SI, Figure SS) and some
nonspherical shape with different aspect ratios. Dynamic light
scattering analysis shows a hydrodynamic diameter of 71.3 nm
with a polydispersity index of 0.253 (SI, Figure S6). The high-
resolution TEM analysis indicates that the distance between the
lattice fringes is 4.81 A (Figure 2c), which corresponds to the d-
spacing for the (111) lattice planes of the spinel zinc
gallogermanate. A number of lattice defects were also observed
in the high-resolution TEM image of the LPLNPs.

To improve the biocompatibility, solubility, colloidal stability,
and blood circulation time,'® the LPLNPs were PEGylated by
coating 3-amino propyltriethoxysilane (APTES) via a con-
densation reaction of the silanol groups of APTES with surface
hydroxyl groups of LPLNPs, and subsequent covalent linking of
succinimidyl carbonate-poly (ethylene glycol)-carboxymethyl
(SC-PEG-COOH, MW = 3400) to the amino-groups (Figure
3a). Further conjugation of the PEG-LPLNPs with a RGD
peptide c(RGDyK) was carried out for tumor-targeted imaging
application. The LPLNPs surface modifications with APTES,
PEG, and RGD were confirmed by Fourier transform infrared
(FT-IR) spectrometry (Figure 3b), Zeta potential (SI, Figure
$7), and thermogravimetric analysis (TGA) (Figure 3c). In the
FT-IR spectra of APTES-LPLNPs, there are strong absorption
bands at 1120 and 1033 cm™" (stretching vibrations of O—Si—
0)," the asymmetric and symmetric CH,— stretching bands at
2926 and 2855 cm™!, and the N—H stretching bands at 3415
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Figure 3. (a) Schematic illustration for the surface modification of the
LPLNPs; (b) FT-IR spectra of unmodified LPLNPs, APTES-LPLNPs,
PEG-LPLNPs, and RGD-LPLNPs; (c) TGA curves of unmodified
LPLNPs, APTES-LPLNPs, and PEG-LPLNPs.

and 3284 cm™', indicating the successful modification of
LPLNPs with APTES. The FT-IR spectra of PEG-LPLNPs
show two absorption bands at 1110 and 2886 cm™" (the C—O
bond and the CH,— stretching vibration of PEG chains,
respectively), and the absorption band at 1741 cm™" (stretching
vibration of C=0), showing the successful PEGylation of the
LPLNPs. The appearance of the amide I band at 1541 cm™" in
the FT-IR spectra of the RGD-LPLNPs indicates the
immobilization of c(RGDyK) peptides on the LPLNPs surface
(Figure 3b vs SI, Figure S8).

The bare LPLNPs exhibited negative surface potential at
neutral pH ({, —27 mV) due to the existence of hydroxyl
groups on the surface of the LPLNPs after partial erosion with
NaOH solution (SI, Figure S7). In contrast, the APTES-
LPLNPs gave positive surface potential ({, +13 mV) as a result
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of the protonation of the amino groups at the surface. After
PEGylation, the mean hydrodynamic diameter increased to
128.2 nm (SI, Figure S6) while the zeta potential became
negative (¢, —38 mV) (SI, Figure S7) due to the presence of
chain-end carboxyl groups on the surface of LPLNPs. Further
conjugation with the c((RGDyK) resulted in a slight increase of
the mean hydrodynamic diameter to 132.3 nm (SI, Figure S6),
but a decrease of the zeta potential to —29 mV (SI, Figure S7).

The amounts of APTES and PEG on the surface of the
LPLNPs were estimated by TGA (Figure 3c). A slight weight
loss below 125 °C was observed for APTES and PEG-LPLNPs
due to the loss of absorbed water. A sharp drop of weight for
PEG-LPLNPs occurred in the temperature range of 180—220
°C and well matched the weight loss curve of pure PEG (SI,
Figure S9), indicating the pyrolysis of PEG. The weight
percentages of organic moieties on APTES-LPLNPs and PEG-
LPLNPs were estimated to be 1.9% and 3.9%, respectively. The
average number of PEG per LPLNP was evaluated to be 1300
approximately.'®

Persistent Luminescence Properties of the LPLNPs.
Figure 4 shows the excitation and emission spectra of the
LPLNPs powder, undoped ZGGO powder, and aqueous
dispersion of the LPLNPs at room temperature. Excitation of
the LPLNPs powder at 254 nm gave a NIR emission band at
695 nm (Figure 4a) due to the *E — *A, transition in distorted
Cr** ions in gallogermanate.'® The excitation spectra of the
LPLNPs powder have four main bands with the position and
shape (Figure 4a) differing from those of previous reported
Zn;Ga,Ge,0,,:Cr*"."* The strong excitation peak at 260 nm
probably resulted from the combination of the ZGGO host
excitation band and the O—Cr charge transfer band.** The
other three bands at 407 nm (*A, — *T, (te?) transition), 464
nm (*A, — *T, (t%¢) transition), and 558 nm (*A, — *T,
transition) originated from the 3d intrashell transitions of
Cr**."® The self-activated luminescent ZGGO host exhibits a
broad white emission band in the range of 350—660 nm with a
maximum emission at 505 nm under 254 nm excitation (Figure
4b) likely due to the electrons-holes recombination between
the native defects (oxygen-defect, interstitial monovalent Zn,
Ge-related centers, Zn-defect, and gallium—oxygen vacancy
pair).”! In contrast, the host emission disappeared after
codoping Cr*/Pr’* into ZGGO due to an effective non-
radiative energy transfer between the host emission and the
absorption of Cr'* (*A,—*T, (te?), *A,—*T, (t%) and
*A,—*T, transition) resulting from their large spectral overlap
(Figure 4b). The result is similar to the energy transfer between
the blue emission of ZnGa,O, host and the absorption of
Cr’** A calcination temperature of 600 °C gave three
excitation bands of Cr**, but no excitation peak of LPLNPs
powder at 254 nm when the emission wavelength was set at
695 nm (SI, Figure S10). As a result, no NIR emission was
observed at a calcination temperature of 600 °C under 254 nm
excitation (SI, Figure S2). Instead, a host emission peak at 530
nm was obtained at a calcination temperature of 600 °C under
254 nm excitation due to no energy transfer from the host to
Cr*. In contrast, an increase of the calcination temperature to
1000 °C resulted in an intensive NIR emission under 254 nm
excitation, but the disappearance of the host emission peak at
530 nm (SI, Figure S2). These observations further confirm the
occurrence of the energy transfer from the host to Cr’* in the
LPLNPs prepared under the calcination temperature of 1000
°C.
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Figure 4. (a) Excitation (blue curve, at the emission of 695 nm) and
emission (red curve, excitation at 254 nm) spectra of the LPLNPs
powder. The inset shows the digital photos of LPLNPs powder under
254 nm UV excitation (left), and S s after stopping UV irradiation
(right). (b) Excitation spectra of undoped ZGGO powder (red curve)
and LPLNPs powder (blue curve) at the emission of 695 nm, and
emission spectra of undoped ZGGO powder (black curve) under the
excitation of 254 nm. The inset shows the digital photo of undoped
ZGGO powder under 254 nm UV excitation. (c) Excitation (blue
curve, emission at 700 nm) and emission (red curve, excitation at 254
nm) spectra of the aqueous dispersion of LPLNPs (1 mg mL™"). The
inset shows the digital photo of the aqueous dispersion of LPLNPs
under 254 nm UV excitation.

For the LPLNPs colloidal solution, a strong emission band at
700 nm and a much weaker band at 521 nm were observed
under 254 nm excitation (Figure 4c), indicating that the energy
transfer was still effective in water. Compared to the LPLNPs
powder, only host excitation peak remained while other
excitation bands disappeared in the LPLNPs colloidal solution
probably due to the quenching effect of the O—H vibration of
water.”> Moreover, the aqueous colloidal solution of LPLNPs
gave much shorter photoluminescence lifetime (2.86 + 0.0S s)
than the LPLNPs powder (47.55 + 1.65 s) (SI, Figure S11 and

dx.doi.org/10.1021/ja404243v | J. Am. Chem. Soc. 2013, 135, 14125-14133



Journal of the American Chemical Society

S12; Table S1). The absolute photoluminescence quantum
yield of the aqueous dispersion of LPLNPs is 1.3%, comparable
to those of NIR emitting Ag,Se,”** Ag,X (X: S, Se, Te) QDs,
and carbon nanotubes,”® but lower than those of recently
improved Ag,S and Ag,Se QDs. 34

The as-synthesized LPLNPs exhibit excellent long-lasting
NIR luminescence. The NIR emission decays of the LPLNPs
powder after S min irradiation with a 254 nm UV lamp (6 W)
are shown in Figure 5. The persistent luminescence decayed
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Figure 5. NIR afterglow decay of LPLNPs powder after S min
irradiation with a 254 nm UV lamp: (a) persistent luminescence
intensity monitored at 695 nm as a function of time (logarithmic
scale); (b) time-dependent persistent luminescence spectra; (c) NIR
afterglow decay images recorded by CCD camera at different times
after stopping UV irradiation.

fast at the beginning, and then slowly (Figure Sa,b). The deep
red persistent luminescence could be discerned by naked eyes
and captured using a digital camera S s after stopping UV
excitation (inset in Figure 4a). The NIR persistent
luminescence was still detectible with a SNR of 18 by a CCD
camera for 15 days without any external illumination (Figure
Sc; SI, Figure S13). The afterglow time of the LPLNPs powder

was thus estimated to be more than 15 days, similar to that for a
Zn,Ga,Ge,0,,:Cr** ceramic disc."

The LPLNPs colloids still show a bright NIR persistent
luminescence. Figure 6a shows the NIR emission decay curve
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Figure 6. NIR afterglow decay of aqueous dispersion of the LPLNPs
(1 mg mL™") after 5 min of irradiation with a 254 nm UV lamp: (a)
Persistent luminescence intensity monitored at 700 nm (logarithmic
scale) as a function of time. (b) NIR afterglow decay images obtained
by a CCD camera at different times after stopping UV irradiation.

of the aqueous LPLNPs colloids (1 mg mL™") monitored at
700 nm after S min of UV irradiation. The NIR luminescence
of the LPLNPs colloidal solution (1 mg mL™') was also
detectable with a SNR of 6 by a CCD camera even 24 h after
stopping UV excitation (Figure 6b; SI, Figure S14). The
colloidal solution of the LPLNPs shows a shorter afterglow
time than the LPLNPs powder because of the low density of
the LPLNPs in water. The superlong NIR persistent
luminescence properties of LPLNPs guarantee long-term in
vivo imaging with high SNR.

The persistent energy transfer mechanism between ZGGO
host and Cr** ion is illustrated in Figure 7. Upon 254 nm UV
excitation, the incident photons are absorbed by ZGGO host
and the electrons are promoted from the valence band of
ZGGO to the conduction band. Subsequently, the excited free
electrons are captured by native defects via nonradiative
relaxation. After UV irradiation is stopped, the recombination
of electrons and holes released from native defects results in a
broadband persistent luminescence (Figure 4b and SI, Figure
S15). Because of sufficient spectral overlap between the host
emission and the three absorption bands of Cr** (Figure 4b),
the energy of the host is persistently transferred to the Cr** ion
slowly via an effective nonradiative energy transfer.”* The
persistent energy transfer leads to the simultaneous promotion
of the 3d electrons of Cr** from ground-state (*A,) to three
different energy levels of excited-states (*T (te*), *T, (t%e) and
*T,). The excited electrons at the excited-state of *T, (te®) are
captured by shallow electron traps through a conduction band
and can be transferred to deep traps via nonradiative

14129 dx.doi.org/10.1021/ja404243v | J. Am. Chem. Soc. 2013, 135, 14125—14133
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Figure 7. Schematic illustration of the persistent energy transfer
mechanism between ZGGO host and Cr** ion. Dotted-line arrows
represent nonradiative electron (or hole) transfer processes.

relaxation.’® Meanwhile, the energy matched traps are filled
with electrons at levels of *T; (t%) and *T, via a tunneling
process.”® After the persistent energy transfer stops, the
electrons released from shallow traps are directly recombined
with ionized Cr** and produce a strong persistent luminescence
at the beginning. The slow reverse tunneling recombination for
other electrons released from deeper traps occurs a while later
and probably causes superlong persistent luminescence.

Toxicity, Bidistribution, and in Vivo NIR Luminescence
Imaging. The cytotoxicity of the LPLNPs was tested on 3T3
normal cell lines and U87MG cancer cell lines by cell counting
assay (see the SI). The viability of two type cells was still
greater than 80% after incubation of the cell lines with the
PEG-LPLNPs even with the concentration as high as 1000 ug
mL™" for 24 h (SI, Figure S16a). The in vivo toxicity of PEG-
LPLNPs was also evaluated via monitoring histological changes
in several susceptible organs including heart, liver, spleen, lung,
and kidney to show whether PEG-LPLNPs could cause any
harmful effect during retention in the mouse body for 7 days
(see the SI). The results show that no significant evidence for
organ damage or inflammatory lesion associated with the
administration of PEG-LPLNPs was detected (SI, Figure
S16b). Furthermore, the long-term toxic effect of PEG-LPLNPs
was assessed using mice (SI, Figure S16c). After 30 days of
PEG-LPLNPs injection, the mice viability was still 100%, and
there was no significant difference between the body weights of
control and treated mice. The above results indicate the low
toxicity of the PEG-LPLNPs.

The persistent luminescence properties of LPLNPs were also
tested in living animal tissue. PEG-LPLNPs solution (1 mg
mL™") in phosphate buffered saline (PBS) was excited for 10
min using a 254 nm UV lamp before injection. The pre-excited
PEG-LPLNPs solution (0.4 mL) was administrated into a
normal mouse through subcutaneous injection to make a direct
comparison with the Cr**-doped LiGasOy phosphor.12h The
results show that the PEG-LPLNPs gave a very high SNR of
1826 at 5 min postinjection, and allow in vivo bioimaging to be
monitored (SNR > 5) for more than 15 h in mouse after
subcutaneous injection without an illumination source (Figure
8a), much longer than 4 h for the Cr**-doped LiGasog.IZh To
evaluate the stimulation ability of the LPLNPs by a NIR light,
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Figure 8. (a) In vivo NIR luminescence images of a normal mouse
after subcutaneous injection of PEG-LPLNPs (0.4 mg, 10 min
irradiation with a 254 nm UV lamp before injection). (b) In vivo NIR
luminescence images of a normal mouse after intravenous injection of
PEG-LPLNPs (0.6 mg, 10 min irradiation with a 254 nm UV lamp
before injection). (c) Representative ex vivo NIR luminescence images
of isolated organs from a normal mouse at 24 h postintravenous
injection of PEG-LPLNPs (0.4 mg): (1) heart, (2) lung, (3) liver, (4)
spleen, (5) kidney, (6) stomach, (7) pancreas, (8) intestine, (9)
bladder, (10) bone. (d) Semiquantification of PEG-LPLNPs in the
isolated organs of mice, error bars represent one standard deviation of
triplicate measurements from individual animals.

the whole-body mouse was illuminated by a continuous-wave
980 nm laser (the power density of ~40 mW cm™>) for 10 s
after the persistent luminescence signal totally disappeared (at S
days postinjection). The persistent luminescence signal was
repeatedly recovered after the stimulation (SI, Figure S17), and
a detectable luminescence signal was observed even 11 days
after the injection, demonstrating that the LPLNPs has a
potential application for long-term in vivo imaging via repeated
stimulation with a NIR light. Furthermore, the pre-excited
PEG-LPLNPs solution (0.6 mL) was injected into a normal
mouse through the tail vein. In vivo luminescence images were
collected for more than 450 min without any excitation source
(Figure 8b). The reticulo-endothelial system (RES) organs of
the mouse were clearly visualized in the presence of the
LPLNPs, and the persistent luminescence with a SNR of 72 was
obtained in the liver site at the beginning. Although the
persistent luminescence intensity of the LPLNPs gradually
decreased, the persistent luminescence with a SNR of 5.1 was
still observed at 450 min (7.5 h) after injection (SI, Figure
S18). The results show that our LPLNPs allow in vivo
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bioimaging to be monitored for a much longer time even after
intravenous injection in comparison to the Cr**-doped LiGasOy
NIR phoslphor after subcutaneous injection without in situ
excitation, 2h demonstrating the advantages of our LPLNPs for
long-term in vivo bioimaging without the need for in situ
excitation.

The relative long-term biodistribution of the LPLNPs in
normal mice was evaluated through ex vivo NIR luminescence
imaging of harvested organs at 24 h postintravenous injection
of PEG-LPLNPs (0.4 mg) (see the SI). As shown in Figure 8c,
almost no luminescence signals were observed in the heart and
bladder while the highest intensive luminescence was observed
in the liver. These results are very consistent with the whole-
body in vivo imaging (Figure 8b) because the LPLNPs not only
can avoid the background noise from in situ excitation, but also
can emit a bright NIR light in the bioimaging window. The
luminescence intensity of ex vivo imaging is close to a true
reflection of the LPLNPs-retained inside the organs in ex vivo
images. The region-of-interest function analysis on the ex vivo
luminescence images was performed to semiquantitatively
study the biodistribution of PEG-LPLNPs in each individual
organs using the indiGO software (Figure 8d). The results
indicate that the PEG-LPLNPs were mainly accumulated in
liver and spleen, similar to several other materials with similar
particle size, such as PEG-grafted PLNP,"** luminescent porous
silicon nanoparticles,%a and gold nanoshells,®® because
nanoparticles with a lager hydrod!namic size (>100 nm) are
mainly uptaken by RES organs.>**® Therefore, it is necessary to
develop a general approach for the fabrication of ultrasmall
uniform LPLNPs for in vivo bioimaging in the near future.

To evaluate the targeting capability of the RGD function-
alized-LPLNPs (RGD-LPLNPs), the in vitro cell imaging was
performed on U87MG cells incubated with PEG-LPLNPs and
RGD-LPLNPs (SI, Figure S19). RGD-LPLNPs treated cells
gave a much stronger and denser luminescence signal than
PEG-LPLNPs treated cells, showing the good targeting
capability of RGD-LPLNPs because of the high specific
interaction between RGD and integrin a,f; on the US7MG
cells.””

To investigate the potential of RGD-LPLNPs for in vivo
tumor imaging, PEG-LPLNPs and RGD-LPLNPs were
respectively injected via tail vein (0.4 mg per mouse) into
U87MG tumor-bearing mice and normal mice for comparison.
Figure 9 shows that both PEG-LPLNPs and RGD-LPLNPs
were rapidly circulated all over animal body within 9 min, and
noticeable luminescence signals were observed in tumor sites
(Figure 9a,b), indicating the accumulation of the LPLNPs in
the tumor site. Although persistent luminescence intensity of
the LPLNPs gradually decreased with time without in situ
excitation, the luminescence signals still appeared in tumor sites
at 12 min postintravenous injection. In contrast, almost no
luminescence signals were observed in the lower abdominal
regions of normal mice (Figure 9c,d). After 20 min post-
injection, the luminescence signal of PEG-LPLNPs almost
disappeared from tumor sites, whereas the luminescence signal
from RGD-LPLNPs was still observed in the tumor site. These
facts show that the concentration of the RGD-LPLNPs is
higher than that of the PEG-LPLNPs in the tumor site, due to
the high affinity of the RGD-LPLNPs to integrin a,f3; on tumor
vasculature.”” Furthermore, a noticeable luminescence signal
observed from the ex vivo luminescence image of a tumor
(Figure 9e,f) also indicates a specific targeting of RGD-LPLNPs
for U87MG tumor.
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Figure 9. In vivo NIR luminescence images of U87MG tumor-bearing
mice (white circles locate the tumor site): (a,b) and normal mice, (c,d)
after intravenous injection of PEG-LPLNPs (a, c¢) and RGD-LPLNPs
(b, d) (0.4 mg, 10 min irradiation with a 254 nm UV lamp before
injection). (e) Representative ex vivo NIR luminescence images of
isolated organs and tumor from a U87MG tumor-bearing mouse at 6 h
postintravenous injection of RGD-LPLNPs (0.4 mg): (1) heart, (2)
lung, (3) liver, (4) spleen, (S) kidney, (6) stomach, (7) pancreas, (8)
intestine, (9) bladder, (10) bone, (11) tumor. (f) Semiquantification
of RGD-LPLNPs in the isolated organs and tumor of the mice, error
bars represent one standard deviation of triplicate measurements from
individual animals.

B CONCLUSIONS

We have demonstrated the synthesis and characterization of
functional Pr**/Cr** codoped NIR luminescent LPLNPs with
superlong lasting afterglow (>360 h) for in vivo bioimaging.
The co-doping of Pr’*/Cr’* and control of Zn deficiency
significantly improve the persistent luminescence property of
the LPLNP. Further PEGylation and bioconjugation make the
LPLNPs promising as an ideal optical imaging contrast agent
for bioimaging. The observed persistent energy transfer
between host and Cr’* ion in LPLNPs may also exist in
other Cr’*-doped gallate persistent phosphors. The prepared
LPLNPs offer long afterglow time, good biocompatibility, low
toxicity, and bright NIR emission, and hold great potential for
long-term in vivo bioimaging application with high SNR
without the need for in situ excitation.

B EXPERIMENTAL SECTION

Synthesis of LPLNPs. The LPLNPs were synthesized by a citrate
sol—gel method in combination with a subsequent calcination in air.
Zn(NO;),-6H,0, Pr(NO,);-6H,0, Cr(NO,);9H,0, and citric acid
were dissolved in ultrapure water. Ga,O; was dissolved in dilute nitric
acid solution. GeO, was dissolved in dilute ammonium hydroxide
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solution. The starting material composition of the LPLNPs was
modified from that described in a previous publication,"® and the
aqueous solutions of Zn**, Pr¥*, Cr**, Ge", and Ga*" were mixed
according to the chemical formula of Zn,Ga,, ,Ge,0,,:Cr, Pr, (x,
0.01—0.02; y, 0—0.04; z, 2.93—3.0). To the mixture solution, citric acid
solution was slowly added without any precipitation, and the molar
ratio of total metal ions to citric acid was maintained at 1:1.5, followed
by the addition of ammonia hydroxide to adjust the pH to S. The final
solution was vigorously stirred at room temperature for 2 h, then
heated in an oven at 75 °C for the slow evaporation of water until the
solution became a sol that finally became a gel. The obtained gel was
first dried in an oven at 130 °C for 3 h, and then heated at 200 °C for
7 h to form black porous materials. Finally, the porous materials were
ground and annealed in air at 1000 °C for 3 h.

Surface Functionalization of LPLNPs. The size selection of
LPLNPs and modification with APTES were conducted according to
existing protocols with slight modification.'”® The LPLNP powder was
wet ground in minimum ethanol for 30 min. The obtained sample was
dispersed in S mM NaOH solution by sonication for 1 h, and then
vigorously stirred for 24 h. The resulting colloid solution was
centrifuged at 4000 rpm for 30 min to remove large size particles, and
the supernatant was centrifuged at 9000 rpm for 7 min to collect the
precipitate. A 5 mg sample of dry precipitate was redispersed in 2 mL
of dimethylformamide (DMF) by sonication, and 20 uL of APTES
was added under vigorous stirring at 80 °C for 24 h. The resulting
APTES-LPLNPs were collected by centrifugation, and washed with
DMEF to remove unreacted APTES.

A 5 mg portion of APTES-LPLNPs was dispersed in 0.1 M PBS
(pH 7.4) by sonication, and 35 mg of PEG was added. The mixture
was gently stirred overnight in the dark at room temperature. The
unreacted PEG was removed by centrifugation, and the resulting PEG-
LPLNPs were washed three times with 10 mM PBS.

To conjugate RGD to the PEG-LPLNPs, S mg of PEG-LPLNPs
was dispersed in 10 mM PBS (pH 6), and EDC (4 mg) and NHS (10
mg) were added. The mixture was gently stirred at room temperature
for 2 h. Following activation, 18 mg of c(RGDyK) was added, and the
mixture solution was adjusted to pH 8 with NaOH solution and stirred
in the dark at room temperature for 8 h. The unreacted c(RGDyK)
was removed by centrifugation and the resulting RGD-LPLNPs were
washed three times with 10 mM PBS.

Characterization. XRD patterns were recorded on a D/max-2500
diffractometer (Rigaku, Japan) using Cu Ka radiation (1 = 1.5418 A).
TEM and high-resolution TEM images were obtained on a JEOL-
100CX II microscope and a JEM-2100F field emission transmission
electron microscope (JEOL, Japan), respectively. The samples for
TEM were obtained by drying sample droplets from a water dispersion
onto a 300-mesh Cu grid coated with a carbon film, which was then
allowed to dry prior to imaging. The actual composition of LPLNPs
was determined on a Magix PW2403 X-ray fluorescence spectrometer
(PANalytical, Netherlands). Photoluminescence spectra were recorded
on an F-4500 spectrofluorometer (Hitachi, Japan). The photo-
luminescence quantum yield of LPLNPs was determined on an
FLS920 spectrometer with an integration sphere attachment under
excitation of 254 nm (Edinburgh, UK). FT-IR spectra (4000—400
em™") in KBr were recorded on a Magna-560 spectrometer (Nicolet,
Madison, WI). The hydrodynamic size and zeta potential (at neutral
pH) of LPLNPs were measured on a Zetasizer Nano-ZS with 633 nm
He—Ne laser (Malvern, UK). TGA experiments were performed on a
TG209 thermal analyzer (Netzsch, Germany) under pure N, in the
range from 20 to 800 °C with a heating rate of 10 °C min". The
microscopic images were observed on an IX81 motorized inverted
microscope (Olympus, Japan). NIR afterglow decay images were
acquired on a Berthold NightOWL LB 983 Imaging System (Bad
Wildbad, Germany) equipped with a cooled CCD camera.

In Vivo Luminescence Imaging. In vivo experiments were
performed on anesthetized mice with chloral hydrate (200 uL, 4%).
PEG-LPLNPs or RGD-LPLNPs (1 mg mL™") dispersed in 10 mM
PBS solution were injected through the tail vein into normal nude
mice or U87MG tumor-bearing mice. The LPLNPs were excited 10
min with a 254 nm UV lamp (6 W) before injection, and luminescence

images were immediately acquired after injection. In vivo luminescence
images of the mice were acquired on a Berthold NightOWL LB 983
Imaging System without excitation sources. The emission filter was set
as 700 nm, and the exposure time was set as 120 s.
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