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Abstract: Radioluminescence imaging (RLI) employs high energy particles from radioisotope decay for in situ excita-
tion of selected nanophosphors. Co-injection of radiopharmaceuticals and nanophosphors suffers from suboptimal
RL efficiency owing to the large separation between the source and the emitter. In addition, vastly different phar-
macokinetic profiles of the two further impede the practical applications of this approach. To overcome the above
challenges, chelator-free radiolabeled nanophosphors with excellent RL efficiency and dual-modality imaging ca-
pabilities have been proposed. Abundant 0> donors on Gd,0,S:Eu could intrinsically chelate oxophilic radionuclide
89Zr with ~80 % labeling yield. Positron emission tomography demonstrated superb long-term radiostability of [5°Zr]
Gd,0,S:Eu@PEG nanoparticles in vivo, and a conventional optical imaging system was used to study radioumines-
cence properties of [*°Zr]Gd,0,S:EU@PEG nanoparticles in vitro and in vivo.
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Introduction

Radioluminescent lanthanide-doped nano-
phosphors (RLNPs), such as Eu®*" doped gado-
linium oxysulfides have emerged as promising
candidates for biological imaging, owing to their
high photochemical stability, tunable fluores-
cence emission; negligible photobleaching and
large Stokes shift [1-3]. Red to near-infrared
(NIR)-emitting RLNPs rely on excitation by high
energy ionizing radiation, such as those em-
ployed in X-ray computed tomography (CT) and
positron emission tomography (PET), to visual-
ize biological processes, with enhanced tissue
penetration and signal-to-noise ratios [1].
Herein, we report a facile procedure for the syn-
thesis of intrinsically radiolabeled, water-solu-
ble RLNPs, specifically Gd,0,S:Eu*" nanoparti-
clesforinternallyactivatable radioluminescence
imaging (RLI). Gd,0,S:Eu®*" nanoparticles are
well-known scintillators that absorb UV or X-

rays strongly, and re-emit red light with a high
quantum yield, useful for optical luminescence
and radioluminescence [4, 5]. Additionally, the
strong transverse relaxivity of Gd element can
be harnessed for T -weighted MRI and thus,
Gd,0,S:Eu®*" nanophosphors are promising can-
didates as multimodal imaging agents [6]. Ac-
tivation of RLNPs (Ln,0,S; Ln = La-Lu) by radio-
isotopes such as PET tracers is a rapidly emerg-
ing concept [7, 8]. Compared to X-ray excited
RL, radioisotope excited RLI offers several ad-
vantages, namely, facile operation using the
conventional optical imaging systems without
additional bulky hardware, and easy multiplex-
ing with PET for co-registration of molecular
events [9, 10]. However, all the studies till date
have reported remote excitation of RLNPs via
co-injection of radiopharmaceuticals, whereby
RLI efficiency is compromised due to significant
spatial distance between the radioisotopes and
RLNPs and their different pharmacokinetic pro-
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files. Herein, we propose chelator-free &Zr
labeling of Gd,0,S:Eu with excellent radiostabil-
ity, as well as enhanced radioluminescence
efficiency in vivo, when compared to Gd,0,S:Eu
nanoparticles simply mixed with 8°Zr.

Materials and methods
Materials

Gadolinium (lll) chloride hexahydrate (GdCI.-
6H,0, >99.99%), Europium (lll) chloride hexa-
hydrate (EuCl,-6H,0, >99.99%), Sodium dieth-
yldithiocarbamate trihydrate (Na(ddtc)-3H,0,
>98%), 1,10-Phenanthroline (C ,H.N,, >99%)
were purchased from Sigma-Aldrich. Oleic acid,
oleylamine, 1-octadecene, cyclohexane, chloro-
form, acetone and absolute ethanol were pur-
chased from Fisher Scientific. DSPE-PEG,,-Mal
was obtained from Creative PEGWorks. All
chemicals were used as received without fur-
ther purification.

Synthesis of precursor Gd(ddtc) (Phen) and
Eu(ddtc),(Phen)

The precursors Gd(ddtc),(Phen) and Eu(ddtc),
(Phen) were synthesized via a slightly modified
method developed by Formanovskii and group
[11]. In a typical procedure, solution of GdCl,
6H,0 in water (1 mmol, 10 ml) was added to a
solution of 1,10-Phenanthroline in boiling water
(2 mmol, 20 mL) under vigorous stirring. Then,
an aqueous solution of Na(ddtc)-3H,0 (3 mmol
dissolved in 20 mL of distilled water followed by
filtration) was added dropwise to the above
solution under constant stirring. The yellow-
colored Gd(ddtc),(Phen) precipitate was col-
lected by centrifugation and dried in vacuum
at room temperature for further use. Deep
orange-colored Eu(ddtc),(Phen) precipitate was
produced by a similar procedure, using
EuCl_-6H,0 to substitute GdCl,-6H,0.

Preparation of monodispersed Gd,0,S:Eu
nanoparticles

The Gd,0,S:Eu nanoparticles were synthesized
via co-thermal decomposition of precursors
Gd(ddtc),(Phen) and Eu(ddtc),(Phen) in 1-octa-
decene in the presence of oleic acid and ole-
ylamine [12, 13]. In a typical procedure, 0.5
mmol Gd(ddtc),(Phen) and 0.05 mmol Eu
(ddtc),(Phen) were added to a mixture of 30
mmol of oleylamine, 5 mmol of oleic acid, and
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30 mmol of octadecene at room temperature,
under constant stirring. The mixture was heat-
ed to 120 °C and degassed for ~30 min, result-
ing in a homogeneous, clear green-yellow solu-
tion. Then the solution was rapidly heated to
290 °C, over 5 min and kept for 2 h. After the
solution was cooled down to 70 °C, the product
Gd,0,S:Eu nanoparticles were precipitated by
adding an excess amount of ethanol and col-
lected by centrifugation. The as-synthesized
Gd,0,S:Eu nanoparticles were dried in a vacu-
um oven at room temperature and finally re-
dispersed in chloroform for further use.

Preparation of Gd,0,S:EU@PEG nanoparticles

20 mg of DSPE-PEG,,-Mal was dissolved 2 mL
of chloroform, then added to 1 mL of 5 mg/mL
Gd,0,S:Eu chloroform solution with ultrasoni-
cation. After stirring for overnight at room tem-
perature, the solvent was evaporated under a
stream of nitrogen. The obtained Gd,0,S:Eu@
PEG nanoparticles were re-dispersed in 5 mL
H,O with the aid of ultrasonication for 10 min.
The resulting dispersion was filtered through a
0.2 um membrane filter and kept at 4 °C for
further use.

Characterization

The morphology of the nanoparticles was
observed by a transmission electron micro-
scope (TEM; FEI Tecnai T12) operating at 120
KV accelerating voltage. TEM samples were pre-
pared by dropping colloidal dispersion of na-
noparticles onto carbon-coated copper grids.
The crystalline phases of the nanoparticles
were identified using a Bruker D8 focus X-ray
powder diffractometer with Cu Ka radiation (A =
0.15405 nm). Fourier Transform Infrared Spe-
ctroscopy (FT-IR) was performed on a Perkin-
Elmer 580B infrared spectrophotometer using
the KBr pellet technique. Photoluminescence
(PL) excitation and emission spectra were
obtained using a Thermo-Spectronic AB2 lumi-
nescence spectrometer.

897r production

897r-oxalate was produced as reported previ-
ously [14]. Briefly, natural yttrium-89 (8%Y) foil
(250 um, 99.9%) was irradiated with a 8-10 pA
proton beam, yielding 8Zr via the 8°Y(p,n)8%Zr
reaction, in a 16 MeV GE PETtrace cyclotron at
the University of Wisconsin-Madison. After iso-
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tope separation and purification, the specific
activity of the obtained 8°Zr-oxalate was higher
than 20 GBg/umol of Zr.

Chelator-free *°Zr labeling of Gd,0,S:Eu@PEG
nanoparticles

For #Zr labeling, 200 uL of Gd,0,S:EU@PEG
with various concentrations (1 mg/mL, 0.1 mg/
mL or 0.01 mg/mL) in HEPES buffer (0.1 M, pH
7), was mixed with 100 pCi (or 3.7 MBq) of
89Zr-oxalate. The pH of the solution was adjust-
ed to different values (pH 2, 7 or 9) using 2 M
Na,CO, and *°Zr labeling was carried out at vari-
ous temperatures (25°C, 37°C or 75°C).
Radiolabeling yield was quantified at different
time points (from 15 min to 3 h), using thin layer
chromatography (TLC) on silica backed gel
plates.

In vitro serum stability study of [3°Zr]
Gd,0 Eu@PEG

To study the stability of **Zr bound to Gd,0,S:
Eu@PEG nanoparticles in vitro, 50 uL of [89Zr]
Gd,0,:EU@PEG was incubated in 2X whole
mouse serum (50 pL) at 37 °C under constant
shaking (550 rpm) for 48 h. Aliquots of 15 uL
were taken at each time point, and purified by
using a 100 kDa filter. The radioactivity of the
filtrate and that retained in the filter was mea-
sured by using a gamma counter.

In vivo radiostability study of [*°Zr]Gd,0 :Eu@
PEG by PET imaging

To assess the in vivo radiostability of [89Zr]
Gd,0,:EU@PEG, 100 uCi (or 3.7 MBq) of [*9Zr]
Gd,0,S:EU@PEG or free ®°Zr in PBS (to serve as
control) was injected intravenously into sepa-
rate cohorts of healthy Balb/c mice (n = 3). PET
imaging was carried out at various time-points
on a microPET/microCT Inveon rodent model
scanner (Siemens Medical Solutions USA, Inc.).
Maximum intensity projection (MIP) and region-
of-interest (ROI) analysis was performed using
vendor software (Inveon Research Workplace),
after decay-correction.

Ex vivo biodistribution studies

After the last in vivo PET scans on day 7 p.i.,
mice in both the groups were sacrificed and the
following organs were explanted; blood, skin,
muscle, bone, heart, lung, liver, kidneys, spleen,
pancreas, stomach, intestines, trail, brain. Ea-
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ch sample was collected and wet-weighed. The
radioactivity accumulated in each organ was
measured using a gamma counter, and expre-
ssed as percent injected dose per gram (%ID/g).

In vivo radioluminescence imaging with [5°Zr]
Gd,0,-Eu@PEG

For in vivo radioluminescence imaging, 40 uL
(~50 pCi or 1.85 MBq) of [*9Zr]Gd,0,S:Eu@PEG
in PBS was injected subcutaneously into nu-
de mice. For the control groups, 40 pL of
Gd,0,S:Eu@PEG in PBS mixed with 50 uCi 897r,
and 50 uCi 8%Zr in 40 pL PBS, were injected
subcutaneously in different regions of the
mouse. In vivo luminescence imaging was per-
formed using the Xenogen IVIS Spectrum imag-
ing system (Caliper Life Sciences) at different
time points, (Ex: closed, Em: Open or 620 nm).

Results and discussion

Synthesis and characterization of Gd,0,S:Eu
and Gd,0,S:Eu@PEG

Conventional routes for synthesis of lanthanide
oxysulfide nanoparticles require treatment with
sulphur [5, 15] or H_S gas [6] at elevated tem-
peratures (over 900 °C) and are limited in their
ability to produce stable, monodispersed nano-
crystals for biological applications. In this study,
Gd,0,S:Eu nanoparticles were synthesized via
co-thermal decomposition of precursors, Gd
(ddtc),(Phen) and Eu(ddtc),(Phen) in 21-octa-
decene in the presence of oleic acid and oleyl-
amine. TEM images confirmed the size of
Gd,0,S:Eu nanoparticles to be ~13 nm (Figure
1A), in good agreement with the slightly larger
hydrodynamic diameter of ~17 nm (pink curve;
Figure 1C). X-ray diffraction (XRD) spectrum
(Figure 1D) of the nanoparticles corresponded
to those of the standard hexagonal phase of
Gd,0,S (JCPDS 26-1422) with a slight shift
towards higher 20 values resulting from the
doping of Eu®* ions. Gd and Eu atoms readily
form symmetrical solid solutions owing to simi-
lar crystal structures and atomic radii. Doping
of Eu®" atoms with a slightly smaller radius
results in a decrease in the lattice constant and
thus, a concomitant shift in the characteristic
peaks of Gd,0,S:Eu to higher 20 values com-
pared to Gd,0,S. As-synthesized Gd,0,S:Eu
nanoparticles, coated with oleic acid/oleyl-
amine could be well dispersed in nonpolar
organic solvents. To improve their biological
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Figure 1. TEM images of (A) as-synthesized Gd,0,S:Eu** dispersed in chloroform (scale bar: 50 nm), and (B) surface-
modified Gd,0,S:EU@PEG nanoparticles dispersed in water (scale bar: 100 nm). Insets show schematic of as-
synthesized Gd,0,S:Eu** and Gd,0,S:Eu@PEG nanoparticles. (C) DLS measurements indicating the hydrodynamic
size distributions of Gd,0,S:Eu®* nanoparticles before (pink) and after PEGylation (green). (D) XRD spectrum, and

(E) excitation (red) and emission (black) spectra of Gd,0,S:Eu** nanoparticles.

applications, the nanoparticles were trans-
ferred to agueous media using the well-estab-
lished phospholipid surface modification strat-
egy [16]. Nanoparticles initially dispersed in
chloroform were modified with amphiphilic DS-
PE-PEG,,-Mal via hydrophobic van der Waals
interactions. PEGylated Gd,0,S:Eu nanoparti-
cles (Gd,0,S:EU@PEG) maintained their mor-
phology (Figure 1B) and could be stably dis-
persed in aqueous solutions, displaying an
increased hydrodynamic radius of ~68 nm
(green curve, Figure 1C), with a narrow size
distribution.

Figure 1E shows the excitation and emission
spectra of Gd,0,S:Eu** nanoparticles. The exci-
tation spectrum (Figure 1E, red), is composed
of a broad excitation band ranging from 300 to
400 nm, corresponding to the charge transfer
band (CTB) [5], and narrow lines between 400
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to 500 nm. A weak peak at 310 nm and a stron-
ger one around 350 nm, can be attributed to
the charge transitions from O*—Eu®*" and
Sz —Eu®', respectively. The narrow lines obser-
ved between 400 and 500 nm correspond to
the transitions between 4f levels of Eu®* [6].
Upon excitation at 330 nm, the recorded emis-
sion spectrum (Figure 1E, black) exhibited
characteristic Eu** °D —'F, (J = 0-4) transitions.
The strongest red emissions at 615 and 625
nm result from the °D —'F, magnetic-dipole
and electric dipole transition of Eu®*. The emis-
sions at 581 nm were attributed to °D —F,,
and those at 589 and 596 nm were attributed
°D,—'F, [3].

Radioluminescence of Gd,0,S:Eu nanophos-
phors makes them an attractive candidate for
multimodality molecular imaging. While X-ray
excited radioluminescence of nanophosphors

Am J Transl Res 2016;8(12):5591-5600
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Figure 2. A. Schematic depiction of chelator-free #Zr-labeling of Gd,0,S:EU@PEG nanoparticles. Oxophilic #Zr is
stably chelated by the deprotonated O% centers on the nanoparticles. B. Influence of nanoparticle concentration,
temperature, and pH on radiolabeling yields with time. C. In vitro radioluminescence imaging of (1) &Zr, (Il) [3°Zr]
Gd,0,S:Eu@PEG and (lll) Gd,0,S:Eu@PEG nanoparticles, using open and 620 nm emission filters.

is well established, gamma rays derived from
the radioactive decay of clinically relevant iso-
topes can also be used as excitation source. A
well-known PET isotope, zirconium-89 (8%Zr, t,,
= 78.4 h; B* branching ratio: 23 %) was em-
ployed to evaluate the dependence of radiolu-
minescence of Gd,0,S:Eu nanophosphors on
various parameters, such as nanoparticle con-
centration, radioactivity, and the distance bet-
ween the isotope and nanoparticles. Eppendorf
tubes containing the nanoparticles and isotope
were placed next to each other and imaged
using a conventional small animal optical imag-
ing system (IVIS Spectrum, PerkinElmer, USA;
Excitation filter: closed; Emission filter: 620
nm). To prevent interference from the Cerenkov
luminescence (CL) from #Zr, a black tube was
employed. Excitation of Gd,0,S:Eu nanoparti-
cles by 89Zr was successfully observed, where-
by increasing the nanoparticle concentration or
radioactivity increased the intensity of the
emission signals (Figures S1 and S2, ESI).
Although, remote excitation of quantum dots
[47] and nanophosphors [1, 9, 10], via co-
injected radioisotopes has been reported previ-
ously for RL induction, distance between the
donor and the receptor significantly influences
the RL intensity. While enhanced emission was
observed when the radiation source and RLNPs
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were in close proximity (Figure S3A, ESI), in-
creasing the spatial distance drastically redu-
ced the radioluminescence intensity. At a sepa-
ration of ~15 mm, almost no signal could be
observed from the RLNPs (Figure S3D, ESI).

Chelator-free %°Zr-labeling of Gd,0,S:Eu
nanopatrticles

In an effort to improve the RL efficiency by mini-
mizing the interaction distance, Gd,0,S:Eu
nanoparticles were intrinsically radiolabeled
with 8°Zr, by exploiting the oxophilic nature of
the radionuclide and the abundant 0% donors
on the nanoparticle surface (Figure 2A).
Gd,0,S:Eu@PEG nanoparticles were incubated
with 8%Zr-oxalate in HEPES buffer (0.1 M) with
constant stirring, following our previous work
with intrinsically 8Zr-labeled silica nanoparti-
cles [18, 19]. Thin layer chromatography (TLC)
was employed to study the influence of differ-
ent parameters (pH, temperature and nanopar-
ticle concentration) on the radiolabeling yield
over time. As expected, 8Zr labeling yield was
nanoparticle concentration and temperature
dependent, where higher concentration and
temperature resulted in higher radiolabeling
yields (Figure 2B). In addition, to study the role
of deprotonated 0% ions on the radiolabeling

Am J Transl Res 2016;8(12):5591-5600
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Figure 3. In vivo serial coronal MIP PET imaging of Balb/c mice, intravenously injected with 100 uCi of (A) [89Zr]

Gd,0,S:EU@PEG, and (B) ®*Zr-oxalate in PBS. (n = 3).

yields, the pH of the solution was tuned to 2-3
to ensure complete protonation of the 0%. As
expected, the yield reduced drastically, reach-
ing a maximum of 12 % after 3 h of incubation.
In contrast, at pH values 7-8, ~43 % %°Zr label-
ing yield was achieved within 15 min of incuba-
tion, which increased to ~76 % in 3 h (Figure 2).
Increasing the pH further to 9-10 depicted a
marginal increase in the radiolabeling yield to
~81 %. However, owing to concerns about
89Zr-oxalate stability and possible formation of
hydroxides in highly alkaline solution, pH 7-8
was chosen for further studies.

Intrinsically radiolabeled [*°Zr]Gd,0,S:EU@PEG
nanoparticles were then tested for their radio-
luminescence, along with equal quantities of
89Zr (~50 pCi or 1.85 MBq) and Gd,0,S:Eu@
PEG solution (40 yL, 1 mg/mL) only controls.
Imaging was carried out using open and 620
nm emission filters. As shown in Figure 2C,
[*°Zr]Gd,0,S:Eu@PEG displayed higher lumines-
cence intensity than that of 8Zr control (signal
attributed to Cerenkov luminescence, a contin-
uous spectrum with peak emission in the UV
region). The enhanced optical signal from [89Zr]
Gd,0,S:Eu@PEG above CL from 897y, was attrib-
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uted to both UV excitation of doped Eu®*, as
well as gamma ray-induced radioluminescence
of Gd,0,S:Eu nanophosphors by #°Zr. Stimu-
lation of the characteristic emission spectrum
of RLNPs was further confirmed by applying a
620 nm filter, to minimize the influence of the
CL component in the emission signal (Figure
2C; lower panel). As expected, the signal inten-
sity from the ®°Zr control (I) drastically decre-
ased upon application of the filter, since the CL
spectrum contributes mostly to emission wave-
lengths below 600 nm. On the other hand,
[*°Zr]Gd,0,S:Eu@PEG (Il) displayed lumines-
cence intensity over and above the CL signal,
which can be attributed to the characteristic
Eu®* luminescence that appears at 625 nm.
Non-radiolabeled Gd,0,S:EU@PEG nanoparti-
cle control showed no optical signal in either
case. The longer emission wavelength from the
radioluminescence of [*9Zr]Gd,0,S:EU@PEG
nanoparticles maybe more beneficial for bio-
logical imaging since it overcomes the tissue
penetration limitation of UV region emissions of
CL. Further investigation into the photophysical
phenomena of RLNPs, and optimization of dop-
ant concentrations to improve the RL efficiency
of these nanophosphors are warranted.

Am J Transl Res 2016;8(12):5591-5600
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Radiostability of #Zr-Gd ,0,S:EU@PEG
nanoparticles

Radiostability of the as-prepared [*°Zr]Gd,0,S:
Eu@PEG nanoparticles was then evaluated in
vitro. Radiolabeled nanoparticles were incubat-
ed in mouse serum at 37 °C, over 48 h. No
obvious detachment of 8Zr was observed with
~98 % of the radioactivity stably bound to the
nanoparticles at the end of the test period
(Figure S4, ESI). The long half-life of 8Zr (~3
days) enables long-term tracking of nanoparti-
cle biodistribution and clearance kinetics in
vivo. Moreover, 8Zr is a well-known osteophile,
with a tendency to accumulate in the bones
[20]. Thus, the radiostabilty of [*°Zr]Gd,0,S:Eu@
PEG can be monitored in vivo by dynamic
changes in the bone uptake. Accordingly, 100
uCi (or 3.7 MBq) of [*Zr]Gd,0,S:EU@PEG was
intravenously (i.v.) administered in healthy
Balb/c mice and in vivo biodistribution (and
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hence radiostability of the RLNPs) was moni-
tored over a week via serial PET imaging at dif-
ferent time-points post-injection (p.i.). In a sep-
arate cohort of mice, free 8Zr-oxalate in PBS
was i.v. injected to serve as the control group.
As apparent from the maximum intensity pro-
jections (Figure 3A), mice injected with [39Zr]
GdZOZS:Eu@PEG show excellent radiostability,
evidenced by the low bone uptake upto 7 d p.i.
Dominant uptake of the nanoparticles was
observed in the mononuclear phagocytic (MPS)
organs, liver and spleen, characteristic of intra-
venously injected nanoparticles, larger than
the renal clearance threshold of ~6-7 nm [21].
Onthe other hand, mice treated with 8Zr-oxalate
control, show distinct signals from the joints
and bones.

Region of interest (ROI) quantification of the
PET images at different time points p.i. indicat-
ed that the bone uptake in mice injected with

Am J Transl Res 2016;8(12):5591-5600
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Figure 5. In vivo RLI after subcutaneous injection of 50 pCi of (I) [#°Zr]Gd,0,S:Eu@PEG, () Gd,0,S:Eu@PEG + #Zr,
and (lll) &Zr only. Serial luminescence images were obtained at different time-points p.i. with (A) Ex: closed, Em:

Open, and (B) Ex: closed, Em: 620 nm filters.

[*°Zr]Gd,0,S:EU@PEG was less than 0.5 %ID/g
upto 12 h p.i. The bone uptake increases to 1.4
+ 0.3 %ID/g at 4 d p.i., remaining more than
6-fold less than that in mice injected with
89Zr-oxalate (7.4 + 3.8 %ID/g, 7 day p.i.) (Figure
4A). 89Zr—Gd202S:Eu@PEG were rapidly phago-
cytosed by reticuloendothelial system (RES), as
evidenced by a corresponding increase in the
liver uptake from 26.5 + 2.2 %ID/g at 0.5 h p.i.
10 36.4 + 5 %ID/g at day 4 p.i. A slight decrease
was observed on day 7 (28.9 + 6.3 %ID/g) that
can be attributed to the hepatic clearance of
[*°Zr]Gd,0,S:EU@PEG. Concomitant decrease
in the bone signal (1.3 + 0.5 %ID/g) ruled out
the possibility of 8Zr detachment from the
nanophosphors. The results were further cor-
roborated by ex vivo biodistribution studies,
day 7 p.i. (Figure 4B) Overall, the dynamic ch-
anges in #Zr uptake in the liver and bone con-
firmed the excellent in vivo radiostability of
[*9Zr]Gd,0,S:Eu@PEG. Our studies demonstrat-
ed that chelator-free 8°Zr labeling of metal
oxides and oxysulfides can be a useful tool in
accurately and quantitatively monitoring the in
vivo pharmacokinetics and biodistribution of
the nanoparticles. In addition, the radiolabeling
strategy can be extended to other oxophilic
radiometals such as “°Ti, which are difficult to
label via traditional chelator-based approach-
es, and are thus hampered in their clinical
applications.
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In vivo radioluminescence imaging

The in vivo RL efficiency of [*°Zr]Gd,0,S:Eu@
PEG nanoparticles was then studied. 50 pCi of
the radiolabeled nanoparticles was subcutane-
ously injected into nude mice and imaged at
various time-points (Excitation filter: blocked;
Emission filter: open or 620 nm). Equal amounts
of Gd,0,S:Eu@PEG nanoparticles mixed with
897r, as well as 8Zr-oxalate only, were also
injected as control. Although the signals from
all three samples are high at 15 min p.i., dis-
tinct difference can be seen in the intensity
between [*°Zr]Gd,0,S:EU@PEG (spot |) and con-
trol groups (spots Il and lll). The luminescence
signals in all three groups decreased with time,
presumably due to radioactive decay of 8Zr.
However, the reduction was more significant
and rapid in the control groups, when com-
pared to that of [*°Zr]Gd,0,S:EU@PEG (Figure
5A). This behavior can be attributed to the
gradual diffusion of free 8Zr into the surround-
ing tissue, further testifying that radiolabeled
and not co-injected isotope: nanophosphor sys-
tems are better suited for biological imaging
applications. Furthermore, this strategy pro-
vides a more reliable means for evaluation of
nanoparticle pharmacokinetics. Unmixed RL
only images are shown in Figure 5B using a
620 nm emission filter. Application of the 620
nm emission filter resulted in a reduction of sig-
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nal from spots (I) and (Il) and disappearance of
signal from spot (lll), owing to the attenuation of
the CL component in the emission signal. Thus,
RL nanoprobes, internally excited by gamma
rays from 8Zr decay, display stronger lumines-
cence over and above the CL signal of 8%Zr,
thereby presenting a more clinically translat-
able system than those relying on CL alone.

Conclusion

In conclusion, we have reported a facile strate-
gy for synthesis and surface modification of
internally activatable, intrinsically radiolabeled,
water soluble radioluminescent [*°Zr]Gd,0,S@
PEG nanophosphors. RLNPs promise several
advantages over conventional optical agents,
for biological imaging, such as greater tissue
penetration, reduced autofluorescence and
intrinsic multiplexing capabilities with radioim-
aging techniques. Incorporation of 8Zr into the
nanoparticle system improved the in vivo RL
efficiency, by constantly keeping the scintilla-
tion source and the emitter in close proximity.
Chelator-free 89Zr labeling was found to be con-
centration, pH and temperature dependent.
Systematic in vitro and in vivo studies demon-
strated a strong binding affinity between #Zr
and Gd,0,S@PEG nanophosphors (corroborat-
ed by < 2 %ID/g uptake in the bones over one
week). This strategy can be generally applied to
other metal oxides and oxysulfides, as well as
other oxophilic isotopes, allowing for more
robust in vivo pharmacokinetic profiling and
biodistribution studies in the future. The pres-
ence of Gd** can be employed for T -weighted
MR imaging, underlining the excellent potential
of these RLNPS as integrated multimodal PET/
RL/MR imaging agents. With further improve-
ments in nanoparticle modification and surface
engineering, [*°Zr]Gd,0,S@PEG can be tailored
for tumor targeted imaging and therapy.
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Figure S1. Variation of ®Zr-activated radioluminescence signal as a function of Gd,0,S:Eu nanophosphor concen-
tration; (A) 1.6 mg/mL, (B) 0.8 mg/mL, (C) 0.4 mg/mL, and (D) 0.2 mg/mL. (Ex: Closed, Em: 620 nm).
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Figure S2. Variation of ®Zr-activated radioluminescence signal from Gd,0,S:Eu nanophosphors, as a function of

radioactive dose of #Zr. (A) 407 uCi, (B) 344 uCi, (C) 297 uCi, (D) 218 uCi, (E) 105 uCi, and (F) 46 uCi 8°Zr. (Ex:
Closed, Em: 620 nm).
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Figure S3. Variation of ®Zr-activated radioluminescence signal from Gd,0,S:Eu nanophosphors with increasing
distance between the excitation source (8°Zr) and emitter (Gd,0,S:Eu); (A) 2 mm, (B) 5 mm, (C) 10 mm, and (D) 15
mm. (Ex: Closed, Em: 620 nm).
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Figure S4. In vitro radiostabilty test of [*°Zr]Gd,0,S:Eu in whole mouse serum at 37 °C over 48 h.



