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Experimental Section  

 

Materials: Oleylamine, oleic acid (NF/FCC), chloroform, 1-octadecene, cyclohexane, 

acetone, toluene, absolute ethanol were purchased from Fisher Scientific. Europium (III) 

chloride hexahydrate (EuCl3·6H2O, ≥99.99%), Gadolinium (III) chloride hexahydrate 

(GdCl3·6H2O, ≥99.99%), Sodium diethyldithiocarbamate trihydrate (Na(Dalkdtc)·H2O, 

≥98.99%), 1,10-Phenanthroline (Phen·H2O, ≥99.99%) were purchased from Sigma-Aldrich 

(St. Louis, MO). DSPE-PEG5k-Mal was obtained from Creative PEGworks. High Q water 

was used throughout the research. All chemicals were used as received without further 

purification. 

 

Characterizations: Powered X-ray diffraction (XRD) were performed on a Bruker D8 focus 

X-ray powder diffractometer with Cu Ka radiation (λ = 0.15405 nm). Transmission electron 

microscopy images were obtained on an FEI T12 microscope operated at an accelerating 

voltage of 120 kV. Standard TEM samples were poured onto a 400 mesh carbon-coated 

copper grid and dried at room temperature. The size distribution was measured by dynamic 

light scattering using a Malvern Nano-ZS90. Photoluminescence (PL) excitation and emission 

spectra were recorded with a Hitachi F-4500 spectrophotometer equipped with a 150 W xenon 

lamp as the excitation source at room temperature. 
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Synthesis of Gd2O2S:Eu: Gd2O2S:Eu was synthesized by a co-thermal decomposition 

of precursors method in the presence of oleic acid, oleylamine and 1-octadecene. For 

the synthesis of the precursor, a solution of EuCl3·6H2O or GdCl3·6H2O in water (1 

mmol, 10 mL) was added to Phen·H2O (1 mmol, 20 mL) in boiling water under 

vigorous stirring. After that, a solution of Na(Dalkdtc)·H2O (3 mmol, 20 mL) was 

added dropwise to the resulting solution under constant stirring for 1h  to form 

Eu(Dalkdtc)3Phen and Gd(Dalkdtc)3Phen.  

For the synthesis of Gd2O2S:Eu, Gd(Dalkdtc)3Phen (0.5 mmol, 0.471 g) and 

Eu(Dalkdtc)3Phen  (0.05 mmol, 0.047g) were added to a mixed solvent composed of 

oleylamine (8 g, 30 mmol), oleic acid (1.42 g, 5 mmol) and 1-octadecene (7.58 g, 30 

mmol), then the resulting solution was heated up to 120 ºC until a homogeneous, and 

clear green-yellow solution was formed. After that, the solution was rapidly heated to 

290 ºC for 5 min and was vigorously agitated for 2 h. The colloidal solution was then 

cooled to room temperature and the Gd2O2S:Eu nanoparticles could be precipitated by 

adding 30 mL of hexane/acetone (v/v 1:5). The nanoparticles were then washed and re-

suspended in organic solvents (such as chloroform, cyclohexane and toluene).  

 

Synthesis of Gd2O2S:Eu@PEG: Briefly, 5 mg of Gd2O2S:Eu nanoparticles was dispersed in 

1 mL of chloroform and then added 30 mg of DSPE-PEG5k-Mal in 2 mL chloroform. After 

stirring for 4 h at room temperature and evaporating the solvent, the residue was kept at 60 ºC 

in vacuum for 1 h. Upon the addition of 5 mL of water, a clear and white suspension was 

generated by sonication for 30 min. Water dispersible Gd2O2S:Eu@PEG nanoparticles was 

obtained after filtration and centrifugation. 

 

89Zr Production: 89Zr-oxalate was produced by the University of Wisconsin - Madison 

cyclotron group. Briefly, natural yttrium-89 (89Y) foil (250 μm, 99.9%) was irradiated with a 
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proton beam to create 89Zr via the 89Y(p,n)89Zr reaction by using a 16 MeV GE PETtrace 

cyclotron. After isotope separation and purification, 89Zr-oxalate was obtained which has a 

specific activity of >20 GBq/μmole of Zr. 

 

Synthesis of [89Zr]Gd2O2S:Eu@PEG: Briefly, 200 μL of Gd2O2S:Eu@PEG (1 mg/mL) in 

HEPES buffer (0.1 M, pH 7.5) was directly mixed with 89Zr-oxalate at 75 ºC. The final pH 

value of the mixture was adjusted to 7-8 by using 2 M Na2CO3. 
89Zr labeling yield was 

monitored and quantified at different time points (from 3 min to 3 h) by using thin layer 

chromatography (TLC). [89Zr]Gd2O2S:Eu@PEG could be easily collected by centrifugation 

(at 15000 rpm for 5 min). 

 

In Vitro Biocompatibility Studies of Gd2O2S:Eu@PEG Nanoparticles: The cytotoxicity 

of Gd2O2S:Eu@PEG nanoparticles was assessed with CCK-8 assay using HUN-7 cells and 

HEK-293 cells.  Briefly, Cells were seeded in 96-well plates at 20,000 cells per well in a 200 

µL culture medium. The cells were maintained in RPMI-1640 containing 10% fetal bovine 

serum (FBS) and incubated at 37 ºC in a humidified cell culture incubator with 5% CO2 

atmosphere for 24 h. Gd2O2S:Eu@PEG nanoparticles solutions with different 

concentrations from 0.2 to 1 mg/mL were added to each well, and the cells were subjected to 

a CCK-8 assay after being incubated for another 24 h. The cell viability was determined by 

measure the absorption at 450 nm using a microplate reader. Cell viability was calculated by 

using the following equation: Cell viability (%) = (mean absorption value of treatment 

group/mean absorption value of control) ×100.  

 

In Vivo Biocompatibility Studies of Gd2O2S:Eu@PEG Nanoparticles: The toxicity of 

Gd2O2S:Eu@PEG nanoparticles to healthy male BALB/c mice was conducted by injecting 
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Gd2O2S:Eu@PEG nanoparticles (dose: 450 mg/kg) via the tail vein. Mice injected with only 

PBS were introduced as a control group (n=3). Two weeks after injection, mice were 

sacrificed to collect the blood for serum biochemistry assay on Day 7 and Day 14. 

Meanwhile, major organs from each mouse were harvested and fixed in 4% paraformaldehyde 

solution for 1 day. These tissues were then embedded in paraffin and stained with 

hematoxylin and eosin (H&E) and examined using a digital microscope. Examined tissues 

include heart, liver, spleen, lung, and kidney. The serum chemistry data was measured by 

University of Wisconsin-Madison Veterinary Hospital. 

 

In Vitro Serum Stability Study: For in vitro serum stability, [89Zr]Gd2O2S:Eu@PEG and 

complete mouse serum was incubated under constant shaking at 37 ºC for 48 h. Small 

portions of the mixture were collected at different time points and purified through 100 kDa 

cutoff filters. The filtrates were collected, and the radioactivity of 89Zr was measured by using 

a gamma counter. The percentages of retained 89Zr on the [89Zr]Gd2O2S:Eu@PEG were 

evaluated according to the equation [(total radioactivity-radioactivity in filtrate)/total 

radioactivity]×100%. 

 

In Vivo PET/Radioluminescence Imaging and Biodistribution Studies: For in vivo PET 

imaging, 200 μL (∼50 μCi or 1.85 MBq) of [89Zr]Gd2O2S:Eu@PEG in PBS was i.v. injected 

into healthy BALB/c mice (n=3). PET scans at different time intervals were conducted by 

using a microPET/microCT Inveon rodent model scanner (Siemens Medical Solutions USA, 

Inc.). After the last PET scan, mice were sacrificed to collect all major organs/tissues and 

wet-weighed and biodistribution studies were carried out.  

For in vivo lymph node mapping with PET, 40 μL of [89Zr]Gd2O2S:Eu@PEG (∼50 

μCi or 1.85 MBq) was subcutaneously injected into the left footpad of a mouse. The time 
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points of 0.5 h, 2 h and 6 h post-injection were selected for serial PET scans. For each mouse, 

after PET scans, the optical images were immediately acquired using the IVIS Spectrum 

system (Caliper Life Sciences, Ex: closed, Em: 620 nm, exposure 5 min) at different time 

points.  
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Supplementary Figures 
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Figure S1. The X-ray diffraction pattern of as-synthesized Gd2O2S:Eu nanoparticles. 
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Figure S2. Particle size distribution of Gd2O2S:Eu@PEG measured by dynamic light 

scattering (DLS) analysis. 
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Figure S3. Optical property of Gd2O2S:Eu. (a) The excitation spectrum of Gd2O2S:Eu. (b) 

The emission spectrum of Gd2O2S:Eu. 
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Figure S4. Autoradiograph of TLC plates from different 89Zr labeling conditions. (a) pH 7-8, 

75 ºC. (b) pH 2-3, 75 ºC. (c) pH 7-8, 37 ºC. (d) pH 2-3, 37 ºC. 
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Figure S5. Cell viability assay. CCK-8 cell viability assay performed after incubation of 

normal (a) HEK-293 cells and (b) tumor HUN-7 cells with Gd2O2S:Eu@PEG (concentration 

range: 0.2 to 1 mg/mL) and PBS control for 24 h and 48 h at 37 ºC.  
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Figure S6. In vitro serum and PBS stability of [89Zr]Gd2O2S:Eu@PEG. 
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Figure S7. Biodistribution of [89Zr]Gd2O2S:Eu@PEG at 48 h after intravenous injection in 

normal BALB/c mice (n=3). 
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Figure S8. Ex vivo (a) PET and (b) radioluminescence lymph node imaging of 

[89Zr]Gd2O2S:Eu@PEG at 6 h after subcutaneous injection into the footpad of normal 

BALB/c mice.  
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Figure S9. Laser confocal images of the lymph node in (a) control group (injected with PBS 

only), and (b) treatment group (injected with [89Zr]Gd2O2S:Eu@PEG). The red signal in (b) 

was from traditional fluorescence but not radioluminescence. The tissue was decayed for over 

30 days before the confocal imaging study.  
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Figure S10.  Biodistribution of [89Zr]Gd2O2S:Eu@PEG at 6 h after subcutaneous injection 

into footpad of normal BALB/c mice (n=3). 

 

 

 


