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Supplementary Table 1 | Quantum yields (Φ = Nphotons emitted/Nphotons absorbed) of UCNPs reported in the 
literature. In case of UCNPs, the emission of each photon requires the absorption of at least 2 photons. 
Therefore, Φ cannot exceed 50 % and Φ depends on the excitation intensity. At high excitation 
intensities, the upconversion luminescence reaches a saturation level such that the total number of 
emitted photons is a better parameter for characterizing the performance of UCNPs than Φ. 

Type Size Excitation 

wavelength 

Excitation 

intensity  

Quantum 

yield (Φ) 

Dispersion 

medium 

Ref. 

Low excitation intensity: 

α-NaYb0.995Tm0.005F4@CaF2 27 nm 980 nm 0.3  W cm-2 0.6% Hexane 1 

β-NaY0.747Yb0.25Tm0.003F4 33 nm 975 nm 3.8 W cm-2 0.45% Hexane 2 

β-NaY0.747Yb0.25Tm0.003F4@NaYF4 43 nm  1.3 W cm-2 1.2%   

β-NaY0.68Yb0.30Er0.02F4@ 

NaY0.80Yb0.20F4@NaY0.90Yb0.10F4 

40 nm 980 nm 2.0 W cm-2  0.22% Cyclohexane 3 

       

α-NaY0.90Er0.10F4 @NaYbF4@NaYF4 32 nm 980 nm 4.5 W cm-2 6.3% Cyclohexane 4 

LiY0.745Yb0.25Tm0.005F4 87×50 

nm 

976 nm 5.5 W cm-2 1.9% Toluene 5 

Medium excitation intensity:       

β-NaY0.747Yb0.25Tm0.003F4@NaYF4 42 nm 975 nm 78 W cm-2 3.5% Hexane 6 

β-NaY0.798Yb0.20Tm0.002F4 30 nm 980 nm 140 W cm-2 0.8% Toluene 7 

β-NaY0.795Yb0.20Tm0.005F4    3.1%   

β-NaY0.792Yb0.20Tm0.008F4    5.4%   

β-NaY0.788Yb0.20Tm0.012F4    8.4%   

β-NaY0.780Yb0.20Tm0.02F4    3.6%   

LiY0.745Yb0.25Tm0.005F4 87×50 

nm 

976 nm 395 W cm-2 3.3% Toluene 5 

β-NaY0.78Yb0.20Er0.02F4 >>100 

nm 

980 nm 20 W cm-2 3.0% No dispersion 

medium 

8 

β-NaYb0.69Er0.30Tm0.01@NaLuF4 28 nm 980 nm 10 W cm-2 1.8% Cyclohexane 9 

β-NaErF4@NaLuF4 35-38 nm 980 nm 10 W cm-2 5.2% Toluene 10 

α-NaEr0.02Yb0.98F4@CaF2 14 nm 980 nm 34 W cm-2 1% Cyclohexane 11 

β-NaY0.78Yb0.20Er0.02F4@NaYF4 15 nm 976 nm 40 W cm-2 3.4%  12 

 45 nm   9.0%   

β-NaYbF4@NaY0.60Er0.20Gd0.20F4@NaY0.80Gd0.20F4 16 nm 980 nm 70 W cm-2 0.02% Hexane 13 

β-NaY0.58Gd0.20Yb0.20Er0.02F4@NaY0.80Gd0.20F4    0.8%   

β-NaY0.78Yb0.20Er0.02F4 8 nm 976 nm 100 W cm-2 0.011% Hexane 14 

β-NaY0.78Yb0.20Er0.02F4@NaYF4 14 nm   0.49%   

LiLu0.79Yb0.20Er0.01F4 28 nm 980 nm 127 W cm-2 0.11% Cyclohexane 15 

LiLu0.79Yb0.20Er0.01F4@LiLuF4 40 nm   3.6%   

LiLu0.79Yb0.20Er0.01F4@LiLuF4 50 nm   5.0%   

β-NaY0.78Yb0.20Er0.02F4 100 nm 980 nm 150 W cm-2 0.30% Hexane 8 

β-NaY0.78Yb0.20Er0.02F4 30 nm   0.10%   

β-NaY0.78Yb0.20Er0.02F4 8-10 nm   0.005%   

β-NaY0.78Yb0.20Er0.02F4 30 nm   0.30%   

β-NaY0.86Yb0.11Er0.03F4 33.4 nm 976 nm 380 W cm-2 2.50% Toluene 16 

β-NaY0.83Yb0.14Er0.03F4 34.0 nm  380 W cm-2 2.30%   

β-NaY0.80Yb0.17Er0.03F4 33.8 nm  380 W cm-2 1.96%   

β-NaY0.76Yb0.21Er0.03F4 34.2 nm  380 W cm-2 1.73%   
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Supplementary Figure 1 | Preparation of UCNPs with a carboxylated silica shell via a reverse 
microemulsion technique. a, Dispersion of UCNPs in cyclohexane, TEOS, and Igepal CO-520-stabilized 
aqueous NH4OH nanodroplets. b, Silica-coated UCNPs move to water droplets where the carboxylation 
takes place after adding (c) more TEOS and (d) CEST. TEM images of UCNPs (NaYF4: 2%Er3+, 18%Yb3+, 
diameter 48.2±3.4 nm) covered by, e, oleic acid and, f, carboxylated silica shell (thickness 7.1±1.2 nm). 

 

 

β-NaY0.85Yb0.14Er0.01F4 33.6 nm  380 W cm-2 2.52%   

β-NaY0.84Yb0.14Er0.02F4 32.9 nm  380 W cm-2 2.13%   

β-NaY0.82Yb0.14Er0.04F4 32.8 nm  380 W cm-2 1.75%   

β-NaY0.80Yb0.17Er0.03F4 32 nm  410 W cm-2 1.4% Toluene 17 

β-NaY0.78Yb0.20Er0.02F4 23 nm 976 nm ~950 W cm-2 ~1% Cyclohexane 18 

   ~950 W cm-2 ~1% DMF  

   ~800 W cm-2 ~0.5% H2O  

   ~850 W cm-2 ~1% D2O  

β-NaErF4@NaYF4 20 nm 980 nm ? 0.17% Cyclohexane 19 

β-NaEr0.995F4:Tm0.005@NaYF4 29 nm 980 nm  0.78%   

β-NaY0.80Yb0.18Er0.02F4@NaYF4 38 nm 980  1.83%   

(?) While not specified in the original work, the quantum yield reported for NaY0.80Yb0.18Er0.02F4@NaYF4 indicates a medium excitation intensity. 

High excitation intensity:       

β-NaY0.80-xYb0.20TmxF4 40 nm 980 nm 2.5 × 106 W cm-2 Not available Cyclohexane 20 

x = 0.002, 0.005, 0.01, 0.02, 0.04 and 0.08; NaY0.72Yb0.20Tm0.08F4 yielded the highest number of photons. 

β-NaY0.78Yb0.20Er0.02F4 8.0 nm 980 nm 3 × 106 W cm-2 Not available  14 

β-NaY0.78Yb0.02Er0.20F4 8.3 nm      

β-NaY0.60Yb0.20Er0.20F4 8.5 nm      

NaY0.60Yb0.20Er0.20F4 (8.5 nm) yielded the highest number of photons. 
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Supplementary Figure 2 | Bioconjugation via click-chemistry. Azide-modified biomolecules (gray 
circle) are bioconjugated to alkyne-PEG-neridronate-modified UCNPs (green circle) via a single copper-
catalyzed reaction step. 

 

 

Supplementary Figure 3 | Bioconjugation via carbodiimide activation. Biomolecules containing 
primary amino groups (gray circle) are bioconjugated to carboxyl groups on the surface of UCNPs 
(green circle) in two steps. In the first step, the carboxyl groups are converted to esters in the presence 
of EDC and sulfo-NHS. Secondly, the activated UCNPs are conjugated to an amino group forming an 
amide bond. 

 

 

Supplementary Figure 4 | Centrifugal purification of bioconjugated UCNPs. a, Bioconjugated UCNPs 
(green) are placed into a centrifugal tube (1.5 mL). b, The sample is underlaid with a sucrose gradient 
(blue). c, After centrifugation, coarse aggregates remain at the bottom of the tube. d, The top layer 
containing purified bioconjugates is recovered and transferred to a new tube. 
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Supplementary Figure 5 | Electrophoretic purification of bioconjugated UCNPs. a, A sample of UCNP 
bioconjugate (green) is loaded into a wide gel pocket. b, After the application of an electric field, the 
sample constituents are fractionated according to their electrophoretic mobilities. c, The zone of 
interest is cut by a razor and isolated from the remaining gel. d, The gel slice containing the 
bioconjugate is inserted into the electro-elution chamber filled with electrophoresis buffer. e, The 
bioconjugated UCNPs are eluted into the buffer by applying an electric field. f, The eluted bioconjugate 
is transferred to a vial. 

 

 

Supplementary Figure 6 | Images of electroelution chamber. The chamber is composed of a plastic 
frame (width 53 mm, length 50 mm) and two agarose gel slices, which create opposite walls of the 
chamber. a, Plastic frame before adding agarose walls. b, Chamber filled with agarose gel. c, 
Electroelution chamber inserted into the electrophoresis device. A gel slice containing a nanomaterial 
sample (red arrow) has been inserted into the chamber for electroelution. 
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Supplementary Figure 7 | Spectroscopic characterization. a, 1H NMR spectrum and b, ATR FTIR 
spectrum of alkyne-PEG-neridronate. c, ATR FTIR spectrum of alkyne-PEG-UCNPs. 
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Supplementary Figure 8 | Fluorescence labeling of HER2-positive FFPE BT-474 cells with a 
streptavidin-5(6)-carboxyfluorescein conjugate. a, DAPI channel, b, fluorescein channel, c, overlay. 
Negative control without primary antibody (Ab): d, DAPI channel, e, fluorescein channel, f, overlay. 
Fluorescence intensity scans of g, specific labeling, h, negative control (no primary Ab), i, incubation 
with DAPI only, and j, autofluorescence. k, Average fluorescence intensities measured in the cell 
pellets. The error bars indicate standard deviations of intensities in the cell pellets. Reproduced from 
ref21 with permission from the Royal Society of Chemistry. 
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