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Preparation of the upconversion nanoparticles 

Annealing would transfer the cubic phase phosphors into hexagonal phase phosphors 
and promote the upconversion luminescent yields.[1-3] However, treating with high 
temperature will increase the size of the phosphor and change without regarding its 
morphology as well, which is undesired for the application of biological label. So, it is 
important to develop a facile synthetic route to high luminescent intensity and 
hexagonal phase NaYF4:Yb3+,Er3+ phosphors with controlled size and morphology 
and good dispensability. Recently, we have synthesized the hexagonal phase 
NaYF4:Yb3+,Er3+ with controlled size and morphology. In that work, we found that 
the morphology of NaYF4:Yb3+,Er3+ could be tuned from nanoparticles to nanorods in 
different solvents.[4] But the nanoparticle size was not easily controlled and the 
luminescent intensity was weaker than that of the as-prepared phosphors in this work. 
Moreover, the upconversion luminescent color of the particles was not pure green. 
And the violet emission of the nanoparticles was also very strong except for green 
luminescence. As general organic fluorescence dyes that have broad emission spectra 
with a long tail, the impurity of the emission from the nanoparticles can introduce 
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spectral cross talk between different detection channels, thus makes them unsuitable 
for biological applications and creates difficulty in quantification of the relative 
amounts of different probes. An ideal probe for multicolor experiments should emit at 
spectrally resolvable energies and have a narrow, symmetric emission spectrum, and 
the whole group of probes should be excitable at a single wavelength. [5] In this work, 
the monodispersed nanoparticles emit strong and pure green fluorescence with 
symmetric and narrow emission spectrum excited at a single wavelength (980 nm 
laser), which makes it more suitable for ideal probe for multicolor biological detection.  
The sizes of these nanoparticles have been easily tuned from 50 nm to 450 nm with 
addition various amounts of EDTA, and their phases have also been transferred from 
cubic phase into hexagonal phase by prolonging the reaction time from 12h to 168h. 

The preparation of different size phosphor particles was carried out with various 
amounts of nitric acid (3-5.5 mL), and the solvothermal time tuned from 12h to 168h 
in order to obtain cubic phase and hexagonal phase nanoparticles. Take the 50 nm 
phosphor for an example, the detailed synthesis procedure is as follows: 0.5 g Y2O3, 
0.017 g (4%)Yb2O3 and 0.0085 g (1%) Er2O3 were dissolved in hot nitric acid and 
then dissolved in 8 mL demonized water. The transparent EDTA-Ln solution was 
acquired by adding 1.75 g EDTA and adjusting the pH to weak basic conditions (pH 
7.5). 3 mL of hydrofluoric acid (HF) was added to 25 mL glycol as the fluorine origin, 
then 0.5g CTAB was added to increase the amount of the carbon in the reaction 
system to prevent the nanoparticles from aggregating. Under vigorous stirring, 8 mL 
of the EDTA-Ln solution was dripped, followed by the addition of 5.5 mL of nitric 
acid. The mixed solution was transferred into a Teflon-lined autoclave and heated to 
195 ºC for 12h−96h. Other particles have also been prepared by following the same 
procedure only with different amounts of EDTA and nitric acid along with longer 
solvothemal time. The effects of EDTA on the particle size have been studied with 
various molar ratio of EDTA to Ln over the region from 2/1 to 1/4. A low EDTA/Ln3+ 
molar ratio resulted in large particles. When the EDTA/Ln3+ ratio reaches 2, the 
particle size further decreased to 15 nm, but the morphology of particle was irregular 
and ready to aggregate. 
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TEM images of different size and phase nanoparticles were shown in Figure S1. 
These TEM images indicated that the as prepared nanoparticles were well dispersed. 

a) b)  e) f)  

c) d)  g) h)  

Figure S1. TEM images of the cubic phase (a, c, e, g) and hexagonal phase (b, d, f, h) 
nanospheres 

 

Fluorescence of the UC nanoparticles 

 
Figure S2. Upconversion fluorescence spectra of a) cubic phase and b) phase 
hexagonal phase phosphor solution, the patterns of the luminescence of cubic phase (a) 
and hexagonal phase (b) nanoparticle solution are excited by 980 nm laser. 

The green upconversion fluorescence was greatly enhanced when the cubic phase 
nanoparticles were transferred into hexagonal phase nanoparticles, which can be 
observed using naked eyes on these suspensions excited with a 980 nm laser (Figure 
S2). Figure S2 also gave the fluorescence spectra of both cubic and hexagonal phase 
nanoparticles (~50 nm). From Figure S2, it can be seen that the luminescence of the 
hexagonal phase nanoparticles is stronger than that of the cubic phase nanoparticles. 
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XRD of the as-prepared UC nanoparticles 

Figure S3 gives the X-ray powder diffraction (XRD) patterns of the ~50 nm 
nanoparticles. From Figure S3, it is can been seen that sufficient reaction time is 
required to obtain pure hexagonal phase in the solvothermal technique. In this work, 
pure cubic phase NaYF4:Yb3+,Er3+ phosphors of different size have been acquired 
when the solvothermal time is 12 h. By prolonging the reaction time to 28 h, a 
combination of cubic phase NaYF4:Yb3+,Er3+ (JCPDS card No. 77-2042) and 
hexagonal phase Na(Y1.5Na0.5)F6:Yb3+,Er3+ (JCPDS card No. 16-0334) was observed 
in the product, which suggested a phase transformation from cubic phase 
NaYF4:Yb3+,Er3+ into the thermodynamically stable hexagonal phase 
Na(Y1.5Na0.5)F6:Yb3+,Er3+ at 195 °C. By increasing the solvothermal time from 12h to 
96h, the cubic phase nanoparticles can be completely changed into hexagonal phase 
nanoparticles with no effects on their size and morphology. Figure S3 only gives the 
XRD patterns of the ~50 nm particles, and other particles have the same XRD 
patterns and upconversion luminescence as ~50 nm particles (not listed). In order to 
acquire pure hexagonal phase upconversion phosphors, however, the solvothermal 
time should be prolonged to 168h with the increase of the particle size to 450 nm. 
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Figure S3. XRD patterns of 50 nm upconversion luminescent nanoparticles prepared 
under different solvothermal time. a) 12h, b) 28h, c) 42h, and d) 96h.  
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Fabrication of phosphor/PAH/PSS/PAH nanocomposites 

Poly(sodium 4-styrenesulfonate) (PSS, Mw 13400) was purchased from Fluka. 
Poly(allylamine hydrochloride) (PAH, Mw, 8000-11000) and 
α,α,α-tris(hydroxymethyl)methylamine (Tris) were obtained from Aldrich. Prior to 
binding the biotin, the up-conversion nanoparticles should be functionalized with LbL 
method. The LbL fabrication and bioconjugation of the luminescent nanoparticles 
were achieved according to the procedure detailed in Figure 2. At weak basic 
conditions, the phosphor nanoparticles were negatively charged according to the 
results of the zeta-potential analysis (Figure 3a), so the nanoparticles were firstly 
fabricated using PAH at pH 8.5 and then PSS. The primer three polyelectrolyte layers 
(PAH/PSS/PAH) were formed by alternative adsorption of PAH (0.5 ml from 10 mg 
mL−1 solution containing 20 mM Tris aqueous containing 20 mM NaCl) and PSS (0.5 
ml from 10 mg mL−1 solution containing 20 mM NaCl) onto 40 ml of negatively 
charged Na(Y1.5Na0.5)F6:Yb3+,Er3+ upconversion nanoparticles (0.32 g, dispersed in 
ultrapure water, pH 8.5). The polyelectrolyte adsorption time was 30 min under mild 
stirring. After each adsorption step, the excess polyelectrolyte was removed by three 
repeated centrifugation separation / wash / redispersion cycles.  

Preparation of Biotin-Conjugated Nanoparticles  

Nanoparticle bioconjugation was achieved by using the cross-linking reagent 
1-ethyl-3-(3-dimethly-aminopropyl) carbodiimide (EDAC, purchased from Sigma). 
This compound reacts with the surface carboxylate (-COOH) group on the biotin to 
yield an O-acyl-isourea active intermediate.[6] This intermediate is then attacked by a 
primary amine (NH2) group on the functionalized phosphor nanoparticles, forming a 
stable covalent bond between the biotin and the upconversion phosphors. One 
drawback to this procedure is that the intermediate formed in the EDAC reaction is 
subject to hydrolysis in aqueous media.[7] To increase the reaction yield, we added a 
second reagent N-hydroxysuccinimide (NHS, obtained from Sigma) to form a more 
stable active ester intermediate. This intermediate is less susceptible to hydrolysis, 
while at the same time reacts more rapidly with amines.[8] Thus, 0.1 mmol of biotin 
was added to 2.5 mL of MES buffer solution (pH 6.0) containing ~50 nm 
functionalized luminescent nanoparticles (20 mg), and ultrasonication for 10 minutes. 
Then 0.1 mmol of EDAC and 0.2 mmol of NHS were added, and the mixture was 
vortexed slowly for 3 h. Excess biotin, EDAC and NHS were removed by three 
repeated centrifugation separation / wash / redispersion cycles. And the 
biotin-conjugated phosphors were dispersed in 10 mL water stored at 4 oC. 
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Preparation of Biotin-conjugated Gold Nanoparticles 

Approximately 7 nm diameter citrate stabled gold nanoparticles were prepared by the 
sodium borohydride reduction of HAuCl4.[9] All glassware was cleaned in aqua regia 
(1 part HNO3, 3 parts HCl), rinsed with Nanopure water, and then oven dried prior to 
use. Into 50 ml of deionized water, 1 mL of 1% trisodium citrate solution was added 
under stirring. Then 1ml of aqueous solution of HAuCl4 (1.0%) was injected and 
stirred for 1min at room temperature. The deep red solution of 7 nm gold 
nanoparticles was acquired by the quick injection of 1 mL of sodium borohydride 
(NaBH4, 0.1%) solution under vigorous stirring. After the color change, the solution 
was stirring for another 10 min. Then the gold nanoparticles were modified with 
cysteine. Into gold nanoparticle solution (50 mL), 0.15 mmol of cysteine was added 
and stirred for 3 hour under stirring at room temperature. Then the nanoparticles were 
centrifuged and washed with water for 3 times. The cysteine modified gold 
nanoparticles were bioconjugated with biotin, following the same procedure used in 
the biotin-conjugation of the upconversion luminescent nanoparticles. Prior to use, the 
Au-biotin nanoparticles were purified and dispersed in 10 mL water and stored at 4 
oC. 

Figure S4 

 

Figure S4. Violet upconversion luminescence spectra of biotin conjugated 
Na(Y1.5Na0.5)F6:Yb3+,Tm3+ in the presence of Au-biotin nanoparticles with (1) and 
without (2) avidin; the inset (3) is the pattern of the violet upconversion fluorescence  
of the Na(Y1.5Na0.5)F6:Yb3+,Tm3+ nanoparticle solution excited by 980 nm laser. 
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