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Abstract: Here, we report the enhanced upconversion luminescence of 

NaLuF4:18%Yb
3+

,2%Er
3+

 through core/shell structures. Among NaYF4, NaGdF4, and 

NaLuF4 shells, the first one presents the highest efficiency. These upconversion 

fluorescent nanoprobes with oleic acid/PEG hybrid ligand can efficiently capture 

Rhodamine B (RB) and sodium fluorescein (SF) in opaque fishes to present their 

residues in vivo through luminescence resonant energy transfer (LRET) processes. It 

can be addressed based on LRET technology that no RB is absorbed by opaque fishes 

after incubating in the aqueous solution of 1 µg/ml RB for one day, while SF residue 

can be obviously detected after incubating in the aqueous solution of 1 µg/ml SF for 

one day. The merit of this LRET technology with upconversion nanoparticle (UCNP) 

donor is ascribed to the deep penetration depth of infrared pumping laser and high 

signal to noise ratio. 

 

Keywords: LRET; upconversion luminescence; biophysical sensors; fluorescent dyes; 

nanoprobes. 

Organic dyes are widely used in 

textile and printing industries which are 

one of the largest groups of pollutants 

released into waste water [1-3]. Most of 

organic dyes are toxic to aquatic 

organisms, animals, as well as human 

beings [4-5]. It is very urgent to develop 

efficient methods for detecting traces of 

organic dyes in living things and thus 

supplying the toxicity analysis with 

direct information [6-7]. The rapid and 

precise detection of organic dyes will 

help human beings from the harm of 

toxic dyes [8]. Up to now, a variety of 

methods have been developed for 

detecting organic dyes based on 

fluorescence resonant energy transfer 

(FRET) technology [9]. The key for 

FRET spectra detection or imaging is to 

select an efficient and stable 

fluorescence donor. Usually, quantum 

dots (QDs) [10], fluorescent proteins 
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[11-12], or fluorescent organic 

compounds [13], are used as 

fluorescence donors. However, the 

intrinsic drawbacks of these donors, e.g. 

poor stability and low signal to noise 

ratio under the pumping of ultraviolet 

light, limit their application for high 

precision detecting of organic dyes and 

hinder their development in the field of 

clinical medicine [14-18]. Furthermore, 

expensive pulse lasers are need for 

exciting the fluorescent proteins or 

quantum dots to meet the high power 

densities requirement to observe the 

two-photon effect [19-21]. 

Upconversion nanoparticles have 

recently received extensive and 

increasing attention which can convert 

low energy infrared photons to higher 

energy visible photons. Because of sharp 

emission band, superior photostability, 

deep tissue penetration of near-infrared 

excitation, and background-free 

fluorescent imaging, upconversion 

nanoparticles are ideal candidates for 

substituting the conventional donors in 

FRET technology [22-25].
 

In our previous works [26-27], we 

have applied upconversion nanoparticles 

as fluorescence donors to detecting 

organic dyes in plant cells and 

transparent jellyfish, and obtained high 

detection precision. Here, we present the 

in vivo detection of organic dyes in 

opaque fishes through LRET from 

upconversion nanoparticles to dyes. It is 

rapidly addressed based on LRET 

technology that no RB is absorbed by 

the opaque fishes after incubating in the 

aqueous solution of 1 µg/ml RB for one 

day, while SF residue can be obviously 

detected after incubating in the aqueous 

solution of 1 µg/ml SF for one day. 

Upconversion nanoparticles were 

 
Fig. 1. TEM images of (a) NaLuF4:18%Yb3+,2%Er3+ 

core NPs. Inset: the model of a single core 

nanoparticle; (b) the corresponding high-resolution 

TEM images (HR-TEM). 

 

 
Fig. 2. TEM images of (a) 

NaLuF4:18%Yb3+,2%Er3+/NaGdF4 core/shell NPs. 

Inset: the model of a single core/shell nanoparticle; (b) 

the corresponding high-resolution TEM images 

(HR-TEM).
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Fig. 3. Room temperature upconversion emission spectra of (a) NaLuF4:18%Yb3+,2%Er3+ core and 

NaLuF4:18%Yb3+,2%Er3+/ NaLnF4 (Ln=Y, Lu, Gd) core/shell nanoparticles; (b) NaLuF4:18%Yb3+,0.5%Tm3+ core 

and NaLuF4:18%Yb3+,0.5%Tm3+/ NaLnF4 (Ln=Y, Lu, Gd) core/shell nanoparticles. 

 

synthesized by our previous route [28] 

(Details listed in Supporting 

Information). The photoluminescence 

emission spectra was measured from 

400 to 700 nm using a Hitachi F-2700 

spectrophotometer equipped with a 980 

nm laser as the excitation source. 

The photos of upconversion 

luminescence were obtained digitally by 

a Nikon camera D3200. 

NaLuF4:18%Yb
3+

,2%Er
3+ 

core and 

NaLuF4:18%Yb
3+

,2%Er
3+

/NaLnF4 (Ln = 

lanthanide) core/shell nanoparticles were 

characterized by TEM and shown in 

Figure 1 and 2. It is clear from Fig. 1a 

that NaLuF4:18%Yb
3+

,2%Er
3+ 

core 

nanocrystals have spherical morphology 

and uniform particle size. Figure 1b 

shows the good crystallinity of these 

core nanoparticles. The distances 

between the lattice fringes were 

measured to be 0.32 nm along (0001) 

orientation in the hexagonal NaLuF4 

nanocrystals [29-31]. After coating with 

a thin shell of NaGdF4 (Fig. 2a), the 

overall particle size of 

NaLuF4:18%Yb
3+

,2%Er
3+ 

core 

nanoparticles increases from 15 nm to 

20 nm. It can be seen that the NaGdF4 

shell has also well crystallinity (Fig. 2b).  

The upconversion fluorescent 

spectra of NaLuF4:18%Yb
3+

,2%Er
3+

core 

nanocrystals and 

NaLuF4:18%Yb
3+

,2%Er
3+

/NaLnF4 (Ln = 

Y, Lu, Gd) core/shell nanocrystals in 

cyclohexane solution under the 980 nm 

laser excitation are shown in Fig. 3a. It 

is observed that the integral emission 

intensity of 

NaLuF4:18%Yb
3+

,2%Er
3+

/NaLnF4 (Ln = 

Y, Lu, Gd) core/shell NPs is higher than 

NaLuF4:18%Yb
3+

,2%Er
3+

 core NPs, 

because the surface defects of 

NaLuF4:18%Yb
3+

,2%Er
3+

 core NPs 

were considerably eliminated in the 

core/shell structures. The similar 

phenomenon is also observed by 

comparing the fluorescent spectra of 

NaLuF4:18%Yb
3+

,0.5%Tm
3+

 core and 

NaLuF4:18%Yb
3+

,0.5%Tm
3+

/NaLnF4 

(Ln = Y, Lu, Gd) core/shell NPs 

(Fig.3b). It is noted that NaYF4 shell is 

the most efficient among the three shells 

for enhancing the upconversion 

luminescence, since the phonon energy 

(A’ Mode= 211 cm
-1

) of NaYF4 host is 

obvious lower than those for NaLuF4 

(A’ Mode>264 cm
-1

) and NaGdF4 (A’ 
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Mode= 293 cm
-1

) host [32-33]. The low 

phonon energy of the host directly leads 

to high photon-upconversion efficiency 

and low non-radiative cross-relaxation 

probability. This is also in agreement 

with the simulation calculation [34], the 

vibration energy of Gd
3+

 based host is 

the highest among the three host ions 

due to the unpaired electrons of Gd
3+

. In 

addition, the outmost-shell of Y
3+

 ion 

has no electron while the outmost 

4f-shell of Lu
3+

 ion are fully filled with 

14 electrons. As a result, both NaYF4 

and NaLuF4 shells have no unpaired 

electron to exchange energy with the 

emitters Er
3+

 or Tm
3+

 ion in the core 

particles. But, the outmost shells of Gd
3+

 

ions have 7 unpaired electrons so that 

NaGdF4 shells can exchange energy 

with emitters Er
3+

 and Tm
3+

 in the core 

nanoparticles through the non-radiative 

cross relaxation [35]. This may be the 

reason why the NaGdF4 shells are less 

efficient than NaLuF4 shells for 

enhancing the emission of the core 

nanoparticles. In comparison to Lu
3+

 

(1.27), Y
3+

 (1.22) ion has lower 

electronegativity, which is the third 

factor for the highest efficiency of 

NaYF4 shell [36]. The above three 

factors determine that the NaYF4 shell 

presents the highest efficiency for 

improving the emission intensity of core 

nanoparticles. The emission bands can 

be easily assigned to the transition 

within the 4f
n
 shells of the Er

3+
 and 

Tm
3+

 ions. The spectrum of the 

NaLuF4:18%Yb
3+

,2%Er
3+

 (Fig.3a) 

exhibits three distinct emission bands 

from Er
3+

 ions, centered at 521nm, 

540nm, and 654nm which are assigned 

to the Er
3+

-4f
n 

electronic transitions 
2
H11/2→

4
I15/2, 

4
S3/2→

4
I15/2 and 

4
F9/2→

4
I15/2, respectively. The whole  

 
Fig. 4. The energy level diagrams of the Er3+, Tm3+ 
and Yb3+ dopant ions and upconversion mechanisms 
following 980 nm laser diode excitation. 

 

luminescence appears green in color to 

naked eyes due to the combination of 

intense green and weak red emissions 

from the Er
3+

ion. Three emission bands 

from Tm
3+

 were observed in the 

NaLuF4:18%Yb
3+

,0.5%Tm
3+

 (Fig. 3b) 

under the 980 nm laser diode excitation. 

The strongest band centered at 476 nm 

was assigned to the 
1
G4→

3
H6 transition 

of Tm
3+

 ion and another weak blue 

emission band centered at 450 nm was 

assigned to the 
1
D2→

3
F4 transition. 

Noticeably, an intense near ultraviolet 

emission band centered at 360 nm was 

observed which was assigned to the 
1
D2→

3
H6 transition of Tm

3+ 
ions. The 

overall emission shows blue color to 

naked eyes since the visible blue 

emission is much stronger than other 

emission band. 

The possible upconversion excitation 

emission pathways of the Er
3+

/Yb
3+ 

and 

Tm
3+

/Yb
3+ 

ion couples are shown in Fig. 

4 [37-41]. In the case of 

NaLuF4:18%Yb
3+

,2%Er
3+

, an initial 

energy transfer from an Yb
3+ 

ion in the 
2
F5/2 state to an Er

3+ 
ion populating the 

4
I11/2 level of Er

3+
 ion. The second 980 

nm photon or energy transfer from an 

Yb
3+ 

ion to the Er
3+

 ion can then 
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populate the 
4
F7/2 level of the Er

3+ 
ion. 

The electrons in the 
4
F7/2 level of Er

3+
 

ion can relax nonradiatively (without 

emission of photons) to the 
4
S3/2 levels 

for the green emissions by the transition 
4
S3/2→

4
I15/2. Alternatively, the Er

3+ 
ion 

can further relax and populate the 
4
F9/2 

level leading to the red emission from 

the transition 
4
F9/2→

4
I15/2. The 

4
F9/2 level 

may also be populated from the 
4
I13/2 

level of the Er
3+

ion by absorption of a 

980 nm photon, or energy transfer from 

an Yb
3+ 

ion, with the 
4
I13/2 state being 

initially populated via the nonradiative 
4
I11/2→

4
I13/2 relaxation. For the 

NaLuF4:18%Yb
3+

,0.5%Tm
3+

, up to three 

subsequent energy transfers from Yb
3+

 

ions to Tm
3+

 to populate the upper Tm
3+

 

ions 
1
G4 levels for emitting 450 nm and 

476 nm blue light. Rhodamine B and 

Sodium fluorescein are selected as 

model dyes to explore the residual of 

organic dyes in opaque fishes. There is a 

perfect overlap between the excitation 

spectra of Rhodamine B and the 

emission spectra of 

NaLuF4:18%Yb
3+

,2%Er
3+ 

nanoparticles 

in green region, so that an LRET based 

sensor system can be successfully 

constructed by combining the UCNPs 

with Rhodamine B, in which UCNPs 

play a role of energy donor while 

Rhodamine B plays a role of energy 

acceptor (see Supporting Information 

Scheme S1b). In addition, oleic acid 

molecule pairs can form on the surfaces 

of the upconversion nanoparticles (see 

Scheme S1a), which compacted with 

each other through the weak 

hydrogen-bond interaction. As a result, 

the carboxyl group of one oleic acid 

molecule connected to upconversion 

nanoparticle and the other oleic acid 

molecule can release one free carboxyl  

 

Fig. 5. (a) In vivo upconversion fluorescent spectra of 
the opaque fishes after cultured in aqueous solution 
with different concentrations of Rhodamine B for one 
day using NaLuF4:18%Yb3+,2%Er3+/ NaYF4 
core/shell nanocrystals as probes. Photo: the 
fluorescence imaging was collected by a Nikon 
camera D3200 under the excitation of a 980 nm laser 
diode. (b) Integral Intensity Ratio of red (RB) to green 
(UCNPs) (IIRRG) vs. concentration of RB; overall 
fluorescent intensity of UCNPs@RB vs. concentration 
of RB in opaque fishes. 
 

(see Scheme S1a). These oleic acid 

molecule pairs are confirmed by the 

absorption of UCNPs to fluorescent dyes. 

The same phenomenon is much 

remarkable for SF solution which also is 

a perfect overlap between the excitation 

spectra of sodium fluorescein and the 

emission spectra of 

NaLuF4:18%Yb
3+

,0.5%Tm
3+ 

nanoparticles in blue region (see Scheme 

S1c). 

Conventional detection of organic 

dyes is restricted to operation in vitro. 

Here, we show that the green 

upconversion fluorescent nanoprobes is 

very efficient and viable for detecting 

Rhodamine-B in vivo, based on the 

luminescent resonance energy transfer  
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Fig. 6. (a) In vivo upconversion fluorescent spectra of 
the opaque fishes after cultured in aqueous solution 
with different concentrations of sodium fluorescein 
for one day using NaLuF4:18%Yb3+,05%Tm3+/NaYF4 
core/shell nanocrystals as probes. Photo: the 
fluorescence imaging was collected by a Nikon 
camera D3200 under the excitation of a 980 nm laser 
diode. (b) Integral Intensity Ratio of green (SF) to 
blue (UCNPs) (IIRGB) vs. concentration of SF; 
overall fluorescent intensity of UCNPs@SF vs. 
concentration of SF in opaque fishes. 
 

process from UCNPs to Rhodamine-B. 

The main merits of these UCNPs based 

LRET are ascribed to the deep 

penetration depth of the infrared 

excitation light and high signal to noise 

ratios.  

NaLuF4:18%Yb
3+

,2%Er
3+

/NaYF4 

core/shell nanoparticles were first 

selected as fluorescent donors for 

detecting Rhodamine-B in vivo. We 

injected the opaque fishes with UCNPs 

(16.5 mg/ml), which have been 

incubated in aqueous solution of various 

concentrations of RB for one day, and 

then a series of LRET spectra were 

recorded in vivo and shown in Fig. 5a. It 

is noted that the emission of the fish (in 

vivo) is slightly different from the case 

in solution (Fig.S5), which is due to the 

fish tissues induced reflection and 

scattering to the fluorescence. There are 

three emission peaks in the in vivo 

fluorescent spectra consistent with RB 

concentration of 1~100 µg/ml (see Fig. 

5a). The green emission band centered at 

545 nm and the red emission band 

centered at 654 nm are ascribed to the 

4f-shell electronic transitions
 

4
S3/2→

4
I15/2 and 

4
F9/2→

4
I15/2 of Er

3+
, 

respectively. The
 
yellow emission band 

centered at 590 nm originates the 

exciton recombination radiation in 

Rhodamine-B. It is noted that the yellow 

emission peak (590 nm) from RB 

increases relative to the green emission 

(545 nm) from upconversion 

nanoparticles with increasing the 

concentration of RB. It is clear from Fig. 

5a that the opaque fish presents yellow 

light under the excitation of 980 nm 

infrared light, which are actually 

composed of the green emission of 

NaLuF4:18%Yb
3+

,2%Er
3+

/NaYF4 

core/shell UCNPs and the yellow 

emission of RB. Meanwhile, it is quite 

clear from Fig. 5b that the intensity ratio 

of the emission from RB to that of 

upconversion nanoparticles increases 

with increasing the concentration of the 

dyes, while the overall fluorescent 

intensity from dyes and upconversion 

nanoparticles decreases with further 

increasing the concentration of the dyes 

higher than 10 µg/ml. Combining the 

LRET spectra of Fig. 5b with Fig. S5, it 

can be addressed that no RB is absorbed 

by opaque fishes after incubating in the 

aqueous solution of 1 µg/ml RB for one 

day. This indicates that the aqueous 

solution with RB concentration lower 

than 1 µg/ml has no obvious influence 

on the common life of the opaque fishes. 
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We also investigated residual of sodium 

fluorescein in the opaque fishes by 

employing the same procedure. 

NaLuF4:18%Yb
3+

,0.5%Tm
3+

/NaYF4 

core/shell blue upconversion 

nanocrystals were selected as 

fluorescent donor. The LRET 

fluorescent spectra of UCNPs@SF 

system with various concentration of SF 

were also recorded in vivo and shown in 

Fig. 6a. There are three emission peaks 

in the in vivo fluorescent spectra 

consistent with SF concentration of 

1~100 ug/ml (see Fig. 6a). The blue 

emission band centered at 476 nm and 

the red emission band centered at 645 

nm are ascribed to the 4f-shell electronic 

transitions
 1

G4→
3
H6 and 

1
G4→

3
F4 of 

Tm
3+

, respectively. The
 
green emission 

band centered at 521 nm originates the 

exciton recombination radiation in 

sodium fluorescein. Combining the 

LRET spectra of Fig. 6b with Fig. S6, it 

can be addressed that SF residue 

obviously existed in the opaque fishes 

and can be rapidly detected after 

incubating in the aqueous solution of 1 

µg/ml SF for one day. This indicates that 

the aqueous solution with SF 

concentration higher than 1 µg/ml is not 

suitable for the common life of the 

opaque fishes and may lead to the 

unrecoverable biochemical injury.  

In conclusion, the upconversion 

luminescence of 

NaLuF4:18%Yb
3+

,2%Er
3+

 and  

NaLuF4:18%Yb
3+

,0.5%Tm
3+

 

nanoparticles were enhanced by coating 

with a thin shell (2.5 nm) of NaLnF4 (Ln 

= lanthanide). Among NaYF4, NaGdF4 

and NaLuF4 shells, the first one present 

the highest efficiency for enhancing the 

upconversion luminescence of 

NaLuF4:18%Yb
3+

,2%Er
3+

 core 

nanoparticles, which is mainly ascribed 

to the lowest phonon energy of NaYF4 

host. These upconversion nanoparticles 

with enhanced luminescence can meet 

the requirement for detecting fluorescent 

dyes in opaque fishes, beyond in the 

transparent opaque fishes [27]. 

Upconversion nanoprobes with oleic 

acid/PEG hybrid ligand can efficiently 

capture Rhodamine B (RB) and sodium 

fluorescein (SF) in opaque fishes to 

present their residues in vivo through 

luminescence resonant energy transfer 

(LRET) processes. It can be addressed 

based on LRET technology that no RB 

is absorbed by the opaque fishes after 

incubating in the aqueous solution of 1 

µg/ml RB for one day, while SF residue 

can be obviously detected after 

incubating in the aqueous solution of 1 

µg/ml SF for one day. 

We expect these results will 

accelerate the application of LRET 

technology in opaque living things. 
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It can be addressed based on luminescence resonant energy transfer (LRET) 

technology that no Rhodamine B is absorbed by fishes after incubating in the aqueous 

solution of 1 µg/ml Rhodamine B for one day, while sodium fluorescein residue can 

be obviously detected after incubating in the aqueous solution of 1 µg/ml sodium 

fluorescein for one day. 
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