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In this paper, multi-functional hexagonal phase NaErF4:Yb nanorods were synthesized by a facile 

hydrothermal method. The upconversion luminescence (UCL) intensity and red to green ratio of the 

multi-functional NaErF4 nanorods can be improved by Yb3+ doping. More importantly, owing to the 

decreased distant of Er and Yb, the significant enhancement of red UCL can be obtained, which is 10 

different with the usual green UCL of Yb/Er doped NaYF4 host. In addition, the intensity of UCL is 

strongest when the Yb3+-doped concentration reached 30%. The in vitro cell imaging and localized UCL 

spectra taken from HeLa cells revealed that these NaErF4: 30% Yb3+ nanorods are ideal nanoprobes with 

absent autofluorescence for optical bioimaging. Moreover, these nanorods possess large X-ray absorption 

ions (Er3+ and doped Yb3+), and were successfully used as contrast agent for in vivo X-ray bioimaging for 15 

the first time. In addition to the excellent UCL and X-ray absorption properties, these nanorods present 

large paramagnetic property and can be used as T2-weighted magnetic resonance imaging (MRI) agent. 

Therefore, these enhanced red UCL NaErF4 nanocrystals with excellent paramagnetic property and X-ray 

absorption properties can be used as promising multi-modal nanoprobes for optical bioimaging, MRI, 

computed X-ray tomography (CT), and may have potential applications in bioseparation. 20 

1. Introduction  

In recent years, lanthanide (Ln) doped upconversion (UC) 
nanocrystals have stimulated considerable interest in bioimaging. 
Compared to conventional semiconductor quantum dots and 
organic dyes, Ln3+-doped UC nanocrystals are superior in terms 25 

of deep penetration, low radiation damage, and weak auto-
fluorescence, owing to undergo a process known as UC of 
converting low energy irradiation (typically 980 nm) to high 
energy emissions.1-30 In addition, UC emissions have been 
studied in various host materials such as fluorides, oxides, 30 

vanadates, and chlorides. Among of them, sodium rare earth 
fluorides (NaREF4) have been considered as excellent hosts 
owing to the relative low phonon energy leading to low non-
radiative relaxation probability.31 Most of the reports have 
focused on the Y-based host (NaYF4:Yb/Er), which is also 35 

considered as a most efficient host. However, the Yb/Er co-doped 
NaYF4 host usually present intense green emission (<600 nm). 
While, the intense red UC emission centered at about 660 nm is 
more beneficial for optical bioimaging owing to the low tissue 
absorption. Therefore, it is of significant importance to achieve 40 

intense red UC emission for optical bioimaging application. As a 
potential host material, NaErF4 nanocrystals possess unique red 
UCL,32 owing to the decreased distance of Er3+, which is different 
with the well-established NaYF4 host usually presenting green 
UCL. However, it is still a great challenge to improve the UC 45 

intensity of NaErF4 owing to the low absorption efficiency of 980 

nm excitation light of Er3+. According to the previous reports,9,33 
doping Yb3+ can remarkably improve the UCL property by 
efficient energy transfer between Yb3+ and Er3+ and larger 
absorption coefficient for 980 nm light of Yb3+.  50 

    On the other hand, although fluorescent imaging can provide 
high sensitivity and spatial resolution, it suffers from poor-tissue 
penetration, limiting its use for deep-tissue imaging which can be 
solved by MRI and X-ray imaging.19,34-36 Therefore, developing 
an approach to combine the advantage of X-ray imaging, MRI, 55 

and fluorescent imaging will be of great importance. Compared 
with the Y-based host, the Er-based host can not only have 
unique UCL property but also possess large intrinsic magnetic 
moment (9.59 µB)37 and K-edge energy (57.49 keV)38,39, which 
make these Er-based materials promising agents for MRI and X-60 

ray imaging.32 To the best of our knowledge, multi-functional 
NaErF4:Yb probes with enhanced red UC emission for in vitro 
cell, T2-weighted magnetic resonance imaging and in vivo X-ray 
imaging have not been exploited yet. 

In this paper, multi-functional NaErF4:Yb nanocrystals were 65 

synthesized by a simple hydrothermal method using oleic acid 
(OA) as capping agent. Moreover, the UCL properties of the 
NaErF4 nanocrystals doped with different Yb3+ contents were 
investigated under 980 nm laser diode (LD) excitation. The in 
vitro cell imaging was demonstrated for the first time by using 70 

the HCl treated NaErF4: 30% Yb3+ nanocrystals. Moreover, 
owing to the large magnetic moment, the T2-weighted MRI was 
performed. More importantly, these nanocrystals were also 
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successfully used as contrast agent for in vivo X-ray imaging for 
the first time.  

2. Experimental 

Er(NO3)3·6H2O (99.99%) and Yb(NO3)3·5H2O (99.99%) were 
purchased from Sinopharm Chemical Reagent Co., Ltd (China). 5 

All other chemicals are analytical grade and used directly without 
further purification. 

2.1. Synthesis of Yb3+-doped NaErF4 nanocrystals 

NaErF4: X% Yb3+ (X=5, 10, 30, and 40) nanocrystals were 
synthesized by a hydrothermal method as previously reported.40,41 10 

The synthesis of Yb3+-doped NaErF4 nanocrystals was conducted 
following a typical protocol, 10 mL of ethanol was added into 2 
mL of an aqueous solution containing 1.2 g of NaOH under 
stirring to form a homogeneous solution. Following, 20 mL of 
OA was added to the above solution to form a sodium-OA 15 

complex. Subsequently, 1 mmol of RE(NO3)3 (RE=Er, Yb with 
designed molar ratios) and 8 mL of NaF (1.0 M) solutions were 
added under vigorously stirring for 10-20 min. The obtained 
solution was then transferred into a 50 mL stainless Teflon-lined 
autoclave, which was reacted at 190 ℃ for 12 h. The system was 20 

cooled to room temperature naturally. The resulting precipitates 
were separated by centrifugation, washed three times with 
ethanol and de-ionized water to remove OA and other residual 
solvents, and then dried at 60 ℃ for 10 h. 

2.2. Synthesis of hydrophilic ligand-free NaErF4: 30% Yb 25 

nanorods 

To convert the hydrophobic OA-coated NaErF4: 30% Yb 
nanorods to the hydrophilic ligand-free nanorods, a HCl treated 
method developed by Capobianco's group was adopted.42 First, 
100 mg of OA-coated NaErF4: 30% Yb nanorods were dispersed 30 

in 10 mL of aqueous solution. Then, adding a solution of HCl 
(0.1 M) to maintain the pH at 4 under vigorously stirring. After 
stirring for 2 h, the solution was mixed with diethyl ether to 
remove the OA by extraction with diethyl ether three times and 
the combined ether layers were re-extracted with water. The 35 

ligand-free nanorods in the water dispersible fraction were 
separated by centrifugation after precipitated with acetone. 
Finally, the hydrophilic ligand-free NaErF4: 30% Yb nanorods 
were dispersed in water for the later bioimaging assay. 

2.3. Characterizations.  40 

The X-ray powder diffraction (XRD) analysis of the as-prepared 
samples was performed using a Rigaku D/max 2500/PC X-ray 
diffractometer at 40 kV and 250 mA with Cu Kα radiation 
(λ=1.5406 Å ). The size and morphology of the samples were 
characterized by transmission electron microscopy (TEM, JEOL-45 

2100F) equipped with an energy-dispersive X-ray spectrometer 
(EDS). The UC emission spectra were obtained by a 
spectrophotometer (R500) equipped with an excitation source 
(980 nm LD). The digital photographs of the as-prepared samples 
were taken by a commercial digital camera (Canon 650D). 50 

2.4. Cell culture and in vitro upconversion fluorescent 

imaging  

HeLa (human cervical carcinoma cell line) cells were obtained 

from the Institute of Biochemistry and Cell Biology, SIBS, CAS 
(China), the cells were incubated in Dulbecco’s Modified Eagle’s 55 

Medium (DMEM) supplemented with 10% fetal bovine serum 
and 1% penicillin and streptomycin at 37 ℃ and 5% CO2. UC 
fluorescent imaging of HeLa Cells incubated with ligand-free 
NaErF4: 30% Yb3+ (100 µg/mL) for 4 h was performed on a 
commercial con-focal laser scanning microscope (ZEISS LSM-60 

710 NLO). The luminescent signals were detected in the red UC 
channel (600-700 nm). 

2.5. Phantom magnetic resonance imaging  

To demonstrate the T2-weighted MRI, various molar 
concentrations (0, 0.2, 0.4, 0.6, and 0.8 mM) of ligand-free 65 

NaErF4: 30% Yb3+ nanorods were tested under a 4.7 T magnetic 
resonance image scanner (Bruker Biospec). The parameters of T2-
weighted MRI were used as follows: TR/TE=3000/30 ms, 
128*128 matrices, and a slice thickness of 1.0 mm. 

2.6. In vivo X-ray imaging  70 

To demonstrate the ability of X-ray imaging, a nude mouse was 
first anesthetized. And then 200 µL of the ligand-free NaErF4: 
30% Yb3+ nanorods aqueous solution with concentration of 3 
mg/mL was subcutaneously injected into the mouse. After 
injection, in vivo X-ray imaging was tested by a Carestream In-75 

Vivo FX PRO imaging system under the operating voltage of 35 
kVp. All animal procedures comply with the institutional animal 
use and care regulations. 

3. Results and discussion 

3.1. Structure control 80 

Figure 1 shows the XRD results of NaErF4: X% Yb (5, 10, 30, 
and 40) nanorods. As demonstrated in Figure 1a-c, all of the 
diffraction peaks of NaErF4: X% Yb (5, 10, and 30) nanorods are 
matched well with the standard hexagonal phase NaErF4 (JCPDS 
card no. 27-0689). No other impurity diffraction peak was 85 

observed, indicating that pure hexagonal phase nanorods with 
good crystallinity were synthesized and a homogenous Er-Yb 
solid solution structure was formed. Moreover, when the Yb3+ 
content reaches 40% (Figure 1d), the as-synthesized nanocrystals 
consist of two phases, i.e., the cubic phase (marked by red 90 

asterisk) and the hexagonal phase. It’s noted that the diffraction 
peak marked with blue symbol (v) is attributed to the residual 
NaF. The diffraction peaks of cubic phase (Figure 1d) are broader 
than hexagonal phase nanorods, owing to the formation of small 
sized cubic phase particles, which is further verified by later 95 

TEM results. Based on the above analysis, the crystal phase of 
NaErF4:Yb nanocrystals can be tuned by doping different Yb3+ 
content. The hexagonal phase NaErF4:Yb nanocrystals can be 
obtained at lower Yb3+ doping content.  

The morphology and structure of NaErF4 nanocrystals doped 100 

with different contents of Yb3+ were further examined by TEM. 
As shown in Figure 2a (5% Yb) and 2b (10% Yb), the as-
synthesized nanorods exhibit excellent monodispersity with the 
length of about 640 nm and diameter of about 75 nm. The inset of  
Figure 2a shows the corresponding high-resolution transmission 105 

electron microscopy (HRTEM) image of as individual nanorod. 
The distances between the parallel lattice planes are measured to 
be 3.62 Å and 5.16 Å, which are well coincident with the (001) 
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and (100) crystal planes of the hexagonal phase NaErF4 structure 
(Figure 1a), respectively. With increasing the Yb3+ content to 
30% (Figure 2c), the nanocrystals still maintain the rod-like 
structure with size of about 810 nm (length) and 115 nm 
(diameter). In addition, when the Yb3+ content reached 40% 5 

(Figure 2d), two distinct structures including small nanocubes 
(about 15 nm) and large nanorods were observed. The 
corresponding selected area electron diffraction (SAED) image of 
the nanocubes (the inset of Figure 2d) reveals that the 
nanoparticles have a face-centered cubic (FCC) phase structure, 10 

which is well consistent with the aforementioned XRD results. 
According to Liu's first principle calculations 8, NaLnF4 host with 
smaller Ln3+ radius is more energetically stable than larger Ln3+ in 
cubic phase. Therefore, in our study, the crystal phase 
transformation (from hexagonal to cubic phase), is mainly 15 

ascribed to the substitution of Er3+ (radius = 1.144 Å) by the 
smaller Yb3+ (radius = 1.125 Å).43 The elemental analysis of the 
NaErF4: 30% Yb3+ nanorods performed by EDS reveals the 
presence of Na, Er, F and doped Yb.  

 20 

 
Figure 1. XRD patterns of NaErF4 samples doped with different Yb3+ 
contents: (a) 5%, (b) 10%, (c) 30%, and (d) 40%. The diffraction peaks of 
the cubic phase are indicated by the red asterisk. The diffraction peak 
marked with blue symbol v, denotes the residual NaF structure. 25 

 
Figure 2. TEM images of the NaErF4 samples doped with different 
contents of Yb3+ (a) 5%, (b) 10%, (c) 30%, (d) 40%. (e) EDS of the 
NaErF4: 30% Yb3+ nanocrystals (mainly composed of Na, Er, Yb, and F 
elements). The inset of Figure 2a shows the corresponding HRTEM 30 

image. The inset of (d) shows the corresponding selected area electron 
diffraction pattern. 

3.2. Enhanced UCL properties and dominant red UCL 

To further study the influence of Yb3+ contents on UCL intensity, 
UC properties of NaErF4: X% Yb3+ (X= 5, 10, 30, and 40) were 35 

studied. As shown in UCL spectra (Figure 3b), all samples 
exhibit superior red UC emission peaks centered at 664 nm and 
weaker green UCL around at 520 nm, 545 nm, assigned to the 
4F9/2 → 4I15/2, 

2H11/2 → 4I15/2, and 4S3/2 → 4I15/2 transitions of Er3+ 
(Figure 3a), respectively. The red to green intensity ratio (R/G) of 40 

various Yb3+ contents doped NaErF4 nanocrystals are measured 
to 6.9 (5% Yb3+), 13.8 (10% Yb3+), 9 (30% Yb3+), and 5.5 (40% 
Yb3+), respectively. It should be noted that the R/G in the NaErF4 
host is significantly different from Yb/Er doped NaYF4 host with 
R/G of 0.077.44 The large R/G in NaErF4 host make them present 45 

intense eye-visible red UCL, which is vividly verified in digital 
photographs (insets of Figure 3b). The dominant red UCL is 
mainly ascribed to the effective cross relaxation (CR) process 
(4F7/2→

4F9/2, 
4F9/2←

4I11/2) between the adjacent Er3+ ions owing 
to the small distance of Er3+ in NaErF4 host. The short distance of 50 

Er3+ may increase the CR (Figure 3a) process, resulting in 
remarkable enhancement of the population in 4F9/2 energy level of 
Er3+.32 It is generally believed that the absorbance and 
autofluorescence of tissue are minimum in red region (600-700 
nm). Consequently, the dark red emission falls within the ‘optical 55 

window’ that could afford the deep tissue penetration in in vivo 
bioimaging. Therefore, compared with Yb/Er co-doped NaYF4 
nanocrystals with green UCL, Yb doped NaErF4 host with strong 
red emission (664 nm) is more suitable for high contrast optical 
bioimaging owing to the lower tissue absorption.  60 
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   In addition, with increasing the Yb3+ content, the UCL intensity 
was gradually increased. When the doped Yb3+ reached up to 
30%, the sample presents the strongest UCL. However, while 
further increasing the doped Yb3+ content to 40%, the UCL 
intensity is dramatically decreased owing to the formation of new 5 

phase (cubic phase) with small size (about 15 nm). Smaller sized 
nanocrystals may increase surface quenching sites and 
consequently suppress UC process by enhanced non-radiative 
energy transfer processes.8 Two possible reasons are mainly 
responsible for the initial increased UCL: First, with doping Yb3+ 10 

into the NaErF4 host, the inter-atomic distance of Yb-Er will be 
decreased and the back-energy-transfer from Yb3+ to Er3+ will be 
facilitated, resulting in the enhancement of UCL intensity;33 
Second, introducing Yb3+ into the framework of NaErF4 host 
could also induce structural inhomogeneity due to the larger rare 15 

earth ion (Er3+) were replaced by smaller rare earth ion (Yb3+), 
leading to the enhancement for UCL intensity.44,45  

To reveal the UC mechanism, the excitation power dependent 
UC emissions of green and red were investigated (Figure 3c and 
d) as the following formula,  IUC∝P

n 

IR .46,47  Where n is the 20 

absorbed photon numbers for each emission and its value can be 
calculated by the slop of the fitted line of the plot of Ln(IUC) 
versus Ln(Pn 

IR). As shown in Figure 3d, the slopes of the linear fits 
for the green at 520 and 545 nm, and red emissions at 664 nm in 
NaErF4: 30% Yb3+ nanorods are 1.44, 1.89, and 1.65, 25 

respectively. The results implied that green and red UCL are two 
photon process.  

Figure 3. (a) The simple schematic energy-level diagram of Yb3+ and 
Er3+; (b) UC spectra of the NaErF4: X% Yb3+ (X= 5, 10, 30, and 40 ) 30 

samples; (c) UC spectra of NaErF4: 30% Yb3+ samples under various 
exciting power (0.5W, 0.7W, 1.0W, and 1.2W); (d) The Ln(UC intensity)-
Ln(excitation power) plots of the UCL intensity versus excitation power. 
The insets of Figure 3b are the corresponding digital photographs of the 
NaErF4: X% Yb3+ (X= 5, 10, 30, and 40) nanocrystals dispersed in 35 

cyclohexane solution. 

3.3. In-vitro cell fluorescent imaging  

To verify the ability of fluorescent bioimaging, the in vitro 
bioimaging of HeLa cells treated with the ligand-free NaErF4: 
30% Yb3+ nanorods were investigated by a con-focal laser 40 

scanning microscope. As shown in Figure 4b, the cells exhibited 

bright red UC fluorescence, indicating the nanorods were 
incorporated into HeLa cells efficiently. The overlay image 
(Figure 4c) shows that the UCL emission was matched well with 
the HeLa cells. The inset of Figure 4c shows the localized UC 45 

spectra taken from HeLa cells and background in the spectral 
range of 600-700 nm. As demonstrated, strong red UCL can be 
observed in HeLa cells (red line) without any autofluorescence 
and large signal-to-noise ratio of 290, further verifying the 
nanoprobes were successfully grafted onto the HeLa cells. The 50 

above results indicate that NaErF4: 30% Yb3+ nanorods can be 
used as ideal nanoprobe for UC fluorescent bioimaging with high 
contrast and absence of autofluorescence. 

 
Figure 4. In-vitro UC fluorescent bioimaging of the NaErF4: 30% Yb3+ 55 

nanorods in HeLa cell: (a) bright field image; (b) red UCL image was 
collected at 600-700 nm; (c) the overlay of UCL image, The insets of (c) 
show the localized photoluminescence spectra taken from HeLa cells and 
background in spectral range of 600-700 nm. Scale bars are 100 µm for a-
c. 60 

3.4. T2-weighted MRI  

Owing to its exceptional spatial and anatomical resolution, MRI 
has been widely used in diagnostic imaging over the past decades. 
According to the previous research, the magnetizations of NaErF4 
nanorods (190 ℃, 12h) are measured to 2.53 emu g-1 at 20 kOe,32 65 

which is larger than the previous reported magnetization of the 
Gd based materials.36,47,48 However, compared with the 
commonly used MRI contrast agents containing Gd3+, Er-based 
contrast agents possess some different properties: (1) shorter 
electronic relaxation time, (2) relaxing protons via Curie 70 

mechanism, (3) larger magnetic moment (9.59 µB),37 which may 
resulting in efficient T2 relaxation for MRI. The phantom T2-
weighted MRI for the aqueous solutions containing different 
concentrations of hydrophilic NaErF4: 30% Yb3+ nanorods (0-0.8 
mM) were tested under a 4.7 T magnetic resonance system. As 75 

shown in Figure 5, the signal was attenuated by gradually 
increasing the concentrations of NaErF4: 30% Yb3+ nanorods. 
This study has demonstrated that Er-based materials can act as an 
effective T2-weighted MRI contrast agent.   

 80 

Figure 5. In vitro T2-weighted MRI images of various molar 
concentrations of hydrophilic NaErF4: 30% Yb3+ nanorods (0, 0.2, 0.4, 
0.6, and 0.8 mM). 

3.5. In vivo X-ray imaging  

Due to the large K-edge energy (57.49 keV) of Er,38 the Er-based 85 

host materials have promising application in nanoparticle-based 
X-ray imaging contrast agents. To demonstrate the ability of X-
ray imaging, a nude mouse subcutaneously injected with a certain 
amount aqueous solution of hydrophilic NaErF4: 30% Yb3+ (200 
µL, 3 mg/mL) was detected at 35 kVp. Compared with the pre-90 

injection image (Figure 6a), an obvious X-ray absorption contrast 
marked by red circle can be observed after subcutaneous injection 
(Figure 6b). The results suggest that Er-based materials can be 
used as X-ray imaging contrast agents and this is the first time for 
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the in vivo X-ray imaging based on the Er-based host.    

 
Figure 6. In vivo X-ray imaging of a mouse before (a) and after (b) 
subcutaneous injection 200 µL of hydrophilic NaErF4: 30% Yb3+ 
nanorods. 5 

4. Conclusions 

To sum up, various contents of Yb3+ doped multi-functional 
NaErF4 nanorods with high quality were synthesized by a facile 
hydrothermal method. The UCL intensity of the NaErF4 is 
increased by doping the sensitizer Yb3+ and the strongest UCL 10 

intensity can be obtained by doping 30% Yb3+. While, when 
further increasing the doped Yb3+ content to 40%, the UCL 
intensity is dramatically decreased owing to the formation of 
small cubic phase nanoparticles (about 15 nm). Moreover, these 
Er-based materials possess large R/G ratio and dominant red 15 

UCL, which is different with previously reported Y-based host 
with green UCL. The as-prepared hydrophilic NaErF4:Yb UCL 
nanorods have been successfully used in in-vitro cell fluorescent 
imaging with excellent signal-to-noise ratio. Moreover, the Er-
based materials can provide another imaging capacity as MRI 20 

probes. Besides, in vivo X-ray imaging based on these Er-based 
materials were demonstrated for the first time, indicating these 
Er-based materials are ideal contrast agents for X-ray imaging. 
Therefore, these multi-functional Yb3+ doped NaErF4 including 
dominant red UCL, paramagnetic, and X-ray absorption 25 

properties, may have promising applications in biological field 
for multi-modal MRI/CT/Optical bioimaging, especially in in 
vivo optical bioimaging for deeper tissue penetration. 
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Multi-functional NaErF4:Yb nanorods: enhanced red upconversion emission, in 

vitro cell, in vivo X-ray, and T2-weighted magnetic resonance imaging 

Haibo Wang,a,b Wei Lu,c Tianmei Zeng,a Zhigao Yi, a,b Ling Rao, a,b Hongrong Li a and Songjun Zeng*a 

 

A new type of multi-functional NaErF4 nanoprobe with enhanced red upconversion emission was developed and 

used for in vitro cell, in vivo X-ray and T2-weighted magnetic resonance imaging for the first time.  
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