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ABSTRACT 
A novel strategy is proposed to directly synthesize water-soluble hexagonal NaYF4 nanorods by doping 
rare-earth ions with large ionic radius (such as La3+, Ce3+, Pr3+, Nd3+, Sm3+, Eu3+, and Gd3+), and the dopant- 
controlled growth mechanism is studied. Based on the doping effect, we fabricated water-soluble hexagonal 
NaYF4:(Yb,Er)/La and NaYF4:(Yb,Er)/Ce nanorods, which exhibited much brighter upconversion fluorescence 
than the corresponding cubic forms. The sizes of the nanorods can be adjusted over a broad range by changing 
the dopant concentration and reaction time. Furthermore, we successfully demonstrated a novel depth-sensitive 
multicolor bioimaging for in vivo use by employing the as-synthesized NaYF4:(Yb,Er)/La nanorods as probes. 
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Introduction 

During the past decades, one-dimensional nanocrystals 
(NCs) have attracted great research interest for their 
unique properties and potential applications in 
nanoscale optics [1], optoelectronics [2], solar cells [3], 
and biological detection [4, 5]. Most of these appli- 
cations make great demands on various parameters 
of the materials, including phase, shape, size, chemical 
composition, and surface properties. Hence, there have 
been extensive efforts focusing on the development 
of novel synthetic methodologies (e.g., reverse micelle 
templating, seed-mediated growth, and crystal growth 
regulated by surfactants) for making various nanorods 

with desired properties [6–10]. With all these methods, 
it still remains an open challenge to establish a suitable 
synthetic methodology for growing high-quality one- 
dimensional NCs of a given material with simultaneous  
control over phase, size, and surface properties. 

In recent years, monodisperse NCs of rare-earth 
(RE) compounds, such as oxides [11, 12], phosphates 
[13], fluorides [14, 15], and vanadates [16] have become 
a new focus of research, due to their reliable optical 
properties arising from the 4f electron configuration, 
and potential applications in optics, optoelectronics, 
sensors, and biolabels. Of these, the RE fluoride 
compounds with general formula NaREF4, especially 
NaYF4, have attracted more and more attention because 
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they have low phonon energy, and are regarded as 
excellent host materials for both downconversion and 
upconversion processes [17–19]. Hexagonal NaYF4 
NCs are the most efficient upconversion phosphors 
known until now, and they provide over an order of 
magnitude stronger fluorescence than the corre- 
sponding cubic form [19, 20]. Such upconversion 
materials promise to be a new class of biological 
probes owing to their deep tissue penetration of 
near-infrared (NIR) radiation, efficient multicolor  
emissions, and very low toxicity [21–24]. 

Great efforts have been devoted to phase-controlled 
synthesis of NaYF4 NCs in special organic surfactants 
[25–37]. Drastic conditions such as extended annealing 
time, prolonged reaction time, and high temperature 
have often been used to overcome the free energy 
barrier to obtain hexagonal NaYF4 NCs. However, 
most of the hexagonal NaYF4 NCs synthesized so far 
were protected by hydrophobic ligands, and thus 
they were often not water-soluble or biocompatible. 
Parallel efforts have therefore been focused on the 
synthesis of water-soluble NaYF4 NCs in order to 
expand their applications to biological areas. 
Hydrophilic surfactants such as polyvinylpyrrolidone 
(PVP) and polyethylenimine (PEI) have successfully 
been used as chelating agents to give water-soluble 
NaYF4 NCs with mild surface properties; however, the 
synthesized NCs were usually cubic phase [38, 39] or 
a mixture of cubic and hexagonal phases [40]. Because 
hydrophilic agents usually induce an isotropic 
growth and suppress the formation of hexagonal 
anisotropic nanostructures, it is still a great challenge 
to directly synthesize water-soluble hexagonal NaYF4 
NCs with controlled size and the desired optical  
properties. 

On the other hand, the doping technique has been 
widely used to adjust the crystal structure of RE-based 
bulk materials, such as strontium–barium niobates 
[41], titanates [42], oxyorthosilicates [43], orthoborates 
[44], manganites [45], and intermetallic compounds 
[46]. In 1991, Blasse et al. observed that 50% La doping 
could induce a complete trigonal to orthorhombic 
phase transition in bulk GdF3 crystals [47]. Very 
recently, van Veggel et al. found that undoped GdF3 
NCs were formed as a mixture of trigonal and 
orthorhombic phases, and 15% La doping was sufficient 

for them to crystallize completely in the trigonal 
phase [48]. However, the dopant-controlled cubic-to- 
hexagonal phase transition in the RE fluoride NCs  
has not been reported so far. 

In this paper, we first report a study of the doping 
effect of RE elements with large ionic radius on the 
phase and shape of the NaYF4:RE NCs. Then, we 
propose a dopant-controlled method to directly 
synthesize water-soluble hexagonal NaYF4:(Yb,Er)/Ce 
and NaYF4:(Yb,Er)/La nanorods with controllable 
size and greatly improved upconversion fluorescence  
for multicolor bioimaging. 

1. Experimental 

1.1 Synthesis procedure 

PEI (MW = 10 000) and all the lanthanide chlorides 
were purchased from Sigma-Aldrich. Other reagents 
were purchased from Sinopharm Chemical Reagent 
Co., Ltd. All the reagents were used as received 
without further purification. In a typical procedure, a 
growth solution was prepared by dissolving RECl3 
(RE: one RE element or multiple RE elements with an 
appropriate molar ratio), and NaCl in water with 
total RE and Na+ ionic concentrations of 0.5 mmol. 
Under vigorous agitation, 15.0 mL of ethanol, 5.0 mL 
of PEI solution (5.0 wt%), and an appropriate amount 
of NH4F (F–/Na+ ratio of 5) was added, and the mixture 
was then transferred to a Teflon lined autoclave and 
heated at 200 °C for several hours. By changing the 
dopant concentration and reaction time, the crystallite 
size of the products could be regulated. After cooling 
down, the resulting NaYF4:RE NCs were washed with 
ethanol and water several times, and dried in vacuum. 

1.2 Instrumentation  

The X-ray powder diffraction (XRD) analyses were 
performed on a Bruker D8 ADVANCE X-ray 
diffractometer with Cu Kα1 irradiation (λ = 1.5406 Å). 
The transmission electron microscopy (TEM) and 
high-resolution transmission electron microscopy 
(HRTEM) images were recorded with a JEOL 2010 
HT and JEOL 2010 FET transmission electron 
microscope (operated at 200 kV), respectively. The 
scanning electron microscopy (SEM) images were 
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measured with a Hitachi X-650 scanning electron 
microscope. The Fourier transform infrared (FTIR) 
spectra were recorded on an Avatar-360 spectrometer. 
The upconversion emission spectra were obtained 
using a 975 nm continuous-wave (CW) diode laser 
and recorded by a spectrometer (Spectrapro 2500i, 
Acton) with a liquid nitrogen cooled CCD (SPEC-10:  
100B, Princeton).  

1.3 Bioimaging 

The synthesized NaYF4:(Yb,Er)/La nanorods with 
diameter (d) of 20 nm and length (l) of 50 nm were 
employed as the fluorescent probes. Firstly, the 
aqueous dispersion of the NaYF4:(Yb,Er)/La nanorods 
was centrifuged, and the precipitate was re-dispersed 
in phosphate-buffered saline (PBS) solution by shaking 
at 37 °C for ~30 min. The pH value of the solution was 
~7.4, and the particle concentration was 1.0 mg/mL. 
Then, the PBS solution of the nanoparticles was filtered 
with a 0.4 μm syringe filter, and stored at 37 °C before 
in vivo applications. We noted that the prepared PEI 
coated NaYF4 nanoparticles were stable in PBS without 
any flocculation; similar results have been reported 
previously [23]. Using protocols approved by the 
Institutional Animal Care and Use Committee of 
Wuhan University, one 6-week-old nude mouse was 
placed under anesthesia by injection of 3% nembutal 
at a dosage of 45 mg/kg for in vivo studies. The 
mouse was injected intramuscularly with 100 μL of 
NaYF4:(Yb,Er)/La nanorods into one leg. NIR excitation 
was with a 975 nm CW diode laser, and the image 
was recorded by using an ordinary camera (EOS40D, 
Canon) equipped with two 300–750 nm band-pass 
filters (FSR-KG3, Newport) to reject the scatter from 
the laser. The excitation light was not focused and the 
power density at the animal was ~200 mW/cm2. The 
image was taken after the injected probes adequately 
penetrated into the tissues (~10 min post-injection)  
with an exposure time of 2.0 s. 

2. Results and discussion 

2.1 RE ionic radius-dependent growth behavior of 
NaREF4 nanocrystals 

We first investigated the influence of RE ionic radius 

on the phase and shape of the NaREF4 NCs. In the 
case of RE elements with small ionic radius (r), such 
as Yb3+ (r = 0.86 Å) and Y3+ (r = 0.89 Å), the synthesized 
NaYbF4 and NaYF4 NCs were cubic phase nanospheres. 
For the RE elements with larger ionic radius, such as 
Gd3+ (r = 0.94 Å) and Nd3+ (r = 1.00 Å), the synthesized 
NaGdF4 and NaNdF4 NCs were hexagonal phase 
nanorods (see Fig. S-1 in the Electronic Supplementary 
Material (ESM)). This ionic radius-dependent growth 
behavior of NaREF4 NCs can be explained from the 
point of view of the free energy of the system [28, 49]. 
In general, the hexagonal phase NaREF4 is more 
thermodynamically stable than the cubic form, and 
the cubic-to-hexagonal phase transition is a disorder- 
to-order character which requires sufficient free 
energy to overcome the activation barrier. Thus, high 
temperature has often been used to provide enough 
energy to overcome the energy barrier between the 
cubic and hexagonal NaREF4 [27, 28, 32]. The ionic 
radius dependence of the energy barriers for hexagonal 
NaREF4 has been systematically studied by Yan et al. 
[28]. In their reaction system, the energy barrier for 
the RE elements Lu to Dy was found to be higher than 
those for the RE elements with larger ionic radius (Tb 
to Sm). Similarly, the NaREF4 growth behavior in our 
reaction system indicates that the RE elements with 
larger ionic radius (such as Gd3+ and Nd3+) have lower  
energy barriers to the hexagonal phase products. 

2.2 RE-dopant-controlled growth behavior of NaYF4: 
RE nanocrystals 

We further investigated the influence of the RE ionic 
radius on the phase and shape of the RE doped NaYF4 
NCs, which were all synthesized with a reaction time 
of 24 h. The XRD spectra and TEM images in Figs. 1(a) 
and 1(b) show that the undoped NaYF4 NCs are cubic 
nanospheres with diameters of ~50 nm. When Gd was 
used as dopant with a doping concentration of 10%, 
the synthesized NaYF4:10% Gd NCs became hexagonal 
short irregular nanorods with diameters of ~35 nm 
and lengths of ~70 nm (Figs. 1(a) and 1(c)). More 
interestingly, when La was used as the dopant, the 
synthesized NaYF4:10%La NCs became hexagonal long 
nanorods with diameters of ~150 nm and lengths of 
~1100 nm (Figs. 1(a) and 1(d)). Their regular hexagonal 
cross-section can be observed in the corresponding 
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SEM image (inset in Fig. 1(d)). The HRTEM image of 
one nanorod shown in Fig. 1(e) shows interplanar 
spacings of 0.52 and 0.36 nm corresponding to the 
(10–10) and (0001) planes of hexagonal NaYF4, 
confirming that the nanorods grow along the c-axis,  
namely, the [0001] direction. 

Table 1 summarizes the doping effect of the RE 
elements (from Lu to La, except for Pm) on the phase 
and shape of the NaYF4:10% RE NCs. It was found 
that the RE elements could be divided into three 

groups according to their 
increasing ionic radius (Ⅰ: Lu, 
Yb, Tm, Er, Ho, Dy, and Tb;  
Ⅱ: Gd, Eu, Sm, Nd, and Pr;  
Ⅲ: Ce and La). The RE dopants 
in group Ⅰ showed almost no 
influence on the phase and 
shape of the NaYF4 host, and 
thus the corresponding NaYF4: 
10% RE NCs were cubic nano- 
spheres with diameters ranging 
from 45 to 65 nm. In contrast, 
the RE dopants in groups Ⅱ 
and Ⅲ could induce the for- 
mation of hexagonal NaYF4: 
10% RE nanorods. For group 
Ⅱ, the synthesized NaYF4: 
10% RE NCs were irregular 
short nanorods with lengths 
ranging from 70 to 110 nm, 
and their aspect ratios were ~2. 
For Ce and La in group Ⅲ, 
the NaYF4:10% Ce and NaYF4: 
10% La NCs were regular long 
nanorods with lengths of up 
to microns, and their aspect 
ratios were over 7. The above 
results indicate that there is  
a dopant-controlled cubic-to- 
hexagonal phase transition 
coupled with a sphere-to-rod 
shape transformation of the 
NaYF4:RE NCs (see Fig. S-2 in 
the ESM for the XRD spectra 
and TEM images of the NaYF4:  
10% RE NCs). 

The RE doping effect on the NaYF4 NCs can be 
ascribed to the system free energy and anisotropic 
crystal growth. As described above, the RE elements 
with larger ionic radius give relatively low-energy 
barriers to the hexagonal phase products in our 
reaction system. When the doped NaYF4 NCs were 
synthesized, the RE dopants with larger ionic radius 
(in groups Ⅱ and Ⅲ) can decrease the energy barrier, 
and tip the balance in favor of the hexagonal phase 
during the reaction process. Thus, hexagonal NaYF4  

Figure 1 XRD spectra (a) and TEM images ((b)–(d)) of undoped NaYF4, NaYF4:10% Gd,
and NaYF4:10% La NCs. The line spectra in (a) correspond to the literature data for cubic
NaYF4 (lower spectrum; JCPDS: 77-2042), and hexagonal NaYF4 crystal (upper spectrum;
JCPDS: 28-1192). The inset image in (d) shows the SEM image of NaYF4:10% La NCs.
(e) HRTEM image of one nanorod. All the samples were synthesized with a reaction time of 24 h
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Table 1 The RE doping effect on the phase, shape, and size of 
the NaYF4:10% RE NCsa 

NaYF4:10%RE NCs 
Group RE 

dopant 

Ionic radii 
of RE3+ 

(Å) Phase Shape Size range 
(nm) 

Ⅰ 

Lu 
Yb 
Tm 
Er 
Ho 
Dy 
Tb 

0.85 
0.86 
0.87 
0.88 
0.89 
0.91 
0.92 

Cubic Nanosphere d ≈ 45–65 

Ⅱ 

Gd 
Eu 
Sm 
Nd 
Pr 

0.94 
0.96 
0.96 
1.00 
1.01 

 
Hexagonal 

 
Nanorod 

l ≈ 70–110 
Aspect ratio 

≈ 2 

Ⅲ 
Ce 
La 

1.03 
1.06 

Hexagonal Nanorod 
l > 1000 

Aspect ratio 
>7 

a All the samples were synthesized with a reaction time of 24 h. The 
ionic radius of the Y3+ ion is 0.89 Å. 

 
might be formed under appropriate reaction conditions. 
Such a cubic-to-hexagonal transition process is clearly 
seen in the XRD spectra of NaYF4:10% Ce NCs with 
different reaction time (see Fig. S-3 in the ESM).     
It was found that only cubic phase particles were 
obtained at the beginning of the reaction at 200 °C. 
After 20 min, a small amount of hexagonal phase 
particles was formed, and almost all the products 
became the hexagonal phase when the reaction time 
was over 120 min. In contrast, only cubic products 
could be obtained at all reaction time if the undoped 
NaYF4 was synthesized. The results confirm that the 
dopant-induced phase transition in our reaction 
system is a gradual process, rather than hexagonal 
seeds (small particles) being formed at the beginning 
of the reaction [32]. We noted that other reaction 
parameters, such as F–/Na+ ratio and PEI concentration, 
could also influence the phase transition and final 
products. It was found that a small excess of F– was 
often needed to induce the complete cubic-to-hexagonal 
phase transition of the doped NaYF4 NCs. Further- 
more, almost no phase transition could be found if  
PVP was used as the surfactant instead of PEI. 

Furthermore, it was found that the RE dopants in 
group Ⅲ (Ce and La) could efficiently induce aniso- 
tropic crystal growth to form long NaYF4 nanorods. 

Such a doping effect was further investigated by 
co-doping x% Ce (x = 4, 7, 10), 20% Yb, and 5% Er in 
the NaYF4 NCs. The XRD spectra in Fig. S-4 in the 
ESM show that all the three NaYF4:(Yb,Er)/Ce NCs 
have the hexagonal phase. As indicated in Fig. 2, when  

 
Figure 2 TEM images of NaYF4:(Yb,Er)/Ce nanorods with Ce 
dopant concentrations of (a) 4%, (b) 7%, and (c) 10%. All the 
samples were synthesized with a reaction time of 24 h, and had 
the same doping concentrations of Yb (20%) and Er (5%) 
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the Ce doping concentration increased from 4% to 
10%, the lengths of the hexagonal NaYF4:(Yb,Er)/Ce 
nanorods increased from 200 to 1100 nm, while their 
diameters slightly decreased from 85 to 76 nm. The 
results indicate that the Ce doping concentration 
greatly influences the NaYF4 crystal growth rate 
along the c-axis, probably because the RE elements 
with different ionic radius have greatly different 
interaction behavior with F– and PEI molecules. As is 
well-known, such anisotropic crystal growth can also 
activate the cubic-to-hexagonal phase transition of 
NaYF4 NCs [32]. We noted that if different doping 
concentrations of Yb or Er were used, the shape and 
phase of the NaYF4:(Yb,Er)/Ce NCs were almost 
unchanged. The above results suggest that the Ce 
dopants can be further used to regulate the aspect 
ratio of the NaYF4 nanorods over a broad size range, 
and such ability can also be found for La. Very recently, 
van Veggel et al. observed a similar doping effect in 
GdF3:La NCs. In their study, it was found that 15%  
La could induce a complete orthorhombic to trigonal 
phase transition of the GdF3:La NCs, however, the 
shape and size of the crystals were almost the same  
as the undoped GdF3 NCs [48]. 

More interestingly, the doping effect on the 
anisotropic crystal growth is also suitable for other 
NaREF4 host materials in our reaction system. Typical 
results for NaGdF4:Ce NCs are shown in Fig. S-5 in 
the ESM. It was found that although both the 
undoped and Ce doped NaGdF4 adopt the hexagonal 
phase, the NaGdF4:5%Ce nanorods are much longer 
than that of the undoped NaGdF4 nanorods. The 
results further confirm that dopants with larger ionic 
radius can accelerate the anisotropic crystal growth of  
NaREF4, forming nanorods with increased aspect ratio. 

2.3 Surface properties 

As a result of the doping effect, we did not need a 
special hydrophobic surfactant in order to induce 
anisotropic crystal growth. Thus, the PEI surfactant 
was used to both stabilize the reaction process and 
control the particle surface properties. Two strong 
bands at around 3480 and 1650 cm–1 in the FTIR 
spectrum (Fig. 3) of the nanorods can be attributed to 
OH stretching vibrations of surface hydroxyl groups, 
which render the nanorods water-soluble. The effect 

 
Figure 3 Typical FTIR spectrum of the synthesized nanorods 

of PEI on the particle surface is further demonstrated 
by the presence of absorption bands from internal 
vibration of the amide bonds (~1390 cm–1) and    
CH2 stretching vibrations (2847 and 2921 cm–1) in  
the spectrum. These PEI-coated NCs may provide   
a platform for direct surface functionalization of  
biomolecules by bioconjugate chemistry [40]. 

2.4 Synthesis of small hexagonal nanorods with 
enhanced upconversion fluorescence 

The sizes of the Ce or La doped hexagonal NaYF4 NCs 
could be further decreased by shortening the reaction 
time. Figures 4(a) and 4(b) show the TEM images of 
NaYF4:(Yb,Er)/La (Y:Yb:Er:La = 70:20:5:5) and NaYF4: 
(Yb,Er)/Ce (Y:Yb:Er:Ce = 70:20:5:5) NCs with a reaction 
time of 2 h. It was found that both the NaYF4:(Yb,Er)/La 
and NaYF4:(Yb,Er)/Ce NCs formed small hexagonal 
nanorods with lengths less than 50 nm (the XRD 
spectra, and energy-dispersive X-ray (EDAX) analysis 
are shown in Fig. S-6 in the ESM). Figure 4(c) shows the 
emission spectra of these two nanorods, when excited 
with a 975 nm 200 mW/cm2 CW laser. The nanorods 
display two emission bands, which can be assigned 
to the 4f–4f transitions of Er3+ ions. The green emission 
originating from the 2H11/2, 4S3/2→

4I15/2 transition is 
observed at ~550 nm, while the red luminescence at 
~660 nm is attributed to the 4F9/2→

4I15/2 transition. 
Furthermore, as shown in Fig. 4(c), it was found that 
when the hexagonal NaYF4:(Yb,Er)/La and NaYF4: 
(Yb,Er)/Ce nanorods were dispersed in water, they 
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exhibited much stronger upconversion fluorescence 
than that of the cubic NaYF4:(Yb,Er) nanospheres with 
the same concentration of 1.0 wt%. We note that since 
the undoped hexagonal NaYF4 cannot be prepared, 
we still do not know whether our doped hexagonal 
NaYF4 is as good as the hypothetical undoped 
hexagonal NaYF4 for supporting upconversion 
fluorescence. Despite this, the dopant-controlled 
strategy established here can provide an alternative 
method to prepare hexagonal NaYF4 NCs, in which 
the doped Yb, Er, and Ce/La ions act as sensitizers, 
emitters, and phase controllers, respectively. Particularly, 
the small size (less than 50 nm in length) of these 
nanorods provides the possibility to use them as  
probes for bioimaging in vivo. 

2.5 Multicolor bioimaging 
in vivo 

In vivo multicolor imaging is 
one of the most promising 
areas of optical bioimaging 
due to the potential appli- 
cations in 3-D detection [50]. 
The hexagonal NaYF4:(Yb, 
Er)/La nanorods (d ≈ 20 nm, 
l ≈ 50 nm) were employed as 
the probes for deep tissue 
imaging due to their suitable 
particle size, greatly improved 
upconversion fluorescence, 
and appropriate emission 
green-to-red ratio (GRR). For 
a typical animal study, the 
NaYF4:(Yb,Er)/La nanorods 
(100 μL of a mixture with 
1.0 mg/mL) were injected 
intramuscularly into one leg 
of a nude mouse. The upcon- 
version image was taken 
after the injected probes 
became adequately dispersed 
into the tissues, and a defo- 
cused 975 nm 200 mW/cm2 

CW laser  was  used as 
excitation. As indicated in 
Fig. 5, the resulting high 

contrast multicolor image clearly demonstrates the 
feasibility of distinguishing the injected nanorods 
just by using the naked eye. It is interesting that the 
observed output color is depth-sensitive in the leg 
tissues because the emitted red light has much 
deeper tissue penetration than the green light [51]. 
Compared with the color-bar (left, Fig. 5) obtained 
from the tissue penetration test in vitro (see Fig. S-7 in 
the ESM), the observed output color approximately 
indicates the depth of the nanorods in the leg tissues. 
The emission spectra and GRR values of five selected 
spots in the leg (right, Fig. 5) also demonstrate the 
color-indicated depth regions. These results suggest a 
novel 3-D detection method based on the high contrast 
image with the color-indicated spatial resolution. In a  

 
Figure 4 TEM images of (a) NaYF4:(Yb,Er)/La and (b) NaYF4:(Yb,Er)/Ce nanorods synthesized
with a reaction time of 2 h. (c) Upconversion emission spectra of NaYF4:(Yb,Er)/La, NaYF4:
(Yb,Er)/Ce nanorods, and NaYF4:(Yb,Er) nanospheres (d ≈ 50 nm) under 975 nm CW laser
excitation with a power of 200 mW/cm2 CW. The samples were all dispersed in water with the
same concentration (1.0 wt%) 
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clinical setting, this method may particularly suitable 
for pathologic location and dynamic imaging. We 
note that this represents the first demonstration of in 
vivo multicolor imaging by using upconversion 
phosphors, and furthermore our animal studies do not 
need expensive pulsed lasers or complicated imaging 
systems (see Fig. S-8 in the ESM for a description of 
our imager system). After in vivo experiments, no 
toxicity or other physiological complications were 
observed for the animal for at least 24 h after the 
nanorods injection (their cytotoxicity test is shown in  
Fig. S-9 in the ESM).  

3. Conclusions 

We have studied the RE doping effect on the 
cubic-to-hexagonal phase transition of NaYF4 NCs, 
and established a dopant-controlled strategy for the 
direct synthesis of water-soluble hexagonal NaYF4:RE 

nanorods with controllable size and improved 

upconversion fluorescence. Furthermore, by using 
the fabricated NaYF4:(Yb,Er)/La small nanorods as 
probes, we have successfully demonstrated depth- 
sensitive multicolor imaging in vivo. We believe that 
the findings in this work will facilitate the design, 
fabrication, and functionalization of RE fluoride NCs 
for future innovations in bioimaging, sensors, and 
optical display as well as many other areas arising  
from these remarkable characteristics. 
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Figure 5 In vivo multicolor upconversion fluorescence imaging of the leg in a mouse after being injected intramuscularly with 100 μL 
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obtained from the inset table of Fig. S-7 in the ESM. The emission spectra (right) were recorded at the indicated five spots (Ⅰ to Ⅴ) in 
the leg with focused 975 nm laser excitation (~1.0 W/cm2), and the emission GRR values were calculated 
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