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of remarkable advantages over visible 
lights with respect to medical imaging 
applications,[1] including substantially 
improved tissue penetration depth and 
spatial resolution, and greatly enhanced 
signal-to-noise ratio, etc., owing to the 
remarkably reduced autofluorescence 
and light scattering.[2] All these advan-
tages persist even compared with the 
lights in the first NIR window (NIR I, 
approximately from 650 to 950 nm).[3] 
In the past few years, great efforts have 
therefore been dedicated to developing 
NIR II imaging probes with small mole-
cule dyes,[4] semiconductor quantum 
dots,[5] single-walled carbon nanotubes,[6] 
aggregation-induced emission lumino-
gens,[7] conjugated polymers,[8] and lan-
thanide-based nanoparticles.[9] Among all 
these candidates, rare-earth nanoparticles 
exhibit remarkable characteristics suitable 
for biomedical applications, such as long 
luminescence lifetime, high photostability, 
and sharp emission peak, benefited from 
the unique electronic configurations of 4fn  
(n = 0–14).[9b,10] For example, Nd3+ ions 
exhibit three NIR emission bands centered 

at around 900, 1060, and 1340 nm, respectively, upon 808 nm 
laser excitation.[11] Taking the advantage of these emissions, 
Ren et al. successfully visualized the vasculatures of tumors at 
different stages with NaYF4:Nd@NaGdF4 nanoparticles.[12] Dif-
ferent from Nd3+ ions, Er3+ ions present a longer wavelength 

Near-infrared lights have received increasing attention regarding imaging 
applications owing to their large tissue penetration depth, high spatial 
resolution, and outstanding signal-to-noise ratio, particularly those falling 
in the second near-infrared window (NIR II) of biological tissues. Rare 
earth nanoparticles containing Er3+ ions are promising candidates to show 
up-conversion luminescence in the first near-infrared window (NIR I) and 
down-conversion luminescence in NIR II as well. However, synthesizing 
particles with small size and high NIR II luminescence quantum yield (QY) 
remains challenging. Er3+ ions are herein innovatively combined with Yb3+ ions 
in a NaErF4@NaYbF4 core/shell manner instead of being codoped into NaLnF4 
matrices, to maximize the concentration of Er3+ in the emitting core. After 
further surface coating, NaErF4@NaYbF4@NaYF4 core/shell/shell particles 
are obtained. Spectroscopy studies are carried out to show the synergistic 
impacts of the intermediate NaYbF4 layer and the outer NaYF4 shell. Finally, 
NaErF4@NaYbF4@NaYF4 nanoparticles of 30 nm with NIR II luminescence 
QY up to 18.7% at room temperature are obtained. After covalently attaching 
folic acid on the particle surface, tumor-specific nanoprobes are obtained 
for simultaneously visualizing both subcutaneous and intraperitoneal tumor 
xenografts in vivo. The ultrahigh QY of down-conversion emission also allows 
for visualization of the biodistribution of folate receptors.
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1. Introduction

Near-infrared lights, particularly those falling in the second 
near-infrared window (NIR II, between ≈1000 and 1700 nm) of 
biological tissues (e.g., skin, fat, blood, etc.), exhibit a number 
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down-conversion emission peaking at 1525 nm under the same 
excitation, apart from 655 nm up-conversion emission in NIR 
I region. Although the 1525 nm emission slightly overlaps 
with the water bending overtone absorbance band at around 
1450 nm, a virtual zero autofluorescence interference of tis-
sues is expected owing to the further increased Stokes shift.[13] 
For example, the blood vessels of mice were clearly presented 
through the perfusion of β-NaGdF4:Yb,Er@NaYF4 core/shell 
nanoparticles,[14] while the NIR I up-conversion emission 
together with the visible emissions of NaGdF4:Yb,Er@NaGdF4 
were adopted to image mouse orthotopic tumors in vivo.[15]

Nevertheless, most NIR II nanofluorophores reported so 
far are prepared by doping inert rare earth nanoparticles with 
Nd3+ or Er3+ emitters. Sometimes sensitizers, such as Yb3+ 
and Nd3+ ions, are also codoped to facilitate the absorption of  
980 and 808 nm laser lights, respectively, for enhancing the 
luminescence through energy transfer between the sensitizer 
and emitter. Owing to the concentration quenching effect, 
low concentrations of sensitizer and emitter in particular are 
widely adopted for synthesizing luminescent lanthanide-doped 
rare earth nanocrystals,[16] typically below 20 and 2 mol%, 
respectively, which limits the luminescent brightness to a large 
extent.[17] Recently, Almutairi and co-workers found out that the 
intensity of the up-conversion luminescent Er3+-doped NaYF4 
nanocrystal keeps increasing, while the concentration of Er3+ 
ions is raised from 5 to 100 mol%. But this tendency occurs 
only when the NaYF4:Er particles are coated with NaLuF4 shell,  
suggesting that surface quenching effect rather than the con-
centration quenching effect dominates the up- and down-
conversion luminescence intensity.[18] Nevertheless, the 
absorption cross-section of Er3+ is very low, thereby effectively 
enhancing the absorption for better activating the f–f transitions 
becomes vital for further improving the NIR II luminescence of 
Er3+. In fact, Yb3+ ion is widely used due to its large absorption 
cross-section at 980 nm to sensitize the up-conversion lumines-
cence of Er3+. But the effect of Yb3+ on the down-conversion 
luminescence of Er3+ remains rarely addressed. Moreover, 
Yb3+ ions are mainly codoped or blended with Er3+ ions in 
literature.[19] Therefore, innovatively combining Er3+ ions with 
Yb3+ ions to achieve particles with small size and high NIR II 
luminescence quantum yield (QY), and disclose the impacts of 
Yb3+ on both up- and down-conversion luminescence of Er3+ 
remains highly challenging and fundamentally interesting.

Following our previous investigations on the imaging appli-
cations of up-conversion nanoparticles,[20] herein we report our 
recent studies on the preparation, optical properties, and in 
vivo imaging applications of NaErF4@NaYbF4@NaYF4 core/
shell/shell nanocrystals simultaneously through their up- and 
down-conversion NIR II luminescence. By radially separating 
Er3+ and Yb3+, high core concentrations of Er3+ ions and 
reduced surface quenching effect were rationally combined 
in NaErF4@NaYbF4 core/shell manner. In the meantime, the 
energy transfer process was expected to be better elucidated 
owing to the sensitizer/emitter spatial-separating design which 
was never reported before. Upon further growth of NaYF4 shell, 
NaErF4@NaYbF4@NaYF4 core/shell/shell particles showing 
improved near-infrared down- and up-conversion luminescence 
were obtained. Through surface ligand exchange and 
subsequent surface folic acid (FA) conjugation, a tumor specific 

probe was obtained, which allowed to combine the imaging 
capacities of up- and down-conversion luminescence of the 
same probe for sensitively visualizing both subcutaneously and 
intraperitoneally xenografted tumors and showing the detailed 
distribution of FA receptors across the entire tumorous regions 
as well.

2. Results and Discussions

2.1. Synthesis and Optical Properties of NaYb0.5Er0.5F4  
and NaErF4@NaYbF4 Nanocrystals

Differently structured NaLnF4 nanoparticles were prepared, 
according to literature method,[21] through a high temperature 
approach using oleic acid as particle surface capping agent. To 
maximize the concentration of Er3+ emitters, NaErF4 particles 
were directly synthesized instead of doping Er3+ in other 
matrix. As shown in Figure 1a, the as-prepared NaErF4 particles 
are spherical and highly monodispersed with an average size 
of 15.6 ±  0.7 nm. To enhance the absorption of the excitation 
light, Yb3+ ions were adopted as sensitizer and combined with 
Er3+ in two different ways, i.e., forming a blended particle with 
Er3+ or forming a shell around the NaErF4 cores. In the former 
structure, Er3+ and Yb3+ were simultaneously introduced into 
the reaction system to achieve a radially unseparated structure 
(denoted as NaYb0.5Er0.5F4 according to the element contents 
in the final particles determined through inductively coupled 
plasma-atomic emission spectrometry (ICP-AES)); while in the 
latter particles, a NaYbF4 shell was grown on preformed NaErF4 
cores to obtain a radially separated structure (denoted as 
NaErF4@NaYbF4). It should be mentioned that in both of these 
two particle samples, the contents of Er and Yb were kept iden-
tical. As shown in Figure 1b,c, the as-prepared NaYb0.5Er0.5F4 
nanoparticles are much larger than NaErF4@NaYbF4 core–
shell nanoparticles, e.g., 62.3  ±  2.1 versus 23.0 ±  1.2 nm. In 
addition, the surface coating of NaYbF4 shell (3.7 nm thick) 
did not broaden the particle distribution if comparing the core/
shell particles with initial cores. The selected area electron dif-
fraction (SAED) measurements, as shown in Figure S1 in the 
Supporting Information, revealed that all above nanoparticles 
were in hexagonal structure that is a favorable phase for lumi-
nescence, irrespective of the difference in particle size.

The optical properties of the above particles were then inves-
tigated. Due to the unique ladder-like energy levels of Er3+, 
Er3+-containing particles can in principle give rise to multiple 
emissions, e.g., 542 and 655 nm emissions in up-conversion 
luminescence and 1525 nm emission in down-conversion lumi-
nescence. As expected, NaErF4 cores present all these emission 
lines under 980 nm excitation (Figure 1d), but with very low 
intensities. However, the emission intensities of both up- and 
down-conversion luminescence are remarkably increased by 
factors of 12.0 and 12.7, respectively, if Yb3+ and Er3+ form 
blended particles. According to literature,[22] Yb3+ has an absorp-
tion cross-section of 1.2 × 10−20 cm2 sufficiently higher than  
1.7 × 10−21 cm2 for Er3+ ion at 980 nm. By taking Yb:Er molar 
ratio of 1:1 for the blended particle into consideration, the intro-
duction of Yb3+ increases the particle absorbance by a factor of 
4.0. To better compare with the NaErF4 cores (15.6 nm), the  
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synthetic conditions for NaYb0.5Er0.5F4 particles were kept 
strictly identical. Nevertheless, the identical synthetic conditions 
led to 62 nm blended particles, which inevitably introduced an 
additional size effect favorable for the luminescence intensity. 
Thus, an enhancement factor contributed by the effects beyond 
the increased absorption of incident light can very roughly be 
estimated to be ≈3, based on aforementioned results. It was 
also quantitatively demonstrated that the luminescence can 
further be enhanced just by reconfiguring the particles from 
blended structure to core/shell structure. According to the 
results given in Figure 1d, both up- and down-conversion emis-
sions are increased by factors of 36.0 and 38.0, respectively, if 
Yb3+ ions are placed in the shell around NaErF4 cores. Since 
the introduction of Yb3+ can increase the absorbance by a factor  
of 4, the enhancement factor caused by the core/shell configu-
ration can be roughly estimated to be one order of magnitude, 
suggesting that the introduction of shell is vital for suppressing 
the surface quenching effect, as previously observed.[23] In other 
words, if Yb3+ ions are placed in shells, both increased absorp-
tion and reduced surface quenching effect can simultaneously 
be achieved.

The photoluminescence of rare-earth nanoparticle is sensitive 
to its surface as the emitting ions sitting on the particle surface 
have different chemical environments involving capping agent, 
unsaturated coordination, and even dispersion medium, which 
form pathways for nonradiatively dissipating the adsorbed 
photoenergy into surroundings. To date, constructing core/shell 
structure to improve the photoluminescence intensity of core 
particles irrespective of the particle types is largely adopted, but 
the in-depth enhancing mechanisms can be different and remain 
to be elucidated. To understand the luminescence enhance-
ment effect, time-resolved spectroscopy studies were carried 
out to compare transient optical properties of NaErF4@NaYbF4 

and NaYb0.5Er0.5F4 particles. As shown in Figure 1e,f, the tran-
sient decays of up- and down-conversion luminescence of 
NaErF4@NaYbF4 nanoparticles were fitted with detailed life-
times being given in Table S1 in the Supporting Information. 
The average lifetime of up- and down-conversion emissions of 
NaErF4@NaYbF4 was of 103 μs and 2.9 ms, respectively, con-
trasting to 96 μs and 73.9 μs for NaYb0.5Er0.5F4 nanoparticles, 
suggesting that the lifetime of up-conversion luminescence 
is only slightly prolonged in consequence of NaYbF4 coating, 
while the lifetime of down-conversion emission is increased by 
a factor of 39.2. Because the measured lifetime is a combina-
tion of intrinsic lifetime which is constant for a certain energy 
level, and nonradiative transition lifetime which is directly 
related to surface quenching.[24] Hence, the substantially pro-
longed lifetime of 1525 nm emission suggests that NaYbF4 
shell can effectively block the nonradiative relaxation pathway 
for the down-conversion luminescence, which is apparently 
favorable for improving the intensity of the down-conversion 
luminescence. Nevertheless, NaYbF4 is not an ideal material 
for forming a passivation shell as 2F5/2 level of Yb3+ participates 
the direct energy transfer of the absorbed energy into surround-
ings under 980 nm excitation, which is supported by higher 
enhancement factors observed when NaErF4@NaYbF4 particles 
were excited under 808 nm, i.e., 46.4 and 97.0 for intensities 
of up- and down-conversion luminescence, respectively, as 
shown in Figure S2 (Supporting Information). The remarkably 
increased enhancement factors, especially for down-conversion 
luminescence at 1525 nm, strongly indicates that effectively 
reducing the energy transfer from Yb3+ to surroundings is 
important for further improving the up- and down-conversion 
luminescence. Therefore, the NaErF4@NaYbF4 particles were 
further coated with NaYF4 shell as Y3+ has no suitable ener-
getic levels participating the energy transfer to surroundings. 
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Figure 1. a–c) TEM images, normalized up- and down-conversion emission spectra recorded under excitation at d) 980 nm of NaErF4, NaYb0.5Er0.5F4, 
and NaErF4@NaYbF4, together with transient emissions observed at e) 655 and f) 1525 nm of NaYb0.5Er0.5F4 and NaErF4@NaYbF4 nanocrystals. The 
embedded scale bars correspond to 100 nm.
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In addition, to show the NaYbF4 thickness-dependent sensitiza-
tion effect, the NaYbF4 layer thickness was also varied.

2.2. Synthesis and Optical Properties of NaErF4@NaYbF4@NaYF4 
Nanocrystals with Different NaYbF4 Layer Thicknesses

In detail, three samples were prepared. In the first one as 
shown in Figure 2a, the initial NaErF4 core is of 21.0 ± 0.8 nm, 
while the successive growth of NaYbF4 and NaYF4 shells 

further increases the particle size up to 23.0  ±  0.9 and 
31.7  ±  1.5 nm, respectively. Therefore, the NaYbF4 thickness 
in the first sample is about 1.0 nm. In the second sample as 
shown in Figure 2b, the size of NaErF4 core, NaErF4@NaYbF4, 
and NaErF4@NaYbF4@NaYF4 nanoparticles is of 20.0  ±  0.7, 
24.0  ±  1.1, and 30.1  ±  1.3 nm, respectively, which gives rise 
to a NaYbF4 thickness of 2.0 nm. The third sample was pre-
pared by over-coating the NaErF4@NaYbF4 particles shown 
in Figure 1c with NaYF4. The size of NaErF4 core (Figure 1a), 
NaErF4@NaYbF4 (Figure 1c), and NaErF4@NaYbF4@NaYF4 
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Figure 2. TEM images of NaErF4, NaErF4@NaYbF4, and NaErF4@NaYbF4@NaYF4 nanocrystals with the thickness of NaYbF4 layer tuned from a) 1.0,  
b) 2.0, to c) 3.7 nm, together with insets in frame c including HRTEM image of a single IST3.7 particle (top panel), HAADF-STEM image of IST3.7 
particles (left of bottom panel), line spectra of the lanthanide elements across a selected particle detected through energy dispersive spectroscopy 
(right-top of bottom panel), high magnification TEM image of a single IST3.7 particle (right-bottom of bottom panel), and d) IST0 which possesses 
no intermediate NaYbF4 layer. The scale bars embedded in frame (a)–(d) correspond to 100 nm.
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(the top panel of Figure 2c) core/shell nanoparticles is of 
15.6 ± 0.7, 23.0 ± 1.7, and 30.6 ± 1.7 nm, respectively, i.e., the 
thickness of NaYbF4 shell in the third sample is of 3.7 nm. 
According to NaYbF4 intermediate shell thickness (IST), the 
above NaErF4@NaYbF4@NaYF4 particle samples were named 
as IST1.0, IST2.0, and IST3.7, respectively, in the following 
discussion.

To confirm the formation of the core/shell/shell structure, 
IST3.7 was characterized with high-resolution TEM (HRTEM) 
and high-angle annular dark field scanning transmission 
electron microscopy (HAADF-STEM). As shown in the inset of 
the top panel of Figure 2c, the core/shell/shell particles exhibit 
clear lattice fringes with a measured d-spacing of 0.50 nm which 
is well consistent with the lattice spacing in the (100) planes 
of hexagonal-phased NaYF4. As HAADF-STEM is more sensi-
tive to atomic number, it was further used to show the core/
shell structures of the particles. The HAADF-STEM image in 
the left frame of the bottom panel of Figure 2c shows a clear 
radial contrast caused by the radial distribution of different lan-
thanide elements in the particles, which is better reflected in the 
energy dispersive spectra recorded across the center of a selected 
particle (right-top frame of the bottom panel of Figure 2c). In 
fact, the NaLnF4 particles are very sensitive to electron beam 
radiation.[25] However, particles showing core/shell structures 
can occasionally be observed under a high magnification as 
shown in right-bottom frame of the bottom panel of Figure 2c.

The above experimental results indicate that the core/shell/
shell particles can be prepared with the thickness of the inter-
mediate NaYbF4 shell being precisely tuned. For better under-
standing the effects of NaYbF4 layer on optical properties of 
the core/shell/shell particles, NaErF4@NaYF4 particles of 
22.5  ±  1.1 nm with average core size of 15.6  ±  0.7 nm were 

prepared, as shown in Figure 2d, and denoted as IST0 since 
no NaYbF4 intermediate shell was present in this sample. 
The integrated up- and down-conversion emission intensities 
of NaErF4@NaYbF4@NaYF4 particles acquired upon 980 nm 
excitation against the NaYbF4 IST are shown in Figure 3a. In 
comparison with IST0, IST1.0 particles present up- and down-
conversion emissions with intensity being enhanced by factors 
of 17.3 and 2.4, respectively, which well manifests the role of 
NaYbF4 layer as it can better absorb 980 nm laser excitation 
than the core particles. It is also shown that with the increase 
of NaYbF4 layer thickness from 1.0 to 3.7 nm, the up- and 
down-conversion emissions are further enhanced by 2.7 and 
1.5 times, respectively. Although the up-conversion emission 
intensity monotonically increases against NaYbF4 layer thick-
ness, the down-conversion emission presents a nonmonotonic 
behavior with the maximum emission showing at 2.0 nm for 
IST. This can be understood through the difference between 
the transitions involved in up- and down-conversion lumines-
cence, which are shown in Figure S3 (Supporting Information). 
The up-conversion emission requires multiphoton absorp-
tion. Therefore, the probability of excited state absorption will 
be increased against IST, which is favorable for up-conversion 
luminescence. In addition, there are multiple energy transfer 
pathways involved in up-conversion emission. Taking 655 nm 
emission as an example, Yb3+ ions donate their energy to Er3+ 
ions by promoting the Er3+ ions to their excited state (4I11/2). 
Subsequently, two different pathways will be taken by Er3+ ions 
to return to the ground states to emit 655 nm photon. In the 
first pathway, Er3+ ions are populated to higher excited states 
(4F7/2) via resonant energy transfer from Yb3+ ions. The super-
excited Er3+ ions (4F7/2) are then nonradiatively relaxed to the 
4F9/2 state, followed by subsequent radiative transition to 4I15/2,  
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Figure 3. The static and transient emissions of up- and down-conversion luminescence of NaErF4@NaYbF4@NaYF4 nanoparticles with tuned NaYbF4 
layer thicknesses recorded under a–c) 980 and d–f) 808 nm excitation, respectively.
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which gives rise to 655 nm emission. In the second pathway, 
the excited Er3+ ions (4I11/2) are first relaxed to 4I13/2, then the 
excited electrons are populated to a higher excited state (4F9/2) 
again by resonate energy transfer from Yb3+ ions. From there, 
the radiative transition process occurs similar to that in the 
first pathway. Different from the up-conversion process, the 
down-conversion emission of Er3+ ions requires single photon 
absorption. Then, the excited Er3+ ions (4I11/2) are nonradia-
tively relaxed to the 4I13/2, followed by a radiative transition to 
ground state (4I15/2) to emit 1525 nm light. As the population  
of 4I13/2 level is easily saturated, a maximum NaYbF4 layer 
thickness is easily reached as seen in Figure 3a, which leads 
to an absolute fluorescence QY up to 18.7% at room tem-
perature for the NIR II emission at 1525 nm. The QY was 
measured with an integrating sphere under 980 nm excitation 
(10 W cm−2). In fact, the absolute fluorescence QY of 1525 nm 
emission up to 32.8% was previously reported for 200 nm 
NaCeF4:Er/Yb nanoparticles.[26] However, the QY of lanthanide 
nanoparticles is strongly particle-size dependent,[27] which can 
also be seen from the results given in Figure 1d. The current 
QY is in fact very remarkable for particles smaller than 50 nm  
as they are more suitable for in vivo applications than the 
large counterparts.[28] Different from the down-conversion 
luminescence, the up-conversion luminescence involves mul-
tiple levels for hosting excited electrons, the population of dif-
ferent levels associated with up-conversion luminescence are 
far from saturated under the current experimental conditions. 
Therefore, the up-conversion luminescence keeps increasing 
in intensity against the NaYbF4 layer thickness, which also 
suggests there remains a big room to further increase the up-
conversion luminescence intensity of the current particles, 
although the up-conversion emission of IST3.7 is increased 
by a factor of 46, if compared with that of IST0 shown in 
Figure 2d.

The transient emissions at 655 and 1525 nm were also 
recorded to show the impact of NaYbF4 layer thickness. The 
results given in Figure 3b,c and Table S2 (Supporting Informa-
tion) clearly revealed that the lifetime of these two emissions is 
dependent on the NaYbF4 layer thickness. For example, with 
the increase of IST, the lifetime of 655 nm emission is gener-
ally increased, e.g., from 317 μs for IST0 to 549 μs for IST3.7. 
If further comparing IST3.7 with NaErF4@NaYbF4, the life-
time is increased by a factor of >5. The lifetime of 1525 nm 
emission is however monotonically prolonged against the IST, 
e.g., from 1.5 ms for IST0 to 5.9 ms for IST3.7. If comparing 
IST3.7 with NaErF4@NaYbF4 cores, the lifetime is prolonged 
by a factor of ≈2.0. All these data suggest that the lifetime of 
down-conversion emission is more sensitive to the IST, prob-
ably because the nonradiative channel is dominated by energy 
transfer directly from the core into surroundings including 
surface ligand and solvent. In contrast, the lifetime of up- 
conversion emission is dependent not only on the IST but also 
on energetic levels of the shell. In other words, the nonradia-
tive relaxation may occur through cross-relaxation involving 
energy levels in the shell, such as 2F5/2 of Yb3+ ions. Hence, 
NaYF4 coating is more favorable for improving the intensity 
of up-conversion luminescence (Figure 3a). For example, 
the intensity of 655 nm emission is increased by 440 times 
if NaErF4@NaYbF4 (Figure 1c) was coated with NaYF4 

(Figure 2c). Similar transient behaviors were also observed 
when the corresponding particles were subjected to 808 nm 
excitation, as shown in Figure 3e,f and Table S2 (Supporting 
Information). Nevertheless, the static luminescence intensities 
of both up- and down-conversion luminescence were lower 
than those recorded under 980 nm excitation, as shown in 
Figure 3d, because Yb3+ is more favorable for being excited at 
980 nm rather than 808 nm.

2.3. Preparation of the Tumor Imaging Probe

Based on above investigations, IST3.7 with well-balanced 
up- and down-conversion luminescence was chosen for the 
following tumor imaging studies. Although in vivo imaging 
through up- and down-conversion luminescence of lanthanide 
nanoparticles have been widely reported,[29] to combine the 
up- and down-conversion emissions of the same particle is 
apparently advantageous. It has been demonstrated that the 
up-conversion luminescence can be used to visualize tumors 
smaller than 2 mm and lymphatic micro-metastasis smaller 
than 1 mm in vivo, owing to the high quantum efficiency of 
sensors for visible lights.[15,20a] Moreover, the up-conversion 
luminescence of lanthanide nanoparticles holds great 
potentials for surgical navigation as long as the luminescence 
intensity is high enough. While the NIR II emission presents 
great advantages in visualizing the targeting area with greatly 
improved resolution and signal-to-noise ratio, although the 
detection of NIR II emission remains very costly. To this end, 
IST3.7 was first PEGylated through ligand exchange following 
a protocol reported before.[30] In detail, an asymmetric poly-
ethylene glycol (PEG) bearing a maleimide group at one end 
and a diphosphate group at the other (mal-PEG-dp) was used 
to replace the oleic acid (OA) ligands to render the core/shell 
particles water-soluble. The resulting PEGylated nanoparticles, 
as displayed in Figure S4a (Supporting Information), pre-
sented excellent colloidal stability in both water and phos-
phate buffer saline (PBS) buffer,[20a,31] which is favorable for 
a long blood residence time. To improve the tumor targeting 
ability, FA whose receptor overexpressed in cancers such as 
colorectal cancer, ovarian cancer etc., was chosen to construct 
the tumor-specific nanoprobe. Upon covalent conjugation, FA 
was coupled onto the surface of the PEGylation nanoparticles, 
and resulting nanoparticle/folic acid conjugate was named as 
NP-FA, as shown in Figure S4b (Supporting Information). The 
absorption spectroscopy and dynamic light scattering (DLS) 
results shown in Figure 4a,b demonstrate that NP-FA nano-
probe is successfully constructed and no particle agglomera-
tion occurred during the conjugation reaction. In addition, the 
optical properties including up- and down-conversion lumines-
cence remain nearly unchanged throughout the conjugation 
reaction, as shown in Figure 4c.

2.4. Cytotoxicity and Targeting Ability of the NP-FA  
Probes In Vitro

Before validating the targeting ability, the cytotoxicity of the NP-FA 
probe was investigated through methyl thiazolyl tetrazolium 
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(MTT) assays on the proliferation of LS180 cells. As shown  
in Figure S5 (Supporting Information), both NP-FA and its 
mother particle did not show significant cytotoxicity when Er3+ 
concentration was below 20 mmol L−1 that is two orders of 
magnitude higher than the dose for in vivo imaging. Then, the 
targeting ability of the NP-FA probes in recognizing LS180 cells 
whose surface expresses folate receptor (FR) was demon-
strated through in vitro cell binding assays. As displayed in 
Figure 4d, the cells coincubated with the NP-FA probes show 
intense up-conversion emission signals through two bandpass 
filters of 506–594 nm (Green Channel) and 604–696 nm (Red 
Channel), respectively, under 980 nm laser excitation. Further 
merging the upconversion luminescence image with the fluo-
rescence image of the cells stained with Hoechst for nuclei 
reveals that the nanoprobes are mainly populated in cytoplasm, 
probably through receptor-mediated endocytosis. In contrast, 
no up-conversion signal was detected from the cells incubated 
with the PEGylation nanoparticles that bear no surface folic 
acid ligand. These results positively demonstrated the NP-FA 
nanoprobe has a remarkable binding specificity toward its 
target, i.e., tumor cells expressing FR.

2.5. Up- and Down-Conversion NIR II Imaging of Subcutaneous 
and Intraperitoneal Tumor Xenografts In Vivo

Long blood residence time is preferred for effectively targeting 
tumors with any given imaging probes. For the current studies, 
the blood half-times of NP-FA and its control nanoparticles 
were determined with single-photon emission computed 
tomography. By fitting the blood residence time, the blood half-
time was calculated to be 158 and 164 min for NP-FA and the 
mother PEGylated nanoparticles, respectively (Figure S6, Sup-
porting Information). To investigate the tumor imaging capacity 
of the NP-FA probe in vivo, two types of mouse tumor models 
were established upon subcutaneous or intraperitoneal injec-
tion of LS180 cells into 4-week-old BALB/c nude mice. After 
intravenously delivering the NP-FA probe, the tumor-bearing 
mice were imaged with the aid of different types of filters. The 
optical images were captured through up- and down-conversion 
luminescence, respectively, at different time points postinjec-
tion of the NP-FA probe. Regarding the subcutaneous tumor, 
the results shown in Figure 5a reveal that the luminescence 
signal at tumor site appears 1 h postinjection of the probe and 
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Figure 4. Top panel: a) absorption spectra, b) hydrodynamic size distribution profiles, and c) up-/down-conversion luminescence recorded under 
980 and 808 nm laser excitations, respectively of NP and NP-FA conjugates. d) Bottom panel: bright field images, fluorescence images (Hoechst 
Fluo.) collected through 420–520 nm window for imaging the nuclei stained with Hoechst, up-conversion luminescence images collected through 
604–696 nm (Red Channel) and 506–594 nm (Green Channel), respectively, together with merged images (Overlay) of LS180 cells incubated with NP-FA 
and NP, respectively (the scale bars correspond to 10 μm; the experimental conditions for in vitro cell studies were optimized so as to maximally show 
the difference in cellular uptake between NP-FA and NP).
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reaches a maximum at 5 h postinjection. The signal intensity 
remains at its maximum for nearly 4 h and then gradually 
decays over a day. As shown in Figure S7 (Supporting Informa-
tion), the signal evolutions for both up- and down-conversion 
luminescence are nearly identical, suggesting that both of these 
two emissions are fairly stable under physiological conditions 
at least over the inspection time window of 24 h. Neverthe-
less, the 1525 nm emission gives rise to much sharper images 
contrasting to 655 nm emission that generates to blurry ones. 
This difference persists even after the tumors and organs were 
extracted 24 h postinjection, as shown in Figure S8 (Supporting 
Information). Apparently, imaging through 1525 nm emission 
can better present the detailed structure of the region of interest 
(ROI) owing to the greatly suppressed background noise, par-
ticularly the tissue autofluorescence that is strongly wavelength-
dependent as shown in Figure S9 (Supporting Information), 
i.e., the longer the emission wavelength is, the lower the back-
ground noise will be. It should be mentioned that the mother 

nanoparticle gave rise to very low tumor uptake at the same 
dose level with respect to Er3+ as shown in Figure S10 (Sup-
porting Information). The limited tumor uptake (≈2.2% ID g−1) 
was probably caused by the well-known enhanced permeability 
and retention effect, while the tumor uptake of the NP-FA 
particle probe reached 5.2% ID g−1, determined by ICP-AES, 
as shown in Figure S11 (Supporting Information). Therefore, it 
can be concluded that the NP-FA nanoprobe possesses remark-
able tumor targeting specificity and the NIR II emission is 
superior for precisely showing the detailed structures of ROI, 
which encouraged us to image the intraperitoneal tumors that 
are embedded in an environment more complicated than that 
for subcutaneous tumors.

The results shown in Figure 5b reveal that the intraperitoneal 
tumor starts to show the optical signal 1 h postinjection. Then, 
the signal of tumor site reaches its maximum ≈3 h postinjec-
tion and maintains nearly unchanged over the following 6 h. 
This signal evolution tendency is rather in consistence with 
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Figure 5. Up-conversion (top) and down-conversion (bottom) luminescence images of a) subcutaneous and b) intraperitoneal tumors in vivo recorded 
at different time points postinjection of NP-FA, together with c) microscopic images of adjacent slices of intraperitoneal tumor extracted upon H&E 
staining or immunohistochemical staining through antivimentin antibody and anti-FR, respectively. The up- and down-conversion luminescence images 
of the same tumor were recorded under 980 nm excitation and 808 nm excitation, respectively. The resolution of up-/down-conversion luminescence 
imaging can be compared through the line spectra drown across the tumorous regions in vivo. The scale bars (a,b) correspond to 3 mm. The scale 
bars in (c) correspond to 500 μm.
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that from the subcutaneous tumors. Apart from that, the down-
conversion luminescence imaging shows much higher spa-
tial resolution than the up-conversion luminescence imaging, 
which can be clearly seen from the line-scanning spectra drawn 
across the tumorous region. In consequence, the blood vessel 
systems are clearly presented. Owing to the improved spatial 
resolution, an unambiguous boundary of the tumor site is also 
displayed, suggesting an uneven distribution of FR that are 
strongly associated with proliferation, invasion, and metastasis 
of cancers.[32]

2.6. Histochemical and Immunohistochemical Studies  
of Intraperitoneal Tumor

To confirm the higher expression of FR at tumor boundary, the 
intraperitoneal tumor was extracted postimaging, sliced, and 
then stained for the histochemical and immunohistochemical 
(IHC) analysis. As shown in Figure 5c, hematoxylin and eosin 
(H&E) staining results in an obvious demarcation line between 
the tumor and the muscle tissues. Close to this boundary line, 
vimentin as a biomarker for epithelial-mesenchymal transition 
(EMT) is up-regulated according to the IHC analysis, indicating 
a strong local invasion and metastasis tendency of this tumor. 
Moreover, a rather similar distribution pattern is also observed 
for FR that is a stimulus for tumor cell proliferation and metas-
tasis. Via the up-conversion luminescence collected through 
red (604–696 nm) and green (506–594 nm) channels, an adja-
cent tumor slice was imaged through confocal microscopy. 
Owing to the extraordinarily high QY, the distribution of NP-FA 
nanoprobes across the entire tumorous region, particularly 
the tumor boundary can clearly be seen as indicated by the 
spectrum along the line randomly drawn across the tumorous 
region. Although the boundary indicated by the optical signal 
is sharper than those derived from FR and vimentin staining, 
they are generally in consistent. Moreover, the ex vivo imaging 
obtained through the NP-FA probe perfectly matches the in 
vivo imaging results shown above, suggesting that the sharp 
boundary of the tumors reflected by NIR II emission may 
collectively be contributed by the locally up-regulated expres-
sion of FR, rich blood vessels, and poor perfusion of the tumor 
as well. Nevertheless, both in vivo and ex vivo imaging results 
also suggest that the current nanoprobe may potentially be 
used for noninvasively showing biodistribution of specific tar-
gets owing to its remarkable QY and suitable NIR II emission 
for high resolution imaging.

In addition, the potential side effect of the NP-FA probes 
was also investigated through histological analysis of the major 
organs of a group of mice (n = 3) extracted 30 d postinjection of 
NP-FA. As displayed in Figure S12 (Supporting Information), 
no noticeable inflammation or damage was observed in heart, 
kidney, liver, lung, and spleen, which highlights the safety 
feature of the NP-FA probe.

3. Conclusion

In summary, by spatially separating the emitting Er3+ ions 
from the sensitization Yb3+ ions, nanoparticles composed of 

high Er3+ concentration core and Yb3+ shell were prepared to  
obtain highly luminescent NIR II nanoparticles. The detailed 
static and transient spectroscopy studies revealed that the 
surface coating of NaYbF4 over NaErF4 cores can simultaneously 
enhance the up- and down-conversion luminescence of the 
latter. However, owing to the involvement of the energetic levels 
of Yb3+ in nonradiative relaxation, NaYF4 shell was further intro-
duced to improve the up- and down-conversion luminescence of 
the NaErF4 cores. By tuning the thickness of the intermediate 
NaYbF4 layer, it was demonstrated that the nonradiative relaxa-
tion for down-conversion luminescence is more shell thick-
ness-dependent, while that for up-conversion luminescence is 
sensitive to the presence of specific energy levels in the shell. 
Based on the above understanding, the structural parameters 
of NaErF4@NaYbF4@NaYF4 nanoparticles were optimized 
and absolute fluorescence QY up to 18.7% was obtained for 
1525 nm emission of particles of ≈30 nm at room temperature. 
The perfect combination of the outstanding up- and down-
conversion luminescence performance was thus enabled as 
they are advantageous in different imaging applications. The 
NaErF4@NaYbF4@NaYF4 nanoparticles were PEGylated and 
then covalently conjugated with FA. The resulting particle 
probe presented excellent safety profile and outstanding tumor 
cell binding specificity in vitro. The images of subcutaneous 
tumors recorded through up- and down-conversion emissions, 
respectively, presented the advantages of NIR II emission in 
achieving high spatial resolution and high signal-to-noise ratio 
images, which allowed to image the intraperitoneal tumors 
with heterogeneous expression of FR. The high expression of 
FR at tumor boundary was further confirmed through careful 
immunohistochemical analysis and confocal up-conversion 
luminescence imaging of the tumor ex vivo. In conclusion, we 
propose an innovative particle structure in which the emitting 
Er3+ ions and sensitization Yb3+ ions are spatially separated to 
maximize the emissions of Er3+ and thus provide a platform 
not only useful for sensitive tumor diagnosis through different 
optical windows of tissues, but also potentially suitable for 
showing the heterogeneous expression of pathological indica-
tors in vivo.

4. Experimental Section
Reagents and Materials: OA(364525), 1-octadecene (ODE, O806), 

ammonium fluoride (NH4F, 216011), Er(CH3COO)3 · xH2O (325570), 
Yb(CH3COO)3 · xH2O (544973), Y(CH3COO)3 · xH2O (326046), FA 
(F7876), MTT (M2128), pentobarbital sodium (P3761), and PBS (P5493) 
were purchased from Sigma-Aldrich. Mal-PEG-dp and Jeffamine-modified 
FA were customized products provided by Beijing Oneder Hightech Co. 
Ltd. Human colorectal cancer cell line LS180 was obtained from the 
Oncology School of Peking University. Dulbecco’s modified Eagle medium 
(DMEM) high glucose (HyClone), F-12K Nutrient Mixture (Gibco), fetal 
bovine serum (HyClone), penicillin, and streptomycin were bought from 
Beijing Biodee Biotechnology Co. Ltd. Other analytical grade chemicals, 
such as sodium hydroxide, ethanol, cyclohexane, dimethyl sulfoxide 
(DMSO), and tetrahydrofuran (THF) were bought from Sinopharm 
Chemical Reagent Beijing, Co., Ltd and used as received.

Synthesis of NaErF4 Core Nanocrystals: The NaErF4 core particles were 
prepared according to a literature method. In a typical preparation, 
0.8 mmol Er(CH3COO)3 · xH2O was added into a mixture of OA (6 mL) 
and ODE (14 mL) in 100 mL flask at the room temperature. The mixture 
was heated to 150 °C under vacuum and then kept at this temperature 
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for ≈30 min to obtain a homogeneous solution. A methanol solution of 
10 mL containing NaOH (2.0 mmol) and NH4F (3.2 mmol) were added 
dropwise after the solution was cooled down to 50 °C. The reaction 
system was stirred for another 30 min at this temperature. Then, the 
reaction temperature was raised to 100 °C to remove the methanol under 
the vacuum and then maintained for 10 min. Subsequently, the reaction 
temperature was improved to 290 °C with temperature-increasing rate of 
20 °C min−1. After reaction at this temperature for another 2 h. Finally, the 
reaction system was cooled to room temperature. The nanoparticles were 
precipitated by ethanol and collected by centrifugation for several cycles 
and then redispersed in cyclohexane for further use. The NaYb0.5Er0.5F4 
nanoparticles were prepared exactly by the above mentioned process except 
that 0.4 mmol Er(CH3COO)3 · xH2O and 0.4 mmol Yb(CH3COO)3 · xH2O 
were simultaneously introduced into the mixture of OA (6 mL) and ODE 
(14 mL) to obtained the stock solution for the following reaction.

Synthesis of NaErF4@NaYbF4 Core/Shell Nanocrystals: Core/shell 
nanocrystals were prepared through an epitaxial growth approach 
by using the as-prepared of NaErF4 particles as cores. Typically, 
Yb(CH3COO)3 · xH2O (0.4 mmol) was added into a 50 mL flask containing 
7 mL of ODE and 3 mL of OA. The mixture was kept at 150 °C for 30 min 
to form Yb-oleate complexes. After the temperature of Yb-oleate precursor 
solution was cooled down to room temperature, 0.4 mmol of NaErF4 
nanoparticles dispersed in 4 mL of cyclohexane were introduced, and the 
resulting mixture was then heated at 80 °C to remove the cyclohexane 
under vacuum. Subsequently, the reaction solution was cooled to 
50 °C. A methanol solution of 6 mL containing 1.0 mmol of NaOH and 
1.6 mmol of NH4F was introduced dropwise. Then the reaction mixture 
was processed according to the same procedures according to those 
described for preparing the core particles. The tunability of the NaYbF4 
intermediate layer thickness was realized by varying the amount of Yb 
shell precursor and the amount of NaOH and NH4F for growing NaYbF4 
accordingly, with the rests remaining unchanged. The above procedures 
were also used to prepare NaErF4@NaYF4 core/shell nanocrystals.

Synthesis of NaErF4@NaYbF4@NaYF4 Core/Shell/Shell Nanocrystals: 
Core/shell/shell nanocrystals were prepared through further epitaxial 
growth of NaYF4 according to the procedures mentioned above for 
growing NaYbF4 intermediate layer.

Preparation of Water-Soluble Nanoparticles: The water-soluble 
nanoparticles were prepared via a ligand exchange reaction. ≈5 mL 
THF containing 10 mg of purified nanoparticles was dropwise added 
into 5 mL of THF containing 100 mg of mal-PEG-dp. After the ligand 
exchange reaction took place overnight at room temperature, the 
PEGylated particles were precipitated by cyclohexane and then washed 
with cyclohexane for three cycles, dried under vacuum at room 
temperature and finally dispersed in Milli-Q water for further use.

Characterization of the Nanoparticles: The TEM and HRTEM were 
carried out with Hitachi HT-7700 and JEM 2100F microscopes operating 
at 120 and 200 kV, respectively, for characterizing the particle size, 
shape, crystalline structure. The particle size was determined by 
counting more than 300 particles per sample. In addition, the SAED 
measurements were carried out for further showing the phase structure 
of the resulting nanocrystals. The concentration of the rare earth 
elements in different samples was determined by using ICP-AES 6300DV 
after the particles were eroded with a concentrated mixture of nitric acid 
and hydrogen peroxide. The up- and down-conversion luminescence 
spectra were measured by Edinburgh Instruments FLS 920 equipped 
with 980 and 808 nm CW laser diodes (1 W) as the excitation sources. 
The transient up- and down-conversion luminescence was recorded on 
Deltaflex Fluorescence Lifetime Instrument (HORIBA) amounted with 
980 and 808 nm pulsed laser diodes. The absolute QY was measured 
with an integrating sphere (Edinburgh) under 980 nm laser excitation 
and the luminescence was detected with a NIRPMT (R5509) detector. 
DLS measurements were carried out at 298.0 K with Nano ZS (Malvern) 
equipped with a solid state He-Ne laser (λ = 632.8 nm) for monitoring 
the hydrodynamic profiles of the particles.

Preparation of the Nanoprobes: Jeffamine modified FA was covalently 
conjugated to the PEGylated NaErF4@NaYbF4@NaYF4 nanoparticles 
via “click” reaction. In detail, ≈0.5 mg of jeffamine-modified FA was 

mixed with 0.2 mg of 2-iminothiolane hydrochloride in 1 mL water, 
and the reaction mixture was kept at room temperature for 2 h. Then, 
6 mg of PEGylated nanoparticles was added into the above solution and 
the conjugation reaction was allowed for 30 min. The resulting NP-FA 
conjugates were purified with 30 k MWCO centrifugal devices to remove 
the unreacted jeffamine-FA, then transferred into 1 × PBS buffer, and 
finally stored at 4 °C for further use.

Cell Culture and In Vitro Cellular Imaging: Human colorectal cancer 
cell line LS180 was cultured in a medium of DMEM high glucose and 
F-12K nutrient mixture (1:1) supplemented with 10% fetal bovine serum 
and 1% penicillin-streptomycin solution (100 ×) at 37 °C under a 5% 
CO2 atmosphere. MTT assays were carried out to study the cytotoxicity. 
Typically, LS180 cells were seeded into a 96-well cell culture plate 
by 5 × 103 cells per well under 100% humidity, and then cultured at 
37 °C in an atmosphere containing 5% CO2 for 24 h. The NP-FA and 
the mother PEGylated particle were added into the wells by a series 
of concentrations, respectively, and incubated with the cells for 24 h 
at 37 °C under 5% CO2. Subsequently, the supernatant containing 
the excrescent samples was decanted, and the cells were incubated 
for another 48 h at 37 °C under 5% CO2. After that, 10 μL of MTT  
(5 mg mL−1) was added to each well and incubated for 4 h at 37 °C under 
5% CO2. Thereafter, 150 μL of DMSO was added into every well, and the 
assay plate was shaken at 37 °C for 15 min. The optical density of each 
well at 490 nm was recorded on a microplate reader (Thermo, Varioskan 
Flash), while the optical density at 630 nm was used as reference.

The in vitro cellular imaging was then carried out for verifying the 
binding specificity of the nanoprobes to their targets. Approximately, 
106 LS180 cells were seeded in the wells of two confocal capsules and 
incubated overnight at 37 °C under 5% CO2 to allow a firm adherence. 
After being rinsed with PBS buffer, the cells were incubated with the 
nanoprobes and the nanoparticles, respectively, for 6 h at 37 °C. 
After that, the cells were rinsed three times with PBS to remove the 
unbound particles. The cells were further incubated with 5 μg mL−1 
Hoechst 33 342 for nuclei staining. The cell images were observed with 
a confocal microscope (A1R-Nikon) equipped with 980 nm CW laser. 
The luminescence signals through Green Channel (506–594 nm) and 
Red Channel (604–696 nm) were collected. For the nuclei imaging, the 
excitation line was tuned to 405 nm and the fluorescence signals were 
collected in through a transparent range of 420–520 nm.

Pharmacokinetics of NP-FA Nanoprobes: The NP-FA and nanoparticles 
were labeled with 99mTc according to the previous work.[33] Single photon 
emission computed tomography/computed tomography images of two 
groups of BALB/c nude mice were captured at different time points after 
intravenously delivering the NP-FA and nanoparticles, respectively. The 
radioactivity of heart was determined to monitor the signal of blood by 
PMOD software, and the blood residence time was fitted with a one-
compartment model by GraphPad software.

Animal Tumor Model and In Vivo Imaging: The tumor models 
were established upon subcutaneous or intraperitoneal injections of 
LS180 cells (≈5 × 106) into 4 weeks old male BALB/c nude mice. The 
tumor imaging studies were carried out 5–7 d after the inoculation of 
tumor cells.

The up- and down-conversion luminescence images of nude mice 
bearing subcutaneous and intraperitoneal tumors were acquired with 
IVIS Spectrum in vivo imaging system (PerkinElmer Inc., Waltham, 
Massachusetts) and NIR II Imaging System (Serious II 900-1700) 
manufactured by Suzhou NIR-Optics Co., Ltd. (China). In detail, the nude 
mice were anesthetized, and then the nanoprobes were intravenously 
injected through tail vein (15 mg of Er3+ per kilogram body weight), while 
the same dose of mother PEGylated particles were intravenously injected 
in another mouse as the control. For up-conversion luminescence 
imaging, the excitation light of 980 nm (100 mW cm−2) pulsed laser was 
adopted, while a narrow bandpass filter of 650–690 nm (OD4) was used 
for collecting the emission centered at 655 nm, and the exposure time 
was set as 100 s. For NIR II down-conversion luminescence imaging, 
the excitation light of 808 nm (50 mW cm−2) CW laser was used, and 
a long-pass filter of 1250 nm (OD4) was used for collecting the NIR II 
signal. The exposure time was set as 200 ms. After imaging experiments, 
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the mice were sacrificed, and the major organs including tumors were 
harvested for ex vivo imaging. The major organs and tissues including 
liver, spleen, kidney, heart, lung, stomach, intestine, and tumor were also 
collected, weighed, dissected, and eroded with concentrated nitric acid 
and H2O2 for disclosing the biodistributions of the particles by ICP-AES 
at 24 h postinjection.

Histochemical and Immunohistochemical Study: Adjacent slices of 
the intraperitoneal tumor harvested after in vivo imaging studies were 
prepared. The first one was stained with H&E following the standard 
protocol. The second one was incubated with antivimentin antibody for 
EMT processes tracing. The third one was incubated with anti-FR for 
measure the expression of FR. Specifically, formalin-fixed and paraffin-
embedded tissue slices were deparaffinized and hydrated, and antigen 
retrieval was performed in citrate buffer (pH = 6.0). Then, endogenous 
peroxidase was inactivated with 3% hydrogen peroxide in methanol 
for 15 min, followed by incubation with bovine serum albumin to block 
nonspecific staining. Anti-FR or antivimentin antibody were then incubated 
with the slices overnight at 4 °C, after washing, the slices were treated with 
horseradish peroxidase-conjugated secondary antibody. After being stained 
with the diaminobenzidine kit, the cell nuclei were counterstained with 
hematoxylin. Finally, the stained slices were imaged with a microscopy.

Major organs of a group of mice (n = 3), including the heart, kidney, 
liver, lung, and spleen, were extracted 30 d postinjection of NP-FA, 
sectioned into thin slices, and stained with H&E for histological analysis. 
The control group of mice was treated with the same volume of 1 × PBS.

All animal experiments reported herein were carried out according to 
a protocol approved by Peking University Institutional Animal Care and 
Use Committee.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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