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Abstract 

Background: Fluorescence imaging as the beacon for optical navigation has wildly developed in preclinical studies 
due to its prominent advantages, including noninvasiveness and superior temporal resolution. However, the tradi-
tional optical methods based on ultraviolet (UV, 200–400 nm) and visible light (Vis, 400–650 nm) limited by their low 
penetration, signal-to-noise ratio, and high background auto-fluorescence interference. Therefore, the development 
of near-infrared-II (NIR-II 1000–1700 nm) nanoprobe attracted significant attentions toward in vivo imaging. Regret-
tably, most of the NIR-II fluorescence probes, especially for inorganic NPs, were hardly excreted from the reticuloen-
dothelial system (RES), yielding the anonymous long-term circulatory safety issue.

Results: Here, we develop a facile strategy for the fabrication of  Nd3+-doped rare-earth core–shell nanoparticles 
(Nd-RENPs),  NaGdF4:5%Nd@NaLuF4, with strong emission in the NIR-II window. What’s more, the Nd-RENPs could be 
quickly eliminated from the hepatobiliary pathway, reducing the potential risk with the long-term retention in the 
RES. Further, the Nd-RENPs are successfully utilized for NIR-II in vivo imaging and magnetic resonance imaging (MRI) 
contrast agents, enabling the precise detection of breast cancer.

Conclusions: The rationally designed Nd-RENPs nanoprobes manifest rapid-clearance property revealing the 
potential application toward the noninvasive preoperative imaging of tumor lesions and real-time intra-operative 
supervision.
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Background
Malignant tumor, one of the deadliest diseases in the 
world, threatens the health of human beings necessitat-
ing uninterrupted effort toward the accurate controlled 
diagnosis and therapeutic strategy of cancer, conversely, 
promoting the development of high precise, and high 
efficiency technology in the clinic. Recently, the optical 
method attracts significant attention due to its capabil-
ity to offer noninvasive, high spatial resolution and the 
ability to provide physiological and pathological informa-
tion for diverse biomedical applications [1–3]. Neverthe-
less, the traditional optical technology based on UV or 
Vis light prevents further development owing to its low 
absorption and scattering, reduced background auto-
fluorescence interaction by the tissue [4–6]. Hence, it’s 
urgent to explore a new strategy that satisfied the future 
clinical demand.

NIR fluorescence probe with deep tissue penetra-
tion and high signal-to-noise ratio presents significant 
advantages toward clinical diagnostics and interven-
tions. Up to now, the NIR fluorescence dye indocyanine 
green (ICG) has been approved by the US Food and 
Drug Administration (FDA) [7]. To this end, the com-
mercially available ICG probe has been widely used for 
the tracing of lymph nodes in breast and gastric can-
cers [8, 9]. In order to meet the multilevel and diverse 

demands in clinic, it is essential to exploit the high res-
olution and precision in vivo imaging technology based 
on the NIR-II probe [10–12]. Now various NIR-II fluo-
rescence probes, including rare earth-doped nanopar-
ticles (RENPs) [13, 14], quantum dots semiconductor 
[15, 16], single-walled carbon nanotubes [17–19], and 
organic molecules [20, 21], have been widely developed 
in recent years. Among these probes, RENPs manifest 
special advantages, such as large Stokes shift, narrow 
and multi-peak emission profiles, and photostability, 
which make them potent for biomedical applications 
[22–24]. For instance, Ren et  al. reported an Er-based 
lanthanide nanoparticle with strong NIR-II fluores-
cence, which enables the imaging-guided surgery of 
orthotopic glioma [25]. Moreover, Cheng et  al. syn-
thesized  Nd3+-doped rare earth nanoparticles, which 
were appropriated for NIR-II and T2-weighted MRI 
dual imaging in an orthotopic hepatocellular carcinoma 
[26]. These findings manifest that RENPs have wide 
prospects for biological imaging.

Nevertheless, extensive studies revealed that RENPs 
often severely accumulated in the RES organs (liver and 
spleen) [27] resulting in potential toxicity due to the release 
of rare earth metal ions, which is a significant hindrance to 
the application of RENPs in vivo imaging [27–29]. There-
fore, the development of a rapid clearance RENP probe 
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from RES and utilized for accurate diagnosis of diseases is 
urgent, which requires further investigation.

Here, we report a facile strategy for the synthesis of 
 Nd3+-doped RENPs with NIR-II fluorescence property and 
high signal-to-background ratio. After the surface modifi-
cation by polyethylene glycol (PEG) consisting of a meth-
oxy group at one end and a diphosphate group at the other 
end, the Nd-RENPs present good biocompatibility based 
on the in vitro and in vivo test, yielding the potential clini-
cal applications. Interestingly, the Nd-RENPs probe could 
be excreted quickly from the RES system via the hepatobil-
iary pathway (half-life of 15.8 h in the liver) and rapid clear-
ance from the blood circulation system (Fig.  1a). What’s 
more, the high resolution dual-modal imaging technology, 
including the NIR-II optical and MRI method, is utilized 
for sensitive detection of breast tumor with explicit bound-
ary information. Overall, these findings revealed that the 
Nd-RENPs with the properties of good fluorescence per-
formance and rapid clearance from the liver are potential 
probes for the real-time imaging of breast cancer in the 
NIR-II window.

Materials and methods
Materials and reagents
Gadolinium (III) chloride hexahydrate  (GdCl3·6H2O, 
99.9%), lutetium (III) chloride hexahydrate  (LuCl3·6H2O, 
99.99%), neodymium (III) chloride hexahydrate 
 (NdCl3·6H2O, 99.9%), sodium fluoride (NaF, 99.99%), 
sodium hydroxide (NaOH, 96%), oleic acid (OA, 85%), 
and 1-octadecene (ODE, 90%) were purchased from Alad-
din Co. Ltd. (Shanghai, China). Methyl thiazolyltetrazo-
lium (MTT) was obtained from Sigma-Aldrich Co. Ltd. 
(Shanghai, China). Tetrahydrofuran (THF) of analytical 
grade was purchased from Shanghai Titan Scientific Co. 
Ltd. (Shanghai, China). 99mTc was bought from Shanghai 
GMS Pharmaceutical Co., Ltd. (Shanghai, China). PEG 
 (CH3O-PEG-DP, Mw: 2000) with diphosphate group at one 
end and methoxy group at the other end were customized 
products provided by Beijing Oneder Hightech Co. Ltd. 
(Beijing, China). All reagents were used as received without 
any purification.

Synthesis of  NaGdF4:5%Nd core nanoparticles
First, the ultra-small lanthanide fluoride nanocluster 
 (NaLnF4 (Ln = Gd, Nd, Lu)) precursors were prepared in 
accordance with the liquid–solid-solution (LSS) strategy 

[30]. In a typical preparation, sodium hydroxide (1.2  g), 
deionized water (4  mL), 8  mL ethanol, and 20  mL OA 
were added in a 50  mL flask successively. After stirring 
for 10 min, 1 mL of gadolinium (III) chloride hexahydrate 
aqueous solution (0.5 mol/L) and 4 mL of sodium fluoride 
solution (0.5 mol/L) were added dropwise. The resultant 
solution was stirred at room temperature for 1 h until a 
yellowish solution formed. The solution was then precipi-
tated with ethanol to collect  NaGdF4 nanoclusters. Fol-
lowing washing with ethanol several times, the  NaGdF4 
nanoclusters were dispersed in cyclohexane (2  mL) for 
further use. The  NaNdF4 and  NaLuF4 nanoclusters were 
prepared similarly. The well-prepared  NaGdF4 nano-
clusters (0.25  mol/L) and  NaNdF4 nanocluster solution 
(0.0125  mol/L) were later dissolved together in 2  mL 
cyclohexane. Subsequently, the  NaGdF4/NaNdF4 solu-
tion was mixed with 6 mL OA and 10 mL ODE in a flask. 
The mixture was purged with nitrogen  (N2) at 70  °C for 
30 min to remove the cyclohexane thoroughly and then 
heated to 280 °C at a rate of approximately 10 °C/min and 
stirred for 30  min. After cooling to room temperature, 
the resultant nanoparticles were precipitated by ethanol 
and collected by centrifugation at 11,000 rpm for 5 min. 
Finally, precipitation was re-dispersed in cyclohexane for 
further experiments.

Synthesis of  NaGdF4:5%Nd@NaLuF4 core–shell 
nanoparticles
NaLuF4 shell was synthesized following a similar pro-
cess to the  NaGdF4:5%Nd preparation. The well-
prepared  NaGdF4:5%Nd nanoparticles, 0.5  mmol 
 NaLuF4 nanocluster solution, and OA and ODE were 
added to a flask and reacted to fabricate OA-coated 
 NaGdF4:5%Nd@NaLuF4 core–shell nanoparticles.

As a typical example, 100  mg of PEG-diphos-
phate ligand (DP-PEG2000) and 10  mg of OA-coated 
 NaGdF4:5%Nd@NaLuF4 core–shell RENPs were mixed 
with 5 mL THF. The ligand exchange was then executed 
under the condition of stirring for 24  h at 40  °C. The 
PEG-coated particles were precipitated by cyclohexane, 
washed with cyclohexane thrice, and dried in a vacuum 
at room temperature for 4  h. The dried particles were 
dispersed in Milli-Q water and purified by ultrafiltration 
three times to remove free polymers. The resultant solu-
tion was finally dispersed in Milli-Q water for further use.

(See figure on next page.)
Fig. 1 Characterizations of  NaGdF4:5%Nd@NaLuF4 NPs. a Schematic illustration of Nd-RENP fabrication. b TEM image of  NaGdF4:5%Nd cores (scale 
bar, 100 nm). c TEM image of  NaGdF4:5%Nd@NaLuF4 core–shell NPs (scale bar, 100 nm). d Diameter distribution of core and core–shell RENPs. 
e Downconversion photoluminescence spectra of core RENPs  (NaGdF4:5%Nd) and core–shell RENPs  (NaGdF4:5%Nd@NaLuF4) under 808 nm 
excitation laser. f The fluorescence image of  H2O, core, and core–shell RENPs was obtained using an 808 nm excitation laser. The fluorescence 
signals were collected via a 1000 nm long-pass filter. g Fluorescence emission spectra of OA-modified Nd-RENPs and PEGylated Nd-RENPs under 
808 nm laser
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Fig. 1 (See legend on previous page.)
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Characterization
The size and morphology of the nanoparticles were cap-
tured with an FEI Tecnai G20 transmission electron 
microscope (TEM, FEI, USA) operating at an accelera-
tion voltage of 200 kV. The hydrodynamic size was meas-
ured at 25  °C with Zetasizer Nano ZS90 (Malvern, UK) 
equipped with solid-state He–Ne laser (λ = 633  nm). 
The concentration of the rare-earth elements was meas-
ured by inductively coupled plasma-mass spectroscopy 
(ICP-MS). The down-conversion fluorescence spectra 
were recorded using FLS980 spectra (Edinburgh Instru-
ments, UK) equipped with an 808 nm laser serving as the 
excitation source. The crystal structures of nanoparticles 
were characterized with the Shimadzu XRD-6000 X-ray 
diffractometer (XRD) equipped with Cu Ka1 radiation 
(λ = 0.15406 nm).

The quantum yields (QYs) of PEGylated Nd-RENPs 
in water were evaluated via the previously reported 
method that takes IR-26 dye as a standard (QYs = 0.5%) 
[31]. All fluorescence was collected by FLS980 spec-
tra under excitation of 808  nm laser. The absorption 
spectra of Nd-RENPs and IR-26 were recorded with 
Lambda 25 ultraviolet–visible (UV–Vis) spectrometer 
(Perkin-Elmer, USA). The relative QYs of the RENPs-
PEG were calculated in the following formula (1): 
�s = �r (Fs/ Fr) × (Ar/ As) ×

(

n2s / n
2
r

)

, where Ф rep-
resents QYs, and  Fs and  Fr respectively denote the inte-
gral areas of photoluminescence (PL) of Nd-RENPs and 
IR-26 under excitation of 808 nm laser [32, 33].  Ar and  As 
are the NIR absorbance of the reference and samples at 
808 nm, respectively, and n is the refractive index of the 
solvent  (ns = 1.33 for water,  nr = 1.44 for dichloroethane).

Cytotoxicty of Nd‑RENPs
The cytotoxicity of core–shell Nd-RENPs was assessed by 
MTT assays. Briefly, 4T1 cells were seeded into 96-well 
plates at a concentration of 6 ×  103 cell/well and cultured 
under the condition of 37  °C and 5%  CO2 for 24 h. The 
cells were then incubated with media containing differ-
ent concentrations of Nd-RENPs (0, 5, 10, 25, 50, 100, 
and 200  μg/mL), which were quantified with the con-
centration of gadolinium (Gd). The cells were added 
with MTT (5  mg/mL, 10 μL/well) after incubation for 
24 h and incubated at 37 °C for 4 h. Thereafter, 100 μL of 
DMSO was added to each well. Following 15 min shak-
ing, the 96-well plate was detected by EnSpire® Multi-
mode Plate Reader (PerkinElmer, USA) at 490  nm. Cell 
viability was calculated in accordance with the formation: 
(

Asample − Ablank/Acontrol − Ablank

)

× 100% [34].

Hemolysis test
First, 1  mL collected whole blood cells were added into 
2  mL phosphate-buffered saline (PBS). Red blood cells 

(RBCs) were collected by centrifugation (500 g, 10 min). 
The above steps were repeated for 3 times to purify 
RBCs. Then, different concentrations of Nd-RENPs were 
added into freshly isolated RBCs. After incubation of 3 h 
under the condition of 37  °C, RBCs were centrifuged at 
10,000 rpm for 5 min. Hemolysis capability was appraised 
by measuring the absorbance of supernatants at 540 nm. 
PBS treatment was acted as the negative control, and 
deionized water treatment was adopted as the positive 
control. The hemolysis ratio was calculated by the follow-
ing formula: hemolysis % = (sample absorbance

−negative control absorbance
)

/(positive control

absorbance − negative control absorbance
)

× 100% 
[35].

Animal tumor model construction
All animal experiments were executed in accordance 
with guidelines approved by the ethics committee of Soo-
chow University (Soochow, China). Specific pathogen-
free grade BALB/c female mice (4–5  weeks old) were 
selected and fed adaptively for one week before tumor-
bearing. Tumor-bearing was conducted by subcutane-
ous inoculation of 5 ×  106 4T1 cells into mice at the right 
flank region on the back of the mice.

NIR‑II fluorescence imaging
The nude mice were anesthetized with isoflurane, and 
then DP-PEG2000-modified Nd-RENPs were admin-
istered through intravenous injection (15  mg of  Gd3+ 
per kilogram body weight). In  vivo NIR-II fluorescence 
imaging was performed by the NIR-II Imaging System 
(Serious II 900–1700) under the excitation of 808  nm 
laser (45  mW/cm2). NIR-II photoluminescence images 
were obtained by using the long-pass filter of 1250 and 
1000  nm. The tumor-to-background ratio (TBR) of two 
signal channels was calculated using the following equa-
tion: TBR =

[(

mean fluorescence intensity of tumor
)

−
(

mean fluorescence intensity of background
)]

/
(

mean fluorescence intensity of background
)]

 . Addition-
ally, liver-to-background ratio (LBR) was introduced as 
an evaluation index to evaluate the changing trend of 
liver signals in different periods (LBR = [(mean fluores-
cence intensity of liver)-(mean fluorescence intensity of 
background)]/[(mean fluorescence intensity of normal 
tissue)-(mean fluorescence intensity of background)]).

Biodistribution of Nd‑RENPs
The biodistribution of Nd-RENPs was analyzed by 
fluorescent quantitation and SPECT/CT imaging. The 
BALB/c mice (n = 3) were imaged under the NIR-II 
imaging system at different time points after intrave-
nous administration for fluorescent quantitation. Sub-
sequently, the mice were sacrificed at 1, 24, 48, and 72 h 
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post-injection. The major organs and tissues, including 
heart, liver, spleen, lung, kidneys, small intestine, large 
intestine, feces, and stomach, were taken and imaged 
ex vivo under the NIR-II imaging system. Finally, fluo-
rescence was quantitated to analyze the distribution of 
Nd-RENPs. Radioactive Technetium-99  m (99mTc) was 
labeled on Nd-RENPs for SPECT/CT imaging through 
the chelating effect between the phosphate group and 
99mTc according to the reported method [36, 37]. The 
obtained 99mTc-labeled nanoparticles were injected into 
BALB/c mice via tail vein with a 50  mCi/kg dose. The 
SPECT/CT images were then recorded at various time 
points by SPECT/CT scanner (MILabs, the Nether-
lands) [scan time: 10  min/frame; Field of view (FOV): 
26 × 26 × 70  mm3; resolution: 0.6  mm]. The acquired 
SPECT/CT images were reconstructed by MILabs soft-
ware and fused with PMOD software. Quantification 
was performed by selecting the desired organs using 
the quantification tool of PMOD software.

Blood circulation behavior of Nd‑RENPs
Three healthy BALB/c mice were intravenously injected 
with the Nd-RENPs at a dosage of 10  mg/kg. Blood 
samples were drawn from their eye sockets at different 
time points (5, 10, 15, 30, and 45 min; 1, 1.5, 2, 4, 8, 12, 
24, and 48 h) after injection. The contents of Gd in the 
blood samples were measured by ICP-MS after diges-
tion with the mixture of  HNO3 and  H2O2. The decay 
curve of Gd contents in the blood was fitted with an 
exponent quadratic model.

In vivo MRI
MRI was performed through a 3-Tesla MRI scan-
ner (MR Solution, UK) at 5, 15, 30, 60, 90, 120, and 
240  min after Nd-RENP (15  mg/kg) administration. 
Multislice coronal T1-weighted images were obtained 
from the abdomen of each mouse by using a fast spin-
echo sequence with fat saturation [repetition time (TR) 
/ echo time (TE) = 850/11  ms, Flip angle (FA) = 90, 
FOV = 40]. The tumor contrast was assessed by ImageJ 
software after Nd-RENPs administration.

Histological analysis
Major organs (heart, liver, spleen, lung, and kidney) of 
mice were harvested on day 7 after intravenous injec-
tion to assess the histological toxicity caused by Nd-
RENPs. The histological toxicity was evaluated by 
optical microscope following placement in 10% neu-
tral buffered formalin, routine processing into paraffin, 

sectioning into thin slices, and performing hematoxy-
lin–eosin staining (H&E).

Results and discussion
Synthesis and characterization
Figure  1a displayed the schematic illustration of the 
 NaGdF4:5%Nd@NaLuF4 NPs. Firstly, different  NaLnF4 
nanoclusters (Ln = Gd, Nd, Lu) were prepared in 
accordance with the literature method called LSS, 
which is based on general phase transfer and sepa-
ration mechanism [30, 38].  NaGdF4,  NaNdF4, and 
 NaLuF4 nanoclusters were respectively employed as 
core, dopant, and shell to achieve Nd-RENPs through 
reaction. TEM images showed that the average diam-
eter of the core RENPs  (NaGdF4:5%Nd) and core–shell 
RENPs  (NaGdF4:5%Nd@NaLuF4) were approximately 
14.7 ± 1.9 and 25.7 ± 2.3  nm, respectively (Fig.  1b–d). 
Some Nd-RENPs were spherical, while the others were 
short-rod shaped. The XRD peaks of Nd-RENPs (Addi-
tional file  1: Fig. S1a and b) were displayed consistent 
with the standard card of  NaGdF4 (JCPDS: 27-0699) 
and  NaLuF4 (JCPDS: 27-0726), indicating the good 
crystallinity of core–shell Nd-RENPs without signifi-
cant changes with the adding of  Nd3+ dopants. There-
after, the fluorescence property of NPs was analyzed 
by FLS980 spectra. As indicated from the fluorescence 
spectra in Fig. 1e, the core RENPs  (NaGdF4:5%Nd) and 
core–shell RENPs  (NaGdF4:5%Nd@NaLuF4) possessed 
two emission peaks (1060 and 1340 nm) in the NIR-II 
region under the excitation of 808  nm laser. The fluo-
rescence intensity of core–shell Nd-RENPs at the same 
molar concentration increased 3.4 times at 1060  nm 
comparing with that of the core NPs. This phenom-
enon is attributed to the  NaLuF4 shell coating, which 
can effectively decrease the non-radiative transition 
process of  Nd3+ ions [39]. The result was also verified 
by fluorescence imaging. Figure  1f shows that unlike 
 H2O without fluorescence, core RENPs and core–
shell RENPs demonstrated strong fluorescence under 
the excitation of 808  nm laser. The core–shell RENPs 
exhibited stronger photoluminescence intensity com-
pared with core RENPs, which should be facilitated for 
the in vivo bioimaging. However, the oleate ligands on 
the surfaces of the RENPs contributed to the reduced 
solubility of particles in water, which was not condu-
cive to their biomedical applications. The functional 
PEG polymer was adopted to replace the oleate ligand 
to improve the water solubility and biocompatibility 
of Nd-RENPs. The PEGylated Nd-RENPs (Additional 
file 1: Fig. S2) displayed the similar morphology to that 
of unmodified RENPs. The fluorescence spectra result 
revealed that the fluorescence intensity at 1060 nm was 
decreased by nearly 4.2 times after surface modification 
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(Fig.  1g), namely, the ligands exchange step could 
damage the passivation effect and expose more sur-
face defect resulting in the quenching of the PL of the 
synthesized NPs. The relative photoluminescence QYs 
were quantified to further verify the photolumines-
cence intensity of Nd-RENPs. The result (Additional 
file 1: Fig. S3) showed that the relative QY of Nd-RENPs 
was 0.89%, which is higher than the similar nanoprobe 
reported in previous literature [22, 38, 40]. In addition, 
our results indicated that the tissue penetration depth 
in chicken breast tissue is up to 1 cm (Additional file 1: 
Fig. S4).

The dynamic light scattering (DLS) and fluorescence 
spectra of Nd-RENPs at different time points were ana-
lyzed to evaluate the physicochemical stability and pho-
tostability of the PEGylated Nd-RENPs, which were 
important for their applications. The results of DLS dis-
played that PEGylated core–shell Nd-RENPs possessed 
a single scattering peak located at 32.7 nm in water, PBS 
(pH = 7.4), 10% FBS, and the peak remained the same 
within three days (Fig. S5a, b, c). Additionally, the NIR-
II fluorescence intensity did not decrease in three days 
(Additional file 1: Fig. S5d, e, f ), suggesting the high pho-
tostability of the NIR-II Nd-RENPs in water PBS and 

FBS. Moreover, as demonstrated in Additional file  1: 
Fig. S6, the zeta potential of Nd-RENPs remained nearly 
unchanged in 72 h. Those results demonstrated the good 
physicochemical stability of the Nd-RENPs. Herein, the 
fluorescence property and stability indicate the potential 
application in bioimaging.

Toxicity assays
Biocompatibility is essential for the application of imag-
ing probes. The potential cytotoxicity of PEGylated core–
shell Nd-RENPs was investigated in this study by MTT 
and hemolysis assays. Figure  2a and b showed that the 
cell viabilities (4T1 and MCF-7 cells) exceeded 80% after 
treatment with the Nd-RENPs for 24  h, even when the 
concentration of  Gd3+ is as high as 200 µg/mL. Addition-
ally, the hemolysis percentage of the RBCs was remark-
ably lower than 5% (limiting value) [41] after Nd-RENPs 
incubation, demonstrating the remarkable hemocompat-
ibility of Nd-RENPs (Fig. 2c, d).

NIR‑II imaging of subcutaneous tumor
Optical imaging is a promising method for diagnosis 
because of the absence of radiation and high tempo-
ral resolution. Traditional fluorescence imaging in the 

Fig. 2 In vitro toxicity of Nd-RENPs. a, b Cytotoxicity caused by Nd-RENPs in 4T1 (a) and MCF-7 (b) cell lines was analyzed by MTT after incubation 
for 24 h. c, d Hemolysis activity of Nd-RENPs was appraised by color observation (c) and spectrophotometry (d)
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visible light region is used in vitro due to its poor tissue 
penetration and signal to noise ratio (SNR). The NIR-II 
nanoprobes which are characterized by deep tissue pen-
etration (up to several centimeter) [42], high imaging 
fidelity (even cover by 8  mm chicken breast tissue) [43] 
and weak tissue autofluorescence, are suitable for the 
diagnosis of in vivo imaging. Therefore, a simple subcu-
taneous model was constructed to evaluate the imaging 
performance of Nd-RENPs in the NIR-II region. Fol-
lowing the injection of Nd-RENPs (15  mg of  Gd3+ per 
kilogram body weight) into the tumor-bearing mice 
via tail vein, NIR-II fluorescence images were acquired 
at different time points (15  min, 2, 4, 8, and 24  h). The 
multiplexed intravital NIR-II fluorescence imaging was 
conducted with the aid of different types of filters (long-
pass filter of 1250 and 1000 nm) due to the fluorescence 

emission of Nd-RENPs at 1060 and 1340  nm. Figure  3a 
and b indicated the presence of fluorescence signal after 
15  min post-injection. The NIR-II fluorescence signal 
increased in the first 4  h post-injection, and the signal 
reached the maximum at 4  h (Fig.  3c, d). Subsequently, 
the signal decreased significantly. Moreover, 1340  nm 
fluorescence has a lower background (TBR = 8.2) and 
higher resolution than that of 1060  nm (TBR = 2.5). 
Owing to the minimal autofluorescence, low scattering 
and absorbance of NIR-II emission at 1340  nm afford 
high SNR and deep tissue penetration depth comparing 
with that of fluorescence at 1060  nm, which facilitates 
the NIR-II optical imaging of tumor. Real-time visuali-
zation of tumors also opens the possibility of Nd-RENPs 
for accurate detection during surgery. Thus, Nd-RENPs 
are promising nanoprobes for the potential applications 

Fig. 3 In vivo Imaging based on the Nd-RENPs in the NIR-II region. a, b NIR-II fluorescence images of 4T1-tumor-bearing mice at 1060 and 1340 nm 
after Nd-RENP administration. c, d TBR and LBR were calculated by the NIR-II fluorescence imaging of mice at 1060 and 1340 nm. TBR = [(mean 
fluorescence intensity of tumor)-(mean fluorescence intensity of background)]/[(mean fluorescence intensity of normal tissue)-(mean fluorescence 
intensity of background)]. LBR = [(mean fluorescence intensity of liver)-(mean fluorescence intensity of background)]/[(mean fluorescence intensity 
of normal tissue)-(mean fluorescence intensity of background)] (n = 3)
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in surgical navigation of NIR-II imaging. Notably, the 
fluorescence signal in the liver rapidly decreased, and 
the LBR dropped from a peak of 21.7 at 4 h to 5.1 after 
administration for 24 h, suggesting the rapid clearance of 
Nd-RENPs from the liver. It is distinct from most of the 
NIR-II inorganic fluorophores that lingered in the liver 
[13, 44].

In vivo pharmacokinetics of Nd‑RENPs
Further experiments were performed to investigate the 
metabolism of the Nd-RENPs. Figure  4a demonstrated 
the gradual increase of the fluorescence signals in the 
liver after administration and peaking at 4  h. Subse-
quently, the signal in the liver began to decrease, and it 
was invisible after injection for 72 h, indicating the clear-
ance of almost all particles from the liver. The in  vivo 
half-life of Nd-RENPs in the liver was calculated as 15.8 h 
(Fig. 4b), which is significant short than the similar nano-
probes reported previously [13, 29, 44] and close to that 
reported by Yang and co-workers [45]. In addition, the 
pharmacokinetic results presented in Fig.  4c revealed 
that the blood half-life of nanoparticles is around 

10.5  min, which contributed to rapid clearance in  vivo. 
The high-magnification NIR-II imaging of hind-limb 
vessels was recorded after intravenous administration 
of core–shell Nd-RENPs due to the outstanding optical 
properties (Additional file 1: Fig. S8a). The Full Wave at 
Half Maximum (FWHM) was 804 µm (Additional file 1: 
Fig. S8b), which was measured by plotting the red line of 
vessel profiles in Additional file  1: Fig. S6a. The NIR-II 
signal intensity measured by the same vessel in the hind 
limb (Additional file 1: Fig. S8c) gradually declined dur-
ing the 60 min post-injection, which illustrated the rapid 
blood clearance of Nd-RENPs.

The biodistribution of Nd-RENPs was conducted by 
fluorescence quantitation in the NIR-II region. It revealed 
that Nd-RENPs were mainly distributed in the liver and 
spleen after administration (Fig. 5a, b, respectively). The 
fluorescence signals in the liver and spleen significantly 
decreased with the prolongation of administration. The 
signal in the liver at 24 h post-injection was around five 
folds lower than that at 1  h and dropped over 90% at 
72 h (Fig. 5a, b), which is also supported by the data of 
Gd3 + biodistribution analyzed by ICP-MS (Additional 

Fig. 4 In vivo clearance behavior of Nd-RENPs. a NIR-II fluorescence images of a supine nude mouse after Nd-REN administration (Scale bar: 
10 mm). b Quantitation analysis of NIR-II fluorescence in the liver (calculated half-life of the liver was 15.8 h) corresponding to Fig. 4a. c Blood 
circulation behavior of Nd-RENPs (n = 3)
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file  1: Fig. S7). Meanwhile, the fluorescence intensity in 
feces and large intestine contents was analyzed. Figure 5 
shows that the signal was observed to be elevated at 
24 h, which indicated that the Nd-RENPs might excrete 
through the pathway from bile to feces.

Additionally, SPECT/CT was employed to further 
obtain comprehensive and real-time biodistribution 
information of Nd-RENPs, due to its outstanding tem-
poral resolution [25, 36]. The results shown in Fig.  6a 
implicated that the Nd-RENPs were quickly Fed from the 
circulatory system and then taken up by the RES system 
organs (liver and spleen). Subsequently, intense signal in 
intestine was gradually captured, suggesting the excre-
tion of Nd-RENPs through enterohepatic circulation 
from the liver to intestines. Moreover, the mice were sac-
rificed after injection for 24 h. The biodistribution of Nd-
RENPs in vital organs was analyzed by a gamma counter. 
As indicated in Fig. 6b, the ID%  g−1 value of the feces was 
significantly higher than that in the other organs (except 
liver and spleen), which also suggest the excretion path-
way of Nd-RENPs through enterohepatic circulation. We 
speculated that the rapid excretion of Nd-RENPs in vivo 
might be related to the surface modification of PEG and 
the suitable short-rod shape of Nd-RENPs, which have 
been proven to facilitate nanomaterial escape from the 
capture of RES system and promote the excretion of nan-
oparticles through the hepatobiliary route [32, 35, 36].

Magnetic resonance imaging of subcutaneous tumor
Although NIR-II imaging possesses superior temporal 
resolution, its low tissue resolution remains a prob-
lem. MRI, which is widely used in clinical diagnosis, 
has high tissue resolution. The integration of the two 
imaging technologies can effectively improve the diag-
nosis efficiency of the diseases. The design of NIR-II 
and MRI dual-functional probe is critical to the reali-
zation of the aforementioned integration. Rare-earth 
ions, such as  Gd3+,  Dy3+, and  Ho3+, are potent agents 
used to relax the water protons for MRI because they 
have either a large number of unpaired electrons in the 
4f orbitals and/or a large magnetic moment [46, 47]. 
In addition to the fluorescence performance in the 
NIR-II region, the core–shell Nd-RENPs exhibit inter-
esting magnetism due to the existence of  Gd3+. The 
longitudinal proton relaxation times (T1) relaxivity 
coefficient of the Gd-based Nd-RENPs was measured 
via a small MRI scanner under a 3 T magnetic field to 
investigate the MRI capability. Figure 7b shows that 1/
T1 depended on the concentration of  Gd3+, and the  r1 
value of Nd-RENPs was 1.09   mM−1   s−1, smaller than 
the rare earth nanoprobe we have reported previously 
[48], that may attributed to bigger size and less  Gd3+ 
content of Nd-RENPs. T1-weighted MRI was per-
formed on breast tumor-bearing mice to evaluate the 
dual-modal imaging capacity of Nd-RENPs in  vivo. 
The results displayed that the MRI signals of subcu-
taneous tumors gradually increased and progressively 

Fig. 5 Biodistribution of Nd-RENPs. a Ex vivo biodistribution of vital organs was analyzed by NIR-II fluorescence intensity at 1, 24, 48, and 72 h after 
intravenous administration. b Quantitation analysis of NIR-II fluorescence intensity of vital organs. (1. Heart, 2. liver, 3. spleen, 4. lung, 5. kidney, 6. 
small intestine, 7. large intestine, and 9. stomach) and 8. feces at different time points. (Scale bar: 10 mm, n = 3)
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moved toward the center of the lesion (Fig.  7a). The 
signal enhanced by 1.46-fold at 240  min compared 
with the previous one (Fig.  7c). Hence, as a potential 
MRI contrast agent, Nd-RENPs can provide comple-
mentary information for NIR-II imaging and improve 
the diagnosis effect of breast cancer.

Biocompatibility of Nd‑RENPs
Finally, H&E staining of major organs (heart, liver, 
kidney, spleen, and lung) was employed to further 
evaluate the biosafety of the Nd-RENPs. No clear 
pathological injury was observed from mice in the 
experimental groups after Nd-RENP administration 
for seven days compared with mice from the control 
group (Fig.  8). In addition, blood biochemical indices 
including alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), creatinine (Cre) were ana-
lyzed, and none of these blood biomarkers were sig-
nificantly altered compared with the control groups 
(Additional file  1: Fig. S9). These results revealed 
that the Nd-RENPs, as dual-imaging contrast agents, 

possess biocompatibility, which further illustrated 
their potential application in clinical diagnosis and 
imaging-guided surgery.

Conclusions
A kind of excretable NIR-II rare-earth nanoparticles, 
 NaGdF4:5%Nd@NaLuF4 core–shell Nd-RENPs, has been 
successfully synthesized in this study with high biocom-
patibility. The nanoparticles enabled optical-guided 
tumor detection without invasion and high spatial reso-
lution sensing in  vivo for intraoperative identification 
and navigation with the help of NIR-II imaging modal-
ity. Additionally, a comprehensive examination by sev-
eral methods verified that most of the Nd-RENPs could 
be eliminated in  vivo within 72  h via hepatic clearance 
route, which might be relative to the surface modification 
of Nd-RENPs and their short-rod shape which have been 
shown to be easily cleared from RES. Meanwhile, as mul-
tifunctional nanoprobes, Nd-RENPs could provide com-
prehensive MRI information pre-operatively. Moreover, 
in vitro and in vivo assays demonstrated the biocompati-
bility of Nd-RENPs. Consequently, this study reveals that 

Fig. 6 Biodistribution analysis by SPECT/CT imaging. a SPECT/CT images of mice after intravenous injection with the 99mTc-labeled Nd-RENPs. b The 
quantified biodistribution of Nd-RENPs in different organs
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Fig. 7 In vivo MRI of tumor-bearing mice. a  T1-weighted MRI of breast tumor after injection with Nd-RENPs for 0, 5, 15, 30, 60, 90, 120, and 240 min. 
The tumor area was marked with arrow. b  T1 relaxivity plot of the aqueous suspension of Nd-RENPs. c Mean intensity of MRI signals of tumors, n = 3

Fig. 8 Biocompatibility evaluation by histological analysis of major organs (heart, liver, spleen, lung, and kidneys) at 7 d after intravenous 
administration (Scale bar: 100 μm)
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the core–shell Nd-RENPs with the properties of suitable 
fluorescence and rapid metabolism have considerable 
value for clinical application in the accurate diagnosis of 
breast cancer.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12951- 021- 01112-y.

 Additional file1: Figure S1. Powder X-ray diffraction (XRD) patterns for 
 NaGdF4:5%Nd@NaLuF4 nanoparticles. Figure S2. TEM images of PEG-
modified  NaGdF4:5%Nd@NaLuF4 nanoparticles. Figure S3. Down-conver-
sion luminescence spectra of  NaGdF4:5%Nd@NaLuF4 nanoparticles and 
Dye IR-26. Figure S4. Comparison of the penetration and resolution of the 
Nd-RENPs at 1060 nm and 1340 nm. Figure S5. Stability analysis of core–
shell Nd-RENPs. Figure S6. Zeta potential of the PEGylated Nd-RENPs. Fig‑
ure S7. Biodistribution of Nd-RENPs was analyzed through ICP-MS. Figure 
S8. NIR-II imaging of the circulatory system. Figure S9. Blood biochemical 
indices were analyzed at 7 d after post-injection of Nd-RENPs. Table S1. 
The multimodal imaging of the lanthanum doped rare-earth NPs.

Acknowledgements
Not applicable.

Authors’ contributions
XW, LW, and MG conceived and designed the research. ZW, GD, SQ, DZ, BH 
conducted the experiments. ZW, GD, JZ, JC, CH, LW analyzed the results. All 
authors discussed on the results. ZW, GD, JZ, JC and LW co-write the manu-
script. LW and MG edited the manuscript. All authors have read and approved 
the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of China 
(81801751, 22006109), the Medical Scientific Research Project of Jiangsu 
Provincial Health Commission (H2019086), the Project of State Key Laboratory 
of Radiation Medicine and Protection, Soochow University (GZK1201915).

 Availability of data and materials
The data and materials in the current study are available from the correspond-
ing author on reasonable request.

Declarations

Ethics approval and consent to participate
All animal experiments were approved by the ethics committee of Soochow 
University.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing financial interest.

Author details
1 Department of Radiology, The First Affiliated Hospital of Soochow Uni-
versity, Institute of Medical Imaging, Soochow University, 188 Shizi Street, 
Suzhou 215000, Jiangsu, China. 2 Center for Molecular Imaging and Nuclear 
Medicine, State Key Laboratory of Radiation Medicine and Protection, School 
for Radiological and Interdisciplinary Sciences (RAD-X), Soochow University, 
Collaborative Innovation Center of Radiation Medicine of Jiangsu Higher 
Education Institutions, 199 Renai Road, Suzhou 215123, Jiangsu, China. 

Received: 18 September 2021   Accepted: 2 November 2021

References:
 1. Fan Y, Wang P, Lu Y, Wang R, Zhou L, Zheng X, Li X, Piper JA, Zhang F. 

Lifetime-engineered NIR-II nanoparticles unlock multiplexed in vivo 
imaging. Nat Nanotechnol. 2018;13:941–6.

 2. Wang P, Fan Y, Lu L, Liu L, Fan L, Zhao M, Xie Y, Xu C, Zhang F. NIR-II 
nanoprobes in-vivo assembly to improve image-guided surgery for 
metastatic ovarian cancer. Nat Commun. 2018;9:1–10.

 3. Li R-H, Feng X-Y, Zhou J, Yi F, Zhou Z-Q, Men D, Sun Y. Rhomboidal Pt 
(II) metallacycle-based hybrid viral nanoparticles for cell imaging. Inorg 
Chem. 2020;60:431–7.

 4. Li C, Chen G, Zhang Y, Wu F, Wang Q. Advanced fluorescence imaging 
technology in the near-infrared-II window for biomedical applications. 
J Am Chem Soc. 2020;142:14789–804.

 5. Wang S, Li B, Zhang F. Molecular fluorophores for deep-tissue bioimag-
ing. ACS Cent Sci. 2020;6:1302–16.

 6. Min X, Zhang J, Li R-H, Xia F, Cheng S-Q, Li M, Zhu W, Zhou W, Li F, Sun 
Y. Encapsulation of NIR-II AIEgens in virus-like particles for bioimaging. 
ACS Appl Mater Interfaces. 2021;13:17372–9.

 7. Tummers QR, Schepers A, Hamming JF, Kievit J, Frangioni JV, van de 
Velde CJ, Vahrmeijer AL. Intraoperative guidance in parathyroid surgery 
using near-infrared fluorescence imaging and low-dose Methylene 
Blue. Surgery. 2015;158:1323–30.

 8. Starosolski Z, Bhavane R, Ghaghada KB, Vasudevan SA, Kaay A, Annap-
ragada A. Indocyanine green fluorescence in second near-infrared 
(NIR-II) window. PLoS ONE. 2017;12: e0187563.

 9. Okubo K, Uenosono Y, Arigami T, Matsushita D, Yanagita S, Kijima T, 
Amatatsu M, Ishigami S, Maemura K, Natsugoe S. Quantitative assess-
ment of fluorescence intensity of ICG in sentinel nodes in early gastric 
cancer. Gastric Cancer. 2018;21:776–81.

 10. Cao J, Zhu B, Zheng K, He S, Meng L, Song J, Yang H. Recent progress in 
NIR-II contrast agent for biological imaging. Front Bioeng Biotechnol. 
2020;7:1–21.

 11. Sun Y, Ding F, Zhou Z, Li C, Pu M, Xu Y, Zhan Y, Lu X, Li H, Yang G. 
Rhomboidal Pt (II) metallacycle-based NIR-II theranostic nanoprobe for 
tumor diagnosis and image-guided therapy. Proc Natl Acad Sci USA. 
2019;116:1968–73.

 12. Sun Y, Ding F, Chen Z, Zhang R, Li C, Xu Y, Zhang Y, Ni R, Li X, Yang G. 
Melanin-dot–mediated delivery of metallacycle for NIR-II/photoa-
coustic dual-modal imaging-guided chemo-photothermal synergistic 
therapy. Proc Natl Acad Sci USA. 2019;116:16729–35.

 13. He S, Chen S, Li D, Wu Y, Zhang X, Liu J, Song J, Liu L, Qu J, Cheng Z. 
High affinity to skeleton rare earth doped nanoparticles for near-infra-
red II imaging. Nano Lett. 2019;19:2985–92.

 14. Zhang X, He S, Ding B. Cancer cell membrane-coated rare earth doped 
nanoparticles for tumor surgery navigation in NIR-II imaging window. 
Chem Eng. 2020;385: 123959.

 15. Ma JJ, Yu MX, Zhang Z, Cai WG, Zhang ZL, Zhu HL, Cheng QY, Tian ZQ, 
Pang DW. Gd-DTPA-coupled Ag2Se quantum dots for dual-modality 
magnetic resonance imaging and fluorescence imaging in the second 
near-infrared window. Nanoscale. 2018;10:10699–704.

 16. Tian R, Ma H, Zhu S, Lau J, Ma R, Liu Y, Lin L, Chandra S, Wang S, Zhu X, 
et al. Multiplexed NIR-II probes for lymph node-invaded cancer detec-
tion and imaging-guided surgery. Adv Mater. 2020;32:e1907365.

 17. Gong H, Peng R, Liu Z. Carbon nanotubes for biomedical imaging: the 
recent advances. Adv Drug Deliv Rev. 2013;65:1951–63.

 18. Robinson JT, Hong G, Liang Y, Zhang B, Yaghi OK, Dai H. In vivo 
fluorescence imaging in the second near-infrared window with long 
circulating carbon nanotubes capable of ultrahigh tumor uptake. J Am 
Chem Soc. 2012;134:10664–9.

 19. Welsher K, Sherlock SP, Dai H. Deep-tissue anatomical imaging of mice 
using carbon nanotube fluorophores in the second near-infrared 
window. Proc Natl Acad Sci USA. 2011;108:8943–8.

 20. Li D, Qu C, Liu Q, Wu Y, Hu X, Qian K, Chang B, He S, Yuan Y, Li Y, et al. 
Monitoring the real-time circulatory system-related physiological and 
pathological processes in vivo using a multifunctional NIR-II probe. 
Adv Func Mater. 2019;30:1906343.

 21. Zhu S, Tian R, Antaris AL, Chen X, Dai H. Near-infrared-II molecular dyes 
for cancer imaging and surgery. Adv Mater. 2019;31: e1900321.

https://doi.org/10.1186/s12951-021-01112-y
https://doi.org/10.1186/s12951-021-01112-y


Page 14 of 14Wei et al. Journal of Nanobiotechnology          (2021) 19:369 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 22. Liu B, Li C, Yang P, Hou Z, Lin J. 808-nm-Light-excited lanthanide-doped 
nanoparticles: rational design, luminescence control and theranostic 
applications. Adv Mater. 2017;29:1605434.

 23. Liu C, Hou Y, Gao M. Are rare-earth nanoparticles suitable for in vivo 
applications? Adv Mater. 2014;26:6922–32.

 24. Naczynski DJ, Tan MC, Zevon M, Wall B, Kohl J, Kulesa A, Chen S, Roth CM, 
Riman RE, Moghe PV. Rare-earth-doped biological composites as in vivo 
shortwave infrared reporters. Nat Commun. 2013;4:2199.

 25. Ren F, Liu H, Zhang H, Jiang Z, Xia B, Genevois C, He T, Allix M, Sun Q, Li Z, 
Gao M. Engineering NIR-IIb fluorescence of Er-based lanthanide nanopar-
ticles for through-skull targeted imaging and imaging-guided surgery of 
orthotopic glioma. Nano Today. 2020. https:// doi. org/ 10. 1016/j. nantod. 
2020. 100905.

 26. Ren Y, He S, Huttad L, Chua MS, So SK, Guo Q, Cheng Z. An NIR-II/MR dual 
modal nanoprobe for liver cancer imaging. Nanoscale. 2020;12:11510–7.

 27. Yu M, Zheng J. Clearance pathways and tumor targeting of imaging 
nanoparticles. ACS Nano. 2015;9:6655–74.

 28. Gulzar A, Xu J, Yang P, He F, Xu L. Upconversion processes: versatile bio-
logical applications and biosafety. Nanoscale. 2017;9:12248–82.

 29. Li D, He S, Wu Y, Liu J, Liu Q, Chang B, Zhang Q, Xiang Z, Yuan Y, Jian C, 
et al. Excretable lanthanide nanoparticle for biomedical imaging and sur-
gical navigation in the second near-infrared window. Advanced Science. 
2019;6:1902042.

 30. Wang X, Zhuang J, Peng Q, Li Y. A general strategy for nanocrystal synthe-
sis. Nature. 2005;437:121–4.

 31. Antaris AL, Chen H, Diao S, Ma Z, Zhang Z, Zhu S, Wang J, Lozano AX, 
Fan Q, Chew L, et al. A high quantum yield molecule-protein complex 
fluorophore for near-infrared II imaging. Nat Commun. 2017;8:15269.

 32. Zhao M, Ding J, Mao Q, Zhang Y, Gao Y, Ye S, Qin H, Shi H. A novel alphav-
beta3 integrin-targeted NIR-II nanoprobe for multimodal imaging-guided 
photothermal therapy of tumors in vivo. Nanoscale. 2020;12:6953–8.

 33. Du J, Liu S, Zhang P, Liu H, Li Y, He W, Li C, Chau JHC, Kwok RTK, Lam JWY, 
et al. Highly stable and bright NIR-II AIE dots for intraoperative identifica-
tion of ureter. ACS Appl Mater Interfaces. 2020;12:8040–9.

 34. Zhou H, Yi W, Li A, Wang B, Ding Q, Xue L, Zeng X, Feng Y, Li Q, Wang T, 
et al. Specific small-molecule NIR-II fluorescence imaging of osteosar-
coma and lung metastasis. Adv Healthc Mater. 2020;9: e1901224.

 35. Hameed MK, Ahmady IM, Alawadhi H, Workie B, Sahle-Demessie E, Han 
C, Chehimi MM, Mohamed AA. Gold-carbon nanoparticles mediated 
delivery of BSA: remarkable robustness and hemocompatibility. Colloids 
Surf A. 2018;558:351–8.

 36. Qiu S, Zeng J, Hou Y, Chen L, Ge J, Wen L, Liu C, Zhang Y, Zhu R, Gao M. 
Detection of lymph node metastasis with near-infrared upconversion 
luminescent nanoprobes. Nanoscale. 2018;10:21772–81.

 37. Chen L, Chen J, Qiu S, Wen L, Wu Y, Hou Y, Wang Y, Zeng J, Feng Y, Li Z, 
et al. Biodegradable nanoagents with short biological half-life for SPECT/
PAI/MRI multimodality imaging and PTT therapy of tumors. Small. 2018. 
https:// doi. org/ 10. 1002/ smll. 20170 2700.

 38. Ren FDL, Liu H, Huang Q, Zhang H, Zhang L, Zeng J, Sun Q, Li Z, Gao M. 
Ultra small nanocluster mediated synthesis of Nd3 doped core shell. 
Biomaterials. 2018;8:30–43.

 39. Johnson NJ, He S, Diao S, Chan EM, Dai H, Almutairi A. Direct evidence for 
coupled surface and concentration quenching dynamics in lanthanide-
doped nanocrystals. J Am Chem Soc. 2017;139:3275–82.

 40. Zhao M, Wang R, Li B, Fan Y, Wu Y, Zhu X, Zhang F. Precise In vivo inflam-
mation imaging using in situ responsive cross-linking of glutathione-
modified ultra-small NIR-II lanthanide nanoparticles. Angew Chem Int Ed. 
2019;58:2050–4.

 41. Tong X, Shi Z, Xu L, Lin J, Zhang D, Wang K, Li Y, Wen C. Degradation 
behavior, cytotoxicity, hemolysis, and antibacterial properties of electro-
deposited Zn-Cu metal foams as potential biodegradable bone implants. 
Acta Biomater. 2020;102:481–92.

 42. Sheng Z, Li Y, Hu D, Min T, Gao D, Ni J-S, Zhang P, Wang Y, Liu X, Li K. 
Centimeter-deep NIR-II fluorescence imaging with nontoxic AIE probes 
in nonhuman primates. Research. 2020. https:// doi. org/ 10. 34133/ 2020/ 
40745 93.

 43. Hu Z, Fang C, Li B, Zhang Z, Cao C, Cai M, Su S, Sun X, Shi X, Li C. First-
in-human liver-tumour surgery guided by multispectral fluorescence 
imaging in the visible and near-infrared-I/II windows. Nat Biomed Eng. 
2019. https:// doi. org/ 10. 1038/ s41551- 019- 0494-0.

 44. Cao C, Wu N, Yuan W, Gu Y, Ke J, Feng W, Li F. Ln3+-doped nanoparticles 
with enhanced NIR-II luminescence for lighting up blood vessels in mice. 
Nanoscale. 2020;12:8248–54.

 45. Yang J, He S, Hu Z, Zhang Z, Cao C, Cheng Z, Fang C, Tian J. In vivo 
multifunctional fluorescence imaging using liposome-coated lanthanide 
nanoparticles in near-infrared-II/IIa/IIb windows. Nano Today. 2021. 
https:// doi. org/ 10. 1016/j. nantod. 2021. 101120.

 46. He S, Johnson NJJ, Nguyen Huu VA, Cory E, Huang Y, Sah RL, Jokerst JV, 
Almutairi A. Simultaneous enhancement of photoluminescence, MRI 
relaxivity, and CT contrast by tuning the interfacial layer of lanthanide 
heteroepitaxial nanoparticles. Nano Lett. 2017;17:4873–80.

 47. Dong H, Du SR, Zheng XY, Lyu GM, Sun LD, Li LD, Zhang PZ, Zhang C, 
Yan CH. Lanthanide nanoparticles: from design toward bioimaging and 
therapy. Chem Rev. 2015;115:10725–815.

 48. Hou Y, Qiao R, Fang F, Wang X, Dong C, Liu K, Liu C, Liu Z, Lei H, Wang F. 
NaGdF4 nanoparticle-based molecular probes for magnetic reso-
nance imaging of intraperitoneal tumor xenografts in vivo. ACS Nano. 
2013;7:330–8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.nantod.2020.100905
https://doi.org/10.1016/j.nantod.2020.100905
https://doi.org/10.1002/smll.201702700
https://doi.org/10.34133/2020/4074593
https://doi.org/10.34133/2020/4074593
https://doi.org/10.1038/s41551-019-0494-0
https://doi.org/10.1016/j.nantod.2021.101120

	Rapidly liver-clearable rare-earth core–shell nanoprobe for dual-modal breast cancer imaging in the second near-infrared window
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Materials and reagents
	Synthesis of NaGdF4:5%Nd core nanoparticles
	Synthesis of NaGdF4:5%Nd@NaLuF4 core–shell nanoparticles
	Characterization
	Cytotoxicty of Nd-RENPs
	Hemolysis test
	Animal tumor model construction
	NIR-II fluorescence imaging
	Biodistribution of Nd-RENPs
	Blood circulation behavior of Nd-RENPs
	In vivo MRI
	Histological analysis

	Results and discussion
	Synthesis and characterization
	Toxicity assays
	NIR-II imaging of subcutaneous tumor
	In vivo pharmacokinetics of Nd-RENPs
	Magnetic resonance imaging of subcutaneous tumor
	Biocompatibility of Nd-RENPs

	Conclusions
	Acknowledgements
	References




