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Detection of lymph node metastasis with near-
infrared upconversion luminescent nanoprobes†
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The detection of lymph node metastasis is of great importance for therapy planning and prognosis of

cancers, but remains challenging in the clinic. In the current study, we report a tumor-specific imaging

probe constructed with NaGdF4:Yb,Tm,Ca@NaLuF4 core@shell upconversion nanoparticles showing dis-

tinctive near infrared emission. The following studies revealed that the characteristic Tm dopant emission

at 804 nm showed a penetration depth up to 7.7 mm through multi-layered mice skin tissues, substan-

tially greater than emissions at 655 nm and 541 nm typically from the widely used Er dopant, which is

apparently favorable for sensitive tumor diagnosis. The cell binding assay further revealed that the anti-

HER2 antibodies covalently attached on the particle surface endowed the nanoprobe with excellent

binding specificity in targeting HER2-positive cancer cells in vitro, which further enabled the detection of

lymph node metastasis of breast cancer in vivo in mice. In addition, the pharmacokinetics of the resulting

nanoprobes were intensively studied through both upconversion luminescence imaging and SPECT

imaging for comparing with that of the mother particles. The results obtained through both approaches

were well consistent and revealed that the surface conjugation of antibodies largely altered the pharma-

cokinetic behaviors and substantially prolonged the blood half-life of the underlying nanoparticles, which

was never reported before.

Introduction

Metastasis signifies not only the malignancy, but also the poor
prognosis of cancers.1,2 It is therefore taken as a key element
in cancer staging systems such as the TNM staging system,
where M represents metastasis which places a cancer in stage

IV.3,4 Typically, the circulating tumor cells acquire the ability
to penetrate the walls of lymphatic or blood vessels, and then
spread through the lymphatic or hematological system.5–7

Lymphatic metastasis thus becomes one of the major causes
of the high mortality rate of cancer patients. Therefore, precise
detection of lymphatic metastasis is of great significance.

To date, lymph node (LN) biopsy has been considered as a
gold standard for diagnosing lymphatic metastasis in many
cancers, especially in breast cancer.8,9 In order to obtain speci-
mens of LNs for biopsy, blue dye, 99mTc-radiocolloid, and
indocyanine green (ICG, a fluorescent dye) are practically
used to map the sentinel lymph node (SLN) and guide
the lymphadenectomy.10–12 Although the value of these
approaches has been proven by numerous clinical appli-
cations, a number of drawbacks remain. For instance, the blue
dye is only visible in a shallow-located LN and it is also
difficult to differentiate the SLN from the second or third LN
due to the ready diffusion of the blue dye.13,14 The 99mTc-radio-
colloid can avoid missing a LN in deeper tissues, but is limited
by it poor spatial resolution.15–17 ICG is one of the near-
infrared (NIR) fluorescent dyes currently approved by the FDA
for SLN mapping, but the small molecular size leads to poor
accumulation in the SLN.18–21 Most importantly, all of these
approaches cannot distinguish metastatic LNs from normal
ones.

†Electronic supplementary information (ESI) available: (1) Experimental details,
(2) TEM, particle size histogram, and UCL spectrum of NaGdF4:Yb,Er@NaGdF4
nanoparticles, (3) colloidal stability and optical stability of PEGylated NaGdF4:
Yb,Tm,Ca@NaLuF4 nanoparticles, (4) RE-staining results for cells incubated
with the mother particles and NP-mAb probes, respectively, (5) quantitative UCL
signals of the cells shown in Fig. 4, (6) pathological analysis of lymph nodes, (7)
blood biodistribution profile of the 99mTc-labeled NP-mAb nanoprobes and
mother nanoparticles recorded at different time points post-injection, (8) biodis-
tribution of the 99mTc-labeled NP-mAb nanoprobes and mother nanoparticles in
the main organs of mice recorded at 24 h postinjection. See DOI: 10.1039/
c8nr05811c
‡These authors contributed equally.

aState Key Laboratory of Radiation Medicine and Protection, Soochow University,

Suzhou, 215123, China. E-mail: gaomy@iccas.ac.cn, zhuran@suda.edu.cn
bCenter for Molecular Imaging and Nuclear Medicine, School for Radiological and

Interdisciplinary Sciences (RAD-X), Soochow University, Collaborative Innovation

Center of Radiation Medicine of Jiangsu Higher Education Institutions,

Suzhou 215123, China
cCAS Key laboratory of Colloid, Interface and Chemical Thermodynamics,

Institute of Chemistry, Chinese Academy of Sciences, Beijing 100190, China

21772 | Nanoscale, 2018, 10, 21772–21781 This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 0
3 

N
ov

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ite
it 

U
tr

ec
ht

 o
n 

11
/1

3/
20

19
 1

2:
15

:1
8 

PM
. 

View Article Online
View Journal  | View Issue

www.rsc.li/nanoscale
http://orcid.org/0000-0002-4317-1083
http://orcid.org/0000-0002-7360-3684
http://crossmark.crossref.org/dialog/?doi=10.1039/c8nr05811c&domain=pdf&date_stamp=2018-11-23
https://doi.org/10.1039/c8nr05811c
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR010046


With the development of imaging technologies, different
imaging modalities including computed tomography (CT),
magnetic resonance imaging (MRI), and positron emission
tomography (PET) have been applied for the pre-surgical evalu-
ation of lymphatic metastasis with the aid of various types of
imaging agents.22–24 For example, Oh et al. developed a TaOx

nanoparticle-based contrast agent for the CT imaging of the
SLN, while it cannot specifically image the metastatic LN due
to the low binding specificity.25 In addition, the damage
caused by X-ray radiation to normal tissue is difficult to avoid.
Although MRI is much safer, the relatively low sensitivity
makes it challenging to detect micro-lymphatic
metastasis.26–28 To achieve highly sensitive imaging of meta-
static LNs, Mumprecht et al. reported a PET probe constructed
by radiolabeling the anti-LYVE-1 antibody with 124I.29 Although
the lymphatic metastasis was efficiently and sensitively distin-
guished in mice, the low spatial resolution and high cost of
the imaging facilities may limit its practical application.30,31

Therefore, it is mandatory to develop innovative imaging
approaches for detecting lymphatic metastasis with better
safety profile and higher accuracy.

Owing to the fast data acquisition, high sensitivity, and
excellent safety profile with no harmful radiation involved,
optical imaging, particularly fluorescence imaging, has
attracted a tremendous amount of attention.26,32,33 The fluo-
rescent probes for LN-targeted imaging can be generally
divided into two categories: organic molecular probes and in-
organic nanoparticulate probes. Organic molecular probes are
usually fabricated by coupling various fluorophores with tar-
geting molecules for acquiring imaging specificity. For
example, Chen’s group reported the NIR fluorescence imaging
of lymphatic metastasis using tumor-specific antibodies
labelled with a fluorescent dye.34 Different from the organic
dyes, fluorescent quantum dots (QDs) are characterized by
size-tunable fluorescence and large specific area for hosting
versatile targeting moieties. For instance, Cai’s group reported
a QD-luciferase conjugate for sensitive lymph node mapping.35

However, the autofluorescence and penetration depth of
visible light limit the clinical applications of conventional fluo-
rescence imaging.36–42 Fortunately, these drawbacks may in
principle be overcome by upconversion luminescence (UCL)
imaging that relies on upconversion nanoparticles (UCNPs),
typically lanthanide-doped rare-earth nanoparticles. Because
the upconversion luminescence is characterized by large anti-
Stokes shifts, narrow emission peak, excellent photochemical
stability, and especially minimized interference of autofluores-
cence background,43–51 UCNPs are becoming highly favorable
for tumor imaging diagnosis. For example, in our previous
studies, NaGdF4:Yb,Er nanoparticles were successfully used in
detecting subcutaneous tumors smaller than 2 mm in dia-
meter in vivo after covalent attachment of anti-tumor anti-
bodies on the particle surface.52 Furthermore, similarly struc-
tured nanoprobes with antibody or folic acid as the targeting
moiety were also prepared for visualizing orthotopically trans-
planted tumors,53 lymphatic micro-metastases,54 and even
primary colorectal cancers in mice.55 Nevertheless, developing

upconversion nanoprobes with large tissue penetration depth
and high targeting specificity for lymphatic metastasis detec-
tion remains a challenging subject, but is very meaningful for
clinical translation.

On the basis of our previous investigations, herein we
report lymphatic metastasis imaging using NaGdF4:Yb,Tm,
Ca@NaLuF4 core@shell upconversion nanoparticles with dis-
tinctive 804 nm emission that highlights the current imaging
probe due to a much deeper tissue penetration of the emission
light apart from the excitation light. In brief, anti-HER2 anti-
bodies were covalently conjugated to the particle surface for
detecting the HER2-positive breast cancer in vivo. Using a lym-
phatic metastasis mice model, we further showed that the
nanoprobes could specifically image the metastatic lymph
nodes in mice. Moreover, through the intrinsic UCL of the
UCNPs and the radioactivity measurement via 99mTc attached
on the particle surface, the pharmacokinetic behaviours of the
resultant nanoprobes were systematically investigated.

Results and discussion
Preparation and characterization of hydrophobic NaGdF4:Yb,
Tm,Ca@NaLuF4 core@shell nanoparticles

The emission position and intensity are the most important
parameters for the sensitivity of upconversion luminescence
imaging through UCNPs. Regarding the emission position,
different from the extensively investigated Yb and Er co-doped
rare-earth nanoparticles that emit both green and red
lights,52,53,55–59 Yb and Tm co-doped particles give rise to
NIR emissions that are apparently more favorable for in vivo
applications.60 Regarding the emission intensity, constructing
a proper core@shell structure has been demonstrated to be
effective for enhancing the luminescence intensity of the
core particles.55,57 Alternatively, properly selecting a co-dopant
can also enhance the luminescence of the UCNPs.61–65 By
taking all these factors into consideration, in the current
study, NaGdF4:Yb,Tm,Ca@NaLuF4 nanoparticles showing
enhanced NIR emission were designed and synthesized for
detecting tumor lymphatic metastasis. In brief, the prepa-
ration of the hydrophobic NaGdF4:Yb,Tm,Ca core and the fol-
lowing growth of the NaLuF4 shell, to achieve NaGdF4:Yb,Tm,
Ca@NaLuF4 core@shell nanoparticles, were carried out
according to previous reports with slight modifi-
cations.52,53,55,57,66 The transmission electron microscopy
(TEM) images and size distribution profiles displayed in
Fig. 1a–c show that both core and core@shell NPs are highly
monodisperse with an average size of 29.3 ± 0.7 nm and 48.8 ±
1.4 nm, respectively, and apparently no secondary nucleation
occurred during the shell coating process. In addition, under
980 nm laser excitation, the NaGdF4:Yb,Tm,Ca core particles
exhibited a distinct NIR emission centered at 804 nm which
can be attributed to the transitions from the 3H4 state to the
3H6 state of Tm3+. According to the emission intensity, the
shell coating further increases the luminescence intensity of
the core@shell particles by a factor of 3, as shown in Fig. 1d.
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To quantitatively show the improved penetration depth of
the 804 nm emission, NaGdF4:Yb,Er@NaGdF4 particles simul-
taneously showing emissions at 655 and 541 nm were also pre-
pared (Fig. S1†); then the ability of these emissions passing
through folded mouse skins was determined. The results in
Fig. 1e reveal that the 804 nm signal remains detectable,
which is defined as 1% of the original emission intensity left,
even when the NaGdF4:Yb,Tm,Ca@NaLuF4 nanoparticles were
covered by folded mouse skins up to 7.7 mm thick. In remark-
able contrast, both 541 nm and 655 nm emissions decrease
more dramatically and become barely detectable when the
tissue thickness is increased to 2.3 mm and 5.0 mm, respect-
ively (Fig. 1f). Therefore, NaGdF4:Yb,Tm,Ca@NaLuF4 nano-
particles hold great potential for detecting human breast
cancers, because benefiting from the near-infrared excitation
the detection depth is remarkably higher than those of most
near-infrared light-emitting materials.

Surface PEGylation of NaGdF4:Yb,Tm,Ca@NaLuF4 particles

The as-prepared NaGdF4:Yb,Tm,Ca@NaLuF4 core@shell NPs
were hydrophobic since they were capped by oleic acid. To
render the hydrophobic nanoparticles biocompatible, asym-
metric polyethylene glycol (PEG) bearing a maleimide group at
one end and a diphosphate group at the other end, denoted as
mal-PEG-dp, was used to replace the oleate ligand since the

diphosphate group possesses a much higher binding affinity
to Lu3+.56,67 The resulting water-soluble nanoparticles are
shown in Fig. 2a. Apparently, they barely show any change in
particle size or size distribution profile throughout the ligand
exchange process (Fig. 2b). The dynamic light scattering (DLS)
results in Fig. 2c reveal that the PEGylated NaGdF4:Yb,Tm,
Ca@NaLuF4 nanoparticles exhibit a narrow hydrodynamic size
distribution in water with a single scattering peak located at
115 nm, which suggests that the mal-PEG-dp ligand could
effectively replace the oleate ligand and no unwanted particle
agglomerates were induced. More importantly, the NPs exhibi-
ted excellent colloidal stability in physiological medium
(10% FBS) and no particle aggregates were detected over more
than 7 days (Fig. S2†), which is essential for the particles to
smoothly travel in the blood stream after being delivered
through intravenous injection, whereas the excellent optical
stability under physiological conditions is essentially meaning-
ful for subsequent quantified in vivo imaging.

A good biocompatibility is one of the most important prere-
quisites for the in vivo application of any nanoprobe. Before
further in vivo experiments, the cytotoxicity of the PEGylated
NaGdF4:Yb,Tm,Ca@NaLuF4 nanoparticles was firstly evaluated
through the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) cell proliferation assay on SKBR3 cells. As
shown in Fig. 2d, the PEGylated NaGdF4:Yb,Tm,Ca@NaLuF4
nanoparticles present nearly no toxicity (cell survival rate
higher than 80%) to SKBR3 cells below 5 mM which is one
order of magnitude higher than the clinical dose for Gd-DTPA,
ca., 0.3 mM with respect to Gd3+; therefore it is reasonable to
believe that the NaGdF4:Yb,Tm,Ca@NaLuF4 nanoparticles pre-
pared for the current study are safe as imaging agents,
although the toxicity becomes dramatically enhanced if the
Gd3+ concentration is above 10 mM.

Fig. 1 TEM images of the hydrophobic NaGdF4:Yb,Tm,Ca core (a) and
NaGdF4:Yb,Tm,Ca@NaLuF4 core@shell nanoparticles (b), together with
their corresponding size histograms (c), and upconversion luminescence
spectra (recorded upon excitation at 980 nm) (d), UCL images (e) and
intensities (f ) of the upconversion emissions of 804 nm, 655 nm, and
541 nm after passing through skin tissues of different thicknesses,
respectively (the scale bars embedded in frame a and b correspond to
100 nm).

Fig. 2 TEM image (a), size histogram (b), and hydrodynamic size distri-
bution profile (c) of the PEGylated NaGdF4:Yb,Tm,Ca@NaLuF4 particles,
together with the cell viability of SKBR3 cells (d) recorded after being
incubated with PEGylated NaGdF4:Yb,Tm,Ca@NaLuF4 nanoparticles
with different Gd3+ concentrations (the scale bar embedded in frame a
corresponds to 100 nm).
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Specific probe for lymph node metastasis imaging

To actively target lymph node metastasis of breast cancer, the
anti-HER2 monoclonal antibody (mAb) was conjugated to
NaGdF4:Yb,Tm,Ca@NaLuF4 nanoparticles through a “click”
reaction between the maleimide moiety of the PEG ligand on
the particle surface and thiol residues from the partly reduced
anti-HER2 mAb. The resulting conjugates (denoted as NP–
mAb below) presented nearly unaltered optical emissions in
comparison with the mother nanoparticles (Fig. 3a). Further
DLS results shown in Fig. 3b reveal that the intensity-weighted
hydrodynamic size of the nanoparticles is reasonably
increased from 115 nm to 137 nm after the conjugation reac-
tion. In addition, the particle surface zeta potential is also
changed from 13.0 mV to −0.7 mV (Fig. S3†). The above results
strongly support that the mAb molecules are effectively
coupled onto the surface of UCNPs. In addition, the light scat-
tering profile remains single-peaked after the conjugation reac-
tion, suggesting that the conjugation reaction took place in a
controlled manner.

To further validate the target-binding specificity, the
NP–mAb conjugates were assessed through cell binding

assays, in which an HER2 over-expressed human breast carci-
noma cell line (SKBR3) and HER2 low-expressed cell lines
(MCF7, MDA-MB 231, and HUVEC) were selectively used as the
positive and negative controls, respectively. The binding
affinity of NP–mAb to SKBR3 and its control cell lines was
investigated with confocal microscopy. As shown in Fig. 4, the
SKBR3 cells show intense UCL signals under 980 nm laser exci-
tation after co-incubation with the NP–mAb nanoprobes for
2 h. In contrast, no evident upconversion signal is observed
from SKBR3 cells after incubation with the mother nano-
particles or the control cell lines after incubation with the
NP–mAb nanoprobes. Further quantitative analysis through
the UCL signal revealed that the amount of nanoparticles in
SKBR3 cells was more than 10-fold of that in the control cell
lines after they were co-incubated with the nanoprobes under
the same conditions (Fig. S4†). These results were also con-
firmed by staining the cells through the rare earth (RE)
elements from UCNPs.68 As shown in Fig. S5,† the SKBR3 cells
labeled with the NP–mAb nanoprobes presented a green color
much heavier than the controls, supporting that the NP–mAb
probes possess a much stronger binding affinity to SKBR3
cells. In contrast, the binding affinity of either the mother NPs
to HER2 positive tumor cells or the NP–mAb nanoprobes to
HER-2 negative tumor cells was rather weak.

Lymphatic metastasis model

To show the in vivo imaging capability of the NP–mAb nano-
probes, a lymphatic metastasis mice model of HER2-positive
breast cancer was established by injecting a SKBR3 cell sus-
pension into the foot pads of female BALB/c nude mice. About
4 weeks after the inoculation of the tumor cells, the enlarge-
ment and hardening of popliteal lymph nodes became easily
palpated. Then, the swollen lymph nodes were taken out for
pathological analysis. The histopathological results shown in
Fig. 5 demonstrate the successful metastasis of cancer cells to
the popliteal lymph nodes. Statistically, about 70% of the mice
were found with lymphatic metastasis 4 weeks after the foot
pad inoculation of tumor cells. All animal procedures were per-
formed in accordance with the Protocols of Laboratory
Animals of Soochow University and the experiments were
approved by the Animal Ethics Committee of Soochow
University.

Imaging of lymphatic metastasis in vivo

The NaGdF4:Yb,Tm,Ca@NaLuF4 nanoparticles are character-
ized by their NIR excitation (980 nm) and emission (804 nm),
and thus they are superior to those previously reported for
in vivo applications. To explore the potential of the current
nanoprobes in diagnosing metastatic lymph nodes, UCL
imaging of mice with spherical hard lumps in their inner knee
was performed. The NP–mAb nanoprobes obtained as men-
tioned above were intravenously injected with a dosage of 9 mg
Gd per kg body weight, and the mother NPs were set as a nega-
tive control and used at the same dosage level according to Gd
concentration. A set of upconversion fluorescence images
taken at different time points postinjection is presented in

Fig. 3 The normalized upconversion luminescence spectra (a) together
with the hydrodynamic size distribution profiles (b) of the mother par-
ticles and NP–mAb probes.
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Fig. 6a. The upconversion luminescence signals of the lymph
node site recorded before and after the injection of the NP–
mAb nanoprobes and the mother particles, respectively, are
plotted against postinjection time in Fig. 6b. It can be seen
that a significant luminescence signal appears at the lymph
node region 10 min after the delivery of the NP–mAb nano-
probes, and the signal intensity increases and reaches a
maximum at 1 h postinjection, followed by a gradual decay
upon prolonged observation. Different from the NP–mAb
nanoprobes, the luminescence intensity of the mother UCNPs
from the lymph node site reaches its maximum at 10 min post-
injection. It then all the way goes down against time showing
lowered intensities in comparison with those recorded from

the NP–mAb nanoprobes, which indicates that the LN uptake
of the mother particles is limited due to the lack of binding
specificity. After the imaging experiments, the main organs
including the heart, brain, lung, liver, spleen, kidney, stomach,
large intestine, small intestine, and metastatic lymph node
were harvested at 24 h postinjection and then subjected to
ex vivo upconversion imaging (Fig. 6c) for assessing the biodis-
tribution of the nanoprobes (Fig. 6d). Apparently, the liver and
spleen uptake dominates the biodistribution for both NP–mAb
nanoprobes and mother nanoparticles, which is typical of par-
ticulate probes due to the phagocytosis of the mononuclear
phagocyte system (MPS).69 However, the NP–mAb nanoprobes
present lower liver and spleen uptake in comparison with the

Fig. 4 Upconversion microscopy images of the HER2 over-expressed cell line (SKBR3) and HER2 low-expressed cell lines (MCF7, MDA-MB 231, and
HUVEC) incubated with the NP–mAb conjugates and the mother nanoparticles, respectively. The bright field images (Bright Field), fluorescence
images (Hoechst Channel, collected through a 420–520 nm window for the nuclei stained with Hoechst), and upconversion luminescence images
(UCL Channel, collected through a 700–800 nm window) were captured and then merged together (Overlay) (the embedded scale bars correspond
to 50 μm).
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mother nanoparticles. Moreover, the large intestine and small
intestine exhibit a reversed tendency for showing upconversion
signals. These results imply that the antibody conjugation may
reduce the liver and spleen uptake of UCNPs, and meanwhile
accelerate their elimination through the biliary pathway. In
addition, the conjugation of the antibody also enhances the
accumulation of UCNPs in the lung. Nevertheless, metastatic
lymph nodes show no obvious difference between the NP–mAb

group and the mother particle group due to the largely faded
signal over 24 h of observation as shown in Fig. 6b.

To further verify the specificity of the NP–mAb nanoprobes
in targeting the lymphatic metastasis, nude mice bearing
metastatic lymph nodes were intravenously injected with the
NP–mAb nanoprobes or mother nanoparticles and then
imaged under 980 nm excitation at 1.5 h postinjection, where
the NP–mAb nanoprobes and mother nanoparticles exhibited
the maximized difference as indicated in Fig. 6b. As shown in
Fig. 7a and b, the NP–mAb nanoprobes present stronger
upconversion signals at the lymph node region than the
mother nanoparticles, which is well consistent with that cap-
tured at 1.5 h postinjection as shown in Fig. 6a. The main
organs and tissues were immediately harvested right after cap-
turing the images given in Fig. 7a and b and then photo-
graphed under 980 nm excitation ex vivo. As shown in Fig. 7c
and d, the NP–mAb nanoprobes give rise to stronger upconver-
sion luminescence from the lymph nodes than the corres-
ponding mother particles. The quantified signals in Fig. 7e
reveal that the upconversion signal of the NP–mAb nanoprobes
is ∼2 times that of the mother nanoparticles. To further
confirm that the UCL signal is from the metastatic lymph
nodes rather than from the benign ones, histological studies
were conducted right after the upconversion luminescence
imaging studies. The results given in Fig. S6† clearly support
that the luminescent lymph nodes were the metastatic ones.
In addition, the major organs and tissues were harvested and
analyzed by ICP-MS for biodistribution study. As shown in
Fig. S7,† the results are generally consistent with the biodistri-
bution patterns obtained through upconversion imaging
(Fig. 7e), in which the NP–mAb nanoprobes present lower MPS
uptake and faster elimination through the biliary pathway.

Fig. 5 Histopathological images of metastatic (a) and benign (b) lymph
nodes together with the high magnification images (A, B) for showing
the details of the regions enwrapped by red and green squares,
respectively.

Fig. 6 (a) Upconversion luminescence images captured before and at different time points after the intravenous injection of the NP–mAb probes
and mother NPs into nude mice bearing lymphatic metastasis, respectively, (b) temporal evolution of the integrated upconversion luminescence
signal extracted from the lymph node site as indicated with white arrows in frame a, (c) ex vivo upconversion luminescence images of the main
organs and lymph nodes captured at 24 h postinjection of the NP–mAb nanoprobes and mother NPs, respectively (H, heart; B, brain; L, liver;
S, spleen; LU, lung; K, kidney; ST, stomach; LI, large intestine; SI, small intestine; LN, lymph node), (d) biodistribution of the NP–mAb nanoprobes and
mother nanoparticles in the lymph nodes and main organs determined at 24 h postinjection by integrating the upconversion luminescence signals.
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Pharmacokinetics of the NP–mAb nanoprobes

The pharmacokinetic behaviors closely related to the bio-
availability of nanoparticles and possible undesirable side
effects are more sophisticated for nanoparticle-based agents.
Actually, through UCL the biodistributions of both the NP–
mAb conjugates and the mother particles have already been
revealed as shown in Fig. 6 and 7. In comparison with the

results recorded at 24 h postinjection, due to much higher
particle concentration in blood, the vascular organs including
the liver, spleen, and lung exhibit remarkably stronger
luminescence at 1.5 h postinjection. Nevertheless, the bio-
distribution patterns for both NP–mAb nanoprobes and
mother nanoparticles do not change much against time. At
both time points, i.e., 24 h and 1.5 h, the NP–mAb nano-
probes show lower liver and spleen signals, and higher intes-
tine and lung signals in comparison with the mother
nanoparticles.

To provide more accurate pharmacokinetic information,
both NP–mAb nanoprobes and mother nanoparticles were
labeled with 99mTc through the chelating effect of the dipho-
sphate group of the PEG ligand anchoring on the particle
surface.70 After the intravenous injection of the 99mTc-labeled
NP–mAb nanoprobes or the mother nanoparticles (150 μL
solution containing 180 μg Gd and 500 μCi 99mTc, corres-
ponding to a dosage of 9 mg Gd and 25 mCi 99mTc per kg body
weight), the nude mice were imaged using a small animal
SEPCT/CT scanner. The images acquired at different time
points postinjection, as given in Fig. 8a, indicate that both
NP–mAb nanoprobes and mother nanoparticles mainly circu-
late in the blood stream at the initial stage as evidenced by the
high signal from the heart. With prolonged observation, the
NP–mAb nanoprobes and mother nanoparticles exhibit quite
different pharmacokinetic behaviors. The mother nano-
particles were quickly cleared from the blood and then taken
up by the liver and spleen within 1.5 h, while the NP–mAb
nanoprobes show much slower liver and spleen accumulation
and exhibit a strong signal in the heart even at 8 h postinjec-
tion. In addition, the radioactivity signal in the abdominal
cavity is more intensive for the NP–mAb nanoprobes,
especially at 24 h postinjection, supporting that the NP–mAb

Fig. 7 Upconversion luminescence images captured before and at 1.5 h
after intravenously delivering the NP–mAb nanoprobes (a) and mother
nanoparticles (b), respectively, into nude mice bearing metastatic lymph
nodes as indicated by the white arrows; ex vivo upconversion lumine-
scence images of the main organs and lymph nodes captured right after
acquiring the above images (c, d) (H, heart; B, brain; L, liver; S, spleen;
LU, lung; K, kidney; ST, stomach; LI, large intestine; SI, small intestine;
LN, lymph node), together with the quantified biodistribution profile (e)
plotted according to the UCL signals in frames c and d.

Fig. 8 SPECT/CT images (a) of nude mice intravenously injected with the 99mTc-labeled NP–mAb nanoprobes (left) and the 99mTc-labeled mother
nanoparticles (right), respectively, together with the timely distribution of the NP–mAb nanoprobes and mother nanoparticles in different organs
such as the heart (b), liver (c), and spleen (d).
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nanoprobes are more readily excreted out of the body through
the biliary elimination pathway.

The quantified SPECT results, acquired according to the
volume of interest of the desired organs (Fig. 8b), reveal that
the NP–mAb nanoprobes possess a much longer blood circula-
tion time than the mother nanoparticles irrespective of the
relatively large size of the UCNPs. At 8 h postinjection, the
heart area holds 14.3%ID g−1 of NP–mAb nanoprobes, higher
than half of the value (26.9%ID g−1) recorded at 30 min postin-
jection, while the mother particles are almost cleared from the
blood after 4 h of circulation. Further fitting the signal profile
of blood with a one-compartment model resulted in half-lives
(t1/2) of 421 min and 41 min for the NP–mAb nanoprobes and
mother nanoparticles, respectively (Fig. S8†). The underlying
mechanism for the remarkably prolonged blood half-life of the
NP–mAb conjugates remains unclear, but the long blood half-
life is apparently favorable for effectively targeting the meta-
static lymph nodes as the probes need to enter the lymphatic
system from the hematological system after intravenous
administration. In addition, the reduced uptake of UCNPs by
the liver and spleen as a consequence of mAb conjugation, as
shown in Fig. 8c and d, is also favorable for reducing possible
side effects to these organs apart from being beneficial for
long blood half-life.

After imaging at 24 h postinjection, the mice were sacrificed
and the main organs were harvested and detected by using a
gamma counter for biodistribution study. As shown in
Fig. S9,† the summed uptakes by the liver and spleen are
42.6% and 70.2% for the NP–mAb nanoprobes and mother
nanoparticles, respectively. In contrast, the radioactivity signal
of the intestine (including both large intestine and small intes-
tine) is much higher for the NP–mAb nanoprobes than that for
the mother nanoparticles, i.e., 15.0% vs. 0.9%. The excellent
consistency between these results and those obtained through
UCL (Fig. 6d) indicates that the current UCNPs may serve as a
particle model for providing accurate information on the bio-
distribution of nanoparticles, due to the high tissue pene-
tration depth and excellent optical stability of their NIR emis-
sion. In addition, in spite of a large number of nanoparticle–
protein conjugates studied for various biomedical appli-
cations, the current study for the first time disclosed that anti-
body conjugation can suppress the uptake of nanoparticles by
the MPS and accelerate the excretion through biliary elimin-
ation, even though it is at present not very clear why antibody
conjugation can give rise to such an effect. Nevertheless, the
current investigation suggests that antibody conjugation is
helpful for achieving favorable pharmacokinetics.

Conclusions

In summary, biocompatible upconversion NaGdF4:Yb,Tm,
Ca@NaLuF4 core@shell nanoparticles with enhanced NIR
emission were prepared by replacing the oleate ligand of the
as-prepared hydrophobic particles with the PEG ligand simul-
taneously bearing diphosphate and maleimide groups. The

anti-HER2 monoclonal antibody was then covalently attached
to the surface of the biocompatible particles for detecting lym-
phatic metastasis of HER2-positive breast cancer. The resulting
NP–mAb nanoprobes presented excellent targeting ability and
remarkable binding specificity to HER2-overexpressing cells
in vitro, which enabled the successful detection of metastatic
lymph nodes through upconversion luminescence in vivo.
Most importantly, the pharmacokinetic studies through both
upconversion luminescence and SPECT imaging suggest that
antibody conjugation can prolong the blood half-life of UCNPs
by evading the MPS uptake, which explains the outstanding
performance of the resulting nanoprobes in diagnosing lymph
node metastasis and therefore may also provide a valuable clue
to tailor the pharmacokinetic behaviors of nanoprobes for ver-
satile biomedical applications.
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