
Materials Today Bio 28 (2024) 101166

Available online 30 July 2024
2590-0064/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Real-time detection and resection of sentinel lymph node metastasis in
breast cancer through a rare earth nanoprobe based NIR-IIb
fluorescence imaging

Zuo Yang 1, Yu Ji 1, Qian Jia **, Yanbin Feng , Renchuan Ji , Mingli Bai , Haohao Yan , Fang Sun ,
Ruili Zhang ***, Zhongliang Wang *

Lab of Molecular Imaging and Translational Medicine (MITM), Engineering Research Center of Molecular & Neuro-imaging, Ministry of Education, School of Life Science
and Technology, Xidian University, Xi’an, Shaanxi, 710126, People’s Republic of China

A R T I C L E I N F O

Keywords:
NIR-II fluorescence
Metastasis
Sentinel lymph nodes
Intraoperative imaging
Rare-earth nanoparticles

A B S T R A C T

Sentinel lymph node (SLN) biopsy is a commonly employed procedure for the routine assessment of axillary
involvement in patients with breast cancer. Nevertheless, conventional SLN mapping cannot reliably distinguish
the presence and absence of metastatic disease. Additionally, the complex anatomical structures and lymphatic
drainage patterns surrounding tumor sites pose challenges to the sensitivity of the near-infrared fluorescence
imaging with subcutaneously injected probes. To identifying the SLN metastases, we developed a novel
nanoprobe for in vivo fluorescence imaging within the second near-infrared (NIR-II) range. This nanoprobe
utilizes rare-earth nanoparticles (RENPs) to emit bright fluorescence at 1525 nm and is conjugated with tumor-
targeted hyaluronic acid (HA) to facilitate the detection of metastatic SLN. Upon intravenous administration,
RENPs@HA effectively migrated to SLNs and selectively entered metastatic breast tumor cells through CD44-
mediated endocytosis. The RENPs@HA nanoprobes exhibited rapid accumulation in metastatic inguinal lymph
nodes in mouse model, displaying a 5.8-fold-stronger fluorescence intensity to that observed in normal SLNs.
Consequently, these nanoprobes effectively differentiate metastatic SLNs from normal SLNs. Importantly, the
probes accurately detected micrometastases. These findings underscore the potential of RENPs@HA for real-time
visualization and screening of SLNs metastasis.

1. Introduction

Identification of sentinel lymph node (SLN) metastasis is crucial for
accurate diagnosis, pathological grading, and staging of tumors in pa-
tients with metastatic breast cancer. This is because these cancer cells
primarily spread through the first sentinel nodes in a chain of lymph
nodes that drain the primary tumor site [1]. By determining the presence
or absence of SLN metastasis, unnecessary lymph node dissection and
postoperative complications can be reduced by 60 % [2]. Biopsy and
intraoperative frozen sections are considered the gold standard for
determining the lymph node status (non-metastatic or metastatic) [3].
However, a biopsy is a lengthy procedure that imposes additional stress,
necessitating repeated surgeries and hospital stays [4]. Even worse,

inherent limitations of intraoperative frozen sections led a low detecting
metastases sensitivity range of 23.5%–70 %, particularly in micro-
metastases measuring less than 1 mm [5]. Consequently, there is an
urgent need for rapid and sensitive approaches to accurately identify
SLN metastases during surgery.

SLN localization and targeted excision are commonly guided by the
administration of an injectable dye, methylene blue, a nuclide tracer,
[technetium 99m sulfur colloid (99mTc), or a combination of these [6,7].
However, these tracers exhibit limited specificity and possess various
shortcomings, including radiation hazards, rapid photobleaching, and
low signal-to-noise ratio (SNR) [8]. Although newer tracers such as
99mTc-Rituximab and indocyanine green (ICG)-Rituximab have
demonstrated improved targeting of lymph nodes (LN), all the
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aforementioned tracers serve solely as tools for SLN mapping and do not
provide any indication of the presence of metastasis [9–11]. Further-
more, lymphatic drainage from the primary tumor site is often not sys-
tematic, as evidenced by the complex drainage patterns observed in the
interval or ectopic nodal locations [12]. This poses a significant chal-
lenge to subcutaneous injection as it increases the risk of initially
missing or misdiagnosing the tumor. Additionally, currently employed
dyes that rely solely on the lymphatic drainage pathway exhibit low
specificity and penetration [13]. Consequently, there is an urgent de-
mand for a robust SLNs metastasis-detecting imaging probe that pos-
sesses superior tumor specificity, enhanced penetration depth, a high
SNR, and is independent of lymphatic drainage.

Rare-earth nanoparticles (RENPs) exhibit promising characteristics
as NIR-II fluorescence probes owing to their exceptional photostability
and biocompatibility, thereby presenting potential applications in
lymphatic diseases [14]. The utilization of light excitation and emission
within the NIR-II range (1000–1700 nm) enables deep tissue penetra-
tion, facilitating the attainment of high spatial and temporal resolutions
with a favorable signal-to-background ratio [15]. The elegantly modu-
larized construction of RENPs, has been reported to exhibit exceptional
photostability and narrow emission bandwidth [16]. Through the design
of multilayer nanostructures, energy migration and photon transition
within these nanoparticles can be precisely controlled [17]. Conse-
quently, our aim was to develop an RENP-based lymphatic tracer
capable of efficiently metastasis targeting with enhanced penetration
and improved affinity towards malignant cells. This tracer aids in the
identification of the lymph node status.

The development of NIR-II fluorescent probes through conjugation of
high-affinity ligands to overexpressed receptors has been established as
an effective strategy for enhancing the accumulation of contrast agents
in malignant lesions. In breast cancer, the overexpression of the CD44
receptor is a promising target for specific binding [18]. In this study,
cerium-doped RENPs with an emission wavelength of 1525 nm in the
NIR-IIb region were synthesized using fluorescence sensitization. For
enhanced specificity, hyaluronic acid (HA), a ligand specific to CD44,
was grafted onto the surface of the RENPs to form a novel probe named
RENPs@HA. The nanoprobe demonstrated a strong affinity for
lymphatic tissue and effectively detected primary tumors, lymph nodes
metastases, and minute (<1 mm) disseminated peritoneal metastases
(with SNRs exceeding 5) in both orthotopic tumor and advanced cancer
models (as illustrated in Scheme 1). Using NIR-II fluorescence imaging
guidance, we successfully achieved precise intraoperative detection of
metastatic lymph nodes and complete resection of metastatic sentinel

lymph nodes and tumors in mice. This study enhanced the clinical
translational potential of NIR-II fluorescence image-guided SLN metas-
tases screening and surgery, thereby improving cancer prognosis.

2. Experimental section

2.1. Materials and characterization

All chemical reagents, if not specified, were purchased from Sigma-
Aldrich and used without purification. Yttrium oxide (Y2O3, 99.9 %),
ytterbium oxide (Yb2O3, 99.9 %), erbium oxide (Er2O3, 99.9 %), neo-
dymium oxide (Nd2O3, 99.9 %) and Cerium (III) carbonate hydrate
(Ce2C3O9⋅xH2O, 99.9 %) were purchased from Alfa Aesar. Trifluoro-
acetic acid (C2HF3O2, 99 %) and Cyclohexane (99.5 %) were purchased
from Innochem Co., Ltd. Indocyanine Green for Injection was purchased
from Dandong Yichuang Pharmaceutical Co., Ltd. Unless otherwise
noted, cell culture reagents were purchased from Invitrogen-GIBCO.

NIR-II living images were performed on Series II 900/1700-H NIR-II
small animal imaging system made by Suzhou NIR-Optics Technology
Co., Ltd. NIR-II fluorescence spectroscopy was detected by FLS 1000
steady-state and transient fluorescence spectrometer (Edinburgh In-
struments Ltd., the UK). Ultraviolet–visible spectroscopy (UV–Vis) was
recorded using a UV-2700i spectrophotometer (Shimadzu, Japan). Dy-
namic light scattering (DLS) and Zeta potential were determined
through Malvern Zetasizer Nano ZS90. Living images of mice were
performed on in-vivo imaging system (IVIS)-Lumia III spectrum (Per-
kinElmer, the US).

2.2. Synthesis of RENPs

Trifluoroacetate salt of rare earth preparation: Near-infrared II
(NIR-II) rare earth particles were synthesized using the thermal
decomposition method of trifluoroacetate salts. 5 g of yttrium oxide was
added to a mixture of 10 mL deionized water and 5 mL trifluoroacetic
acid. The mixture was then stirred at 95 ◦C for 12 h until the reactants
became transparent. The insoluble impurities were removed by centri-
fugation at 8000 rpm. Ytterbium trifluoroacetate crystals were gradually
obtained after dried overnight at 50 ◦C. Neodymium trifluoroacetate
and lutetium trifluoroacetate were prepared according to the method
above.

Synthesis of the NaYbF4:Er/Ce core of RENPs: Trifluoroacetate
erbium (0.02 mmol), trifluoroacetate cerium (0.1 mmol), tri-
fluoroacetate ytterbium (0.89 mmol), trifluoroacetate sodium (1 mmol),

Scheme 1. Schematic illustration of NIR-II fluorescence image-guided lymph nodes metastases (LNM) screening and surgery. RENPs@HA are intravenously injected
and accumulated in tumors and LNM. Upon 808 nm laser irradiation, NIR-II fluorescence imaging show precise intraoperative detection of LNM and micrometastasis
in mouse model, which further guided the complete resection of metastatic SLNs and tumors in mice.
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oleic acid (10 mmol), octadecene (20 mmol), oleyl amine (10 mmol)
were sequentially into a sealed flask. Under argon protection, the
mixture was slowly heated to 120 ◦C and maintain the temperature for
30 min. Once water evaporate, the mixture was heated to 300 ◦C and
reacted for another 1 h. After cooling to room temperature, NaYbF4:Er/
Ce core of RENPs was collected by centrifuge at 5000 rpm after sufficient
ethanol precipitation.

Synthesis of the core shell structure of RENPs: The NaYbF4:Er/Ce
core was mixed with trifluoroacetate sodium (0.5 mmol), tri-
fluoroacetate ytterbium (0.5 mmol), oleic acid (20 mmol) and octade-
cene (20 mmol). In accordance with the previous step, heat the mixture
to 305 ◦C and react for another 75 min to obtain NaYbF4:Er/Ce@N-
aYbF4. Then, NaYbF4:/Er/Ce@NaYF4Yb@NaNdF4Yb was synthesized as
the method above with additional neodymium trifluoroacetate. The
NaYbF4:/Er/Ce@NaYF4Yb@NaNdF4Yb@NaLuF4 was synthesized with
additional lutetium trifluoroacetate.

2.3. Surface functionalization of RENPs

40 mg of poly (1-octadecene maleic anhydride) (PMH) was dissolved
in 10 mL of chloroform, the RENPs was then dropwise added into so-
lution and stir for 18 h. After rotary evaporation and vacuum dry, 10 mL
deionized water and 40 mg of 4-dimethylaminopyridine (DMAP) was
added into the mixture with continued ultrasonic until the solution
becomes transparent. The hydrophilic nanometer particle
RENPs@PMH-COOH was subsequently obtained after centrifuge at
14000 rpm. 10 mg of mPEG2000-NH2 and 10 mg of 1-(3-dimethylami-
nopropyl)-3-ethyl carbodiimide hydrochloride (EDC) was mixed with
RENPs@PMH-COOH and dissolved in 5 mL of MES (pH = 8.5) buffer
solution. After EDC/NHS reaction, 20 mg HA (MW = 8600) were added
into the obtained RENPs@PEG solution, the factionalized RENPs@HA
was finally harvested by ultrafiltration3 h later.

2.4. Determination of the RENPs@HA photostability

ICG solution (50 μg mL− 1) and RENPs@HA (100 μg mL− 1) were
exposed under an 808 nm laser (300mW cm− 2) irradiation. Imaging was
performed with the exposure time of 100 ms at different laser irradiation
time points. To optimize the signal collection conditions, 1500 nm and
1000 nm long-pass filters (LP 1500 and LP 1000) were selected to ac-
quire NIR-IIb imaging of RENPs@HA and ICG through a home-built
InGaAs setup.

2.5. Cell cultures

Human breast cancer cell line MCF-7 and MDA-MB-231, human
mammary epithelial cell line MCF-10A and mouse breast cancer cell line
4T1 were maintained in RPMI-1640 medium (C11875093BT, Gibco)
with 10 % fetal bovine serum (FBS; 10091148, Gibco, USA), 1 % peni-
cillin/streptomycin (KGY0023, KeyGEN BioTECH), and passaged every
other day.

2.6. Animals

All animals used in this study were bred and housed under specific
pathogen-free conditions at the Fourth Military Medical University.
Mice were housed in a regulated environment (22 ± 2 ◦C, 55 ± 5 %
humidity, and 12:12-h light: dark cycle with lights on at 8:00 a.m.) and
received a standard diet. Food and water were accessible ad libitum. All
procedures on mice were followed National Institutes of Health guide-
lines for care of animals. All applicable institutional guidelines for the
care and use of animals were followed. Female BALB/c nude mice (5–6
weeks) were obtained from Fourth Military Medical University. To
establish the 4T1 tumor xenograft model, 1 × 106 murine breast cancer
4T1-Luc cells were subcutaneously injected to the right lower limb of
each mouse. For the abdominal cavity metastatic model, 2 × 105 4T1-

Luc cells were intraperitoneally injected into the mice. Animal pro-
tocols related to this study were reviewed and approved by the Insti-
tutional Animal Care and Use Committee of the Fourth Military Medical
University (approval number: 20220312).

2.7. Fluorescence imaging of the mice

The BALB/c nude mice were intravenously injected with 100 μL
RENPs@HA probes (0.5 mg mL− 1). Fluorescence images were acquired
by Series II 900/1700-H with a 640 × 512 pixel InGaAs-NIRvana640LN
camera. To optimize the signal collection conditions, LP 1500 and LP
1000 were selected to acquire imaging of the whole-body vasculature
and intact local microvascular.

2.8. Imaging and surgical resection of abdominal metastases

The mice with abdominal metastasis were injected with the
RENPs@HA probes (100 μL, 0.2 mg mL− 1). Perform intraoperative im-
aging 1 h later. Anesthetize the mice, fix their limbs, use surgical scissors
to cut open the abdominal skin, and near-infrared fluorescence imaging
was performed 1h post injection. Subsequently, the lesions were surgi-
cally removed under the guidance of NIR-IIb imaging.

2.9. Statistical analysis

Data values are expressed as the mean ± standard deviation (SD),
and the analysis of all data was limited to analysis of two tailed Student’s
t-test. *: P < 0.05 was considered statistically significant. **: P < 0.01
and ***: P < 0.001 was considered highly statistically significant.

3. Results and discussion

3.1. Characterization of RENPs@HA

Using a Ce3+ doped strategy to enhance the nanoparticle core down-
conversion pathway and suppress upconversion, we synthesized core-
shell NaYF4:Yb/Er/Ce@NaYF4:Yb@NaNdF4:Yb@NaLuF4 Er-RENPs
(referred to hereafter as RENPs) with NIR-IIb emission at approxi-
mately 1550 nm using a layer-by-layer epitaxial growth method [19].
Transmission electron microscopy (TEM) and dynamic light scattering
(DLS) confirmed the merits of the RENPs in terms of uniform and suit-
able diameters of 25 nm, with good dispersibility (Fig. 1A and B).
Nanoagents with hydrodynamic diameters of 10–50 nm is widely known
for their rapid uptake into the lymphatic system, which effectively
identifies the SLNs [20,21]. The prepared RENPs were transformed into
water-stable state by PMH-PEG coating (RENPs@PMH-PEG), and then
HA was covalently bound to the surfaces to form RENPs@HA via the
EDC-NHS reaction. Successful conjugation of PEG and HA sequentially
diminished the zeta potential of RENPs from 24.3 ± 1.2 mV to 4.4 ± 1.0
mV, and further − 17.2 ± 2.4 mV (Fig. 1C). The dispersal and size uni-
formity of RENPs@HA were also proved by DLS and TEM results
(Fig. 1A; Fig. SI 1A). Because of the HA coating, the probe remained
stable without obvious changes in particle size upon dispersal in
deionized water, physiological saline, or serum for at least three days
(Fig. SI 2A).

Under 808 nm laser excitation, RENPs@HA exhibited strong NIR-IIb
fluorescence, with the emission spectrum peaking at 1525 nm (Fig. 1D;
Fig. SI 1B) and stable fluorescence intensity remained at least three days
upon dispersal in various solution (Fig. SI 2B). For biological imaging,
the optical stability of the RENPs@HAwas tested under continuous laser
irradiation for 30 min. Compared to the clinically approved NIR dye
ICG, RENPs@HA was more optically stable (Fig. 1E and F). To further
test the potential of imaging deeper tissues, fluorescence images of
capillaries filled with RENPs@HA or ICG in solution was imaged with
pork tissue slice covering and showed significant differences in pene-
tration depth (7 mm vs. 3 mm) (Fig. 1G). Gaussian-fitted full width at
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half maximum (FWHM) analysis showed decreased fluorescence in-
tensity of RENPs@HA along with the increasing phantom depth, which
gradually appeared after the thickness exceeded 5 mm because of the
weakened scattering of photons (Fig. 1H and I).

To further confirm the high-resolution NIR-IIb imaging of
RENPs@HA, fast-body vascular imaging of BALB/c nude mice was
performed. Under 808-nm laser excitation after intervenors injection,
mice clearly displayed whole-body vasculature imaging (Fig. 2A) and
intact local microvasculature, including ear microvasculature, abdom-
inal vasculature, brain microvasculature mesh, and tumor neo-
vascularization (Fig. 2B–E). Additionally, microvascular cross-sections
within the region of similar position and length were chosen (yellow
line in figures), and the fluorescence signal was quantitatively analyzed
by Gaussian fitting. The whole-body imaging results demonstrated high-
sensitivity discrimination of brain microvasculature with a diameter of
approximately 0.89 mm and superior vena cava vessels, the SNR of
which was up to 9.45. (Fig. SI 3A–C). In addition, the ear vein micro-
region imaging showed observable microvessels with an FWHM of only
41 μm and excellent resolution (Fig. 2F, G, and I). Rather than only three
microvessels observed in NIR-IIa brain microvascular imaging (Fig. SI
3D and E), NIR-IIb imaging of RENPs@HA clearly visualized six
microvessels with an FWHM as low as 68 μm and accurately distin-
guished two vessels separated by 90 μm (Fig. 2H), indicating the
outstanding sensitivity and resolution of RENPs@HA in NIR-IIb living
imaging.

3.2. Targeting ability of RENPs@HA in CD44 high expression cells

The biosafety and targeting potential of RENPs@HA were evaluated
in vitro as a feasibility study. MTT assays were performed on non-
tumorigenic breast epithelial (MCF10A) and breast cancer (MCF-7 and
MDA-MB-231) cells to evaluate the cytotoxicity of RENPs@HA. Cell
viability results suggested no obvious cytotoxic effects of RENPs@HA
(Fig. 3A–C). RENPs@HA concentration of 0.2 mg mL− 1, a quarter of no-
observed-adverse-effect level (survival rate >95 %), was selected as the
reference concentration used in the present study. Cellular uptake of
RENPs@HA nanoprobes was investigated using confocal laser scanning
microscopy (CLSM) and flow cytometry (FCM). Bright fluorescence was
observed in MDA-MB-231 cells (high CD44 expression) rather than low
CD44-expressed MCF-7 cells after 4 h of co-incubation with FITC dye-
labeled NIR-II NPs, indicating that the CD44-HA mediated interaction
of RENPs@HA (Fig. 3D). Flow cytometry results also supported this
inference, that RENPs@HA were taken up by less than 1.4 % of MCF10A
cells (Fig. 3E). These results indicated the potential of RENPs@HA for
breast cancer-specific bioimaging.

3.3. In vivo and ex vivo biodistribution and biocompatibility of
RENPs@HA

The in vivo behavior of RENPs@HA was investigated in healthy nude
mice. NIR-IIb fluorescence signals were distinctly observed in systemic
tissues within 1 h and decreased in 4 h post injection, indicating the
rapid distribution of RENPs@HA (Fig. 4A). The liver emitted continuous
detectable fluorescence signals with elimination latencies longer than

Fig. 1. Characterization of RENPs@HA. (A) TEM images of RENPs (left), scale bar 500 nm, and RENPs@HA (right), scale bar 50 nm. (B) Hydrodynamic diameter and
(C) zeta potential of RENPs, RENPs@PMH-PEG and RENPs@HA. (D) Fluorescence intensity of RENPs@HA. (E, F) NIR fluorescence images of RENPs@HA (100 μg
mL− 1) and ICG (50 μg mL− 1) in various biological media under irradiation at 808 nm with a power density of 15 W cm− 2. (G) NIR fluorescence images of phantom
tissues showing complete attenuation of ICG by 3 mm in NIR-I or NIR-IIa regions, whereas signals of RENPs@HA persist through 7 mm (exposure time: 50 ms, power
density: 15 W cm− 2, concentration of RENPs@HA: 100 μg mL− 1 and concentration of ICG: 50 μg mL− 1). (H) FWHM and (I) SBR of RENPs@HA and ICG based on the
phantom tissue depth. Data are expressed as the mean ± SD (n = 3).
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12 h in the ventral view, suggesting terminal elimination of RENPs@HA
by the hepatobiliary systemand further guarantee the biological safety
in living imaging. Although rapid elimination poses challenges to the
imaging window, the enhanced fluorescence quantum yield of
RENPs@HA in the NIR-IIb region by Ce3+ doping and tumor-targeting
HA functionalization should ensure tumor enrichment of the probes
[22].

No significant weight differences or adverse events were observed in
the RENPs@HA-exposed mice (Fig. 4B). Additionally, ex vivo imaging of
the isolated organs indicated that the RENPs@HA NPs were mainly
deposited in the liver, spleen, and lungs and eliminated in seven days
(Fig. 4C). Although fluorescence signals showed retention of probes in
spleen, serum biochemical analysis and hematoxylin and eosin (H&E)-
stained tissue sections showed no overt long-term damage including
inflammatory changes and threats to hematopoietic function (Fig. SI 4).
Overall, RENPs@HA exhibited excellent optical performance, favorable
clearance, and good biocompatibility in vivo, which promotes the
translational capability of the nanoprobes in diverse biological
applications.

3.4. In vivo targeting of CD44-expressing breast tumors by RENPs@HA

The applicability of RENPs@HA for intraoperative imaging was
evaluated using a nude mouse model bearing MDA-MB-231 subcu-
taneous tumors. Mice with a volume of approximately 100 mm3 were
intravenously injected with 1mg kg− 1 RENPs@HA, followed by imaging
in dorsal view to avoid the mononuclear phagocyte system signal
interference [23]. As shown in Fig. 4D, the SNR of tumor gradually
increased over time and reached a maximum 10 h after probes injection.
The rapid tumor-targeting accumulation of RENPs@HA may be

attributed to its small size and HA modification, which facilitated the
EPR effect [24]. To illustrate the specificity of tumor targeting, folic acid
(FA)-coated RENPs (RENPs@FA) and unmodified RENPs@PEG were
used as controls for tumor imaging [25]. The results showed that the
tumor-to-background ratio of RENPs@HA maintained around 2.8–3.2
for at least 10 h (Fig. 4E), significantly higher than that of RENPs@FA
(decrease from 2.2 to 1.0 within 6 h) or RENPs@PEG (decrease from 1.7
to 1.0 within 4 h), suggesting its higher specificity with CD44 expressing
tumor.

3.5. The timely diagnosis of LNs metastasis

Given the high sensitivity and specificity of RENPs@HA living im-
aging, we further investigated the capability of the reported probe to
detect LNs metastasis. LNs metastasis models were developed using 4T1-
Luc tumors bearing mice in the right paw, and were imaged after
footpad injection of the probe (1 mg kg− 1). To mimic clinical practice,
we covered the paw region with a black sheet to better detect and
demonstrate the signal during imaging. As shown in Fig. 5A, strong
fluorescence signals were observed in the popliteal and sciatic LNs of the
tumor-bearing mice. However, the fluorescence signals gradually spread
from the popliteal LN to surrounding tissues 0.5–4 h post injection. Ex
vivo examination revealed the popliteal LN noticeably swollen and
emitted a much stronger probe signal (Fig. 5B). Bioluminescence im-
aging of the popliteal LN collected from tumor-bearing mice confirmed
the presence of metastatic tumor cells (Fig. 5C). Owing to continuous
infiltration of probes along the lymphatic vessels, rapid lymphatic im-
aging and gradual diffusion of fluorescent signals, failed leading to a
high background signal with additional false-positive results in sciatic
LNs detection. However, no obvious fluorescence signal or probe

Fig. 2. NIR-IIb bioimaging of (A) whole-body (scale bar 10 mm), (B) ear (scale bar 2 mm), (C) abdomen (scale bar 2 mm), (D) brain (scale bar 0.5 mm), and (E)
tumor (scale bar 1 mm) after intravenous injection of RENPs@HA (0.5 mg mL− 1, 100 μL). (F–I) Fluorescence intensity profiles (dashed black line) and Gaussian
fitting curve (solid red line) along the yellow lines in the NIR-IIb fluorescence image shown in (B–E).

Z. Yang et al.
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penetration was observed in the inguinal lymph nodes throughout. This
result means that probe drainage via the lymphatics could not provide
accurate LNs detection, let alone specific diseased LNs screening, as
complex and potentially pathological lymphatic drainage may increase
the risk of false-negative detection [26,27].

Then, we investigated the ability of RENP@HA to provide long-term,
specific imaging of diseased lymph nodes through intravenous admin-
istration. The same LNs metastasis model was imaged after intravenous
injection of RENPs@HA (1 mg kg− 1), as shown in Fig. 5D. NIR-II fluo-
rescence signals were observed in the popliteal LN in 1 h post intrave-
nous injection and maintained an adequate SNR for 6 h (Fig. 5E),
suggesting the target enrichment of the probes in LNs metastasis. The
background fluorescence signal of pathological LN in the NIR-I and NIR-
IIa regions was higher than that in the NIR-IIb region and appeared 4 h
later. Furthermore, the SNR of the invaded popliteal LN compared to
that of the contralateral normal popliteal LN was calculated (Fig. 5F).
The SNR of NIR-IIb imaging of the metastatic lesion reached 9.24, which
was 4–6 fold higher than the results of each other, effectively dis-
tinguishing lymphatic metastases. In addition, ex vivo fluorescence im-
aging of LNs confirmed the presence of the NIR-II NPs (Fig. 5G). All
lesions and lymph nodes were pathologically verified by H&E staining,
confirming the ability of RENP@HA to effectively distinguish diseased
LNs.

Furthermore, we attempted to use this probe to diagnose sponta-
neous LN metastasis in 4T1-Luc subcutaneous tumor model. Mice were
intravenously injected with RENP@HA (1 mg kg− 1) and imaged after 6
h. NIR-IIb fluorescence imaging demonstrated a bright signal in the LN

located near the primary tumor (Fig. 6A), which was significantly higher
than that in all organs except the liver and spleen both in ex vivo and in
vivo fluorescence imaging (Fig. 6B and C), especially contrasts sharply
with the normal sciatic nerve LN. Additionally, the distinct demarcation
line observed between the tumor region and lymphoid tissue in the
H&E-stained sections further confirmed the occurrence of metastasis to
inguinal LN (Fig. 6D). These results provided evidence that the probe
can target LN metastases for the diagnosis of spontaneous lymphatic
metastasis.

3.6. Visualization of minimal tumor sites using RENPs@HA in a
peritoneal dissemination metastatic model

Invasive breast carcinoma is prone to metastasis and dissemination,
and is one of the most severe extra-abdominal tumors that causes peri-
toneal metastases in advanced-stage patients [28]. Peritoneal metasta-
ses are usually associated with a poor prognosis owing to the difficulty of
detection in clinical practice [29,30], as the survival rate was signifi-
cantly correlated with the resection rate of small residual lesions (less
than 1 cm) [31,32]. Hence, the ability of RENPs@HA to detect breast
tumors and peritoneal metastases in a peritoneal dissemination meta-
static model and to guide resection using intraoperative fluorescence
was investigated.

Peritoneal dissemination metastatic models were developed by
intraperitoneal injection of 4T1-Luc cells (Fig. 7A). Then, the mice were
intravenously injected with RENPs@HA (1 mg kg− 1) and imaged after 6
h (Fig. SI 5A). The NIR-II fluorescence signal of the multiple probe-

Fig. 3. Cytotoxicity and uptake of RENPs@HA in vitro. (A–C) Viability of MCF10A (A), MCF-7 (B), and MDA-MB-231 (C) cells incubated with RENPs@HA. (D) CLSM
and (E) FCM of MCF-7 and MDA-MB-231 cells incubated with 200 μg mL− 1 RENPs@HA-FITC for 4 h, scale bar 50 μm. Data are expressed as the mean ± SD (n = 3).
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enriched regions could be detected by intraoperative imaging, and the
SNR of 13.4 (n = 3) was observed to be nearly 3-fold higher than that of
NIR-I imaging (Fig. SI 5B), thus avoiding false-positive signals from
alimentary canal contents. Benefiting from the specific tumor-targeting
ability of RENPs@HA, the signal of small metastatic lesions in the
peritoneal metastasis model was accurately detected under conditions of
liver signal exposure (without shelter) and was demonstrated by biolu-
minescence imaging (Fig. 7B and C; Fig. SI 5C). Thus, efficient NIR-IIb-
guided complete resection of peritoneal metastases could be conducted
with no residual minuscule tumors after surgery (Fig. SI 5D).

Additionally, the in-situ distribution of the probe in the removed
tissue shown in fluorescence image was consistent with that exhibited by
the ex vivo bioluminescence of malignant cells (Fig. 7D) with a sensi-
tivity of 83.3 %, which could be peritoneal miliary disseminated lesions
in the mesenteric LNs. Therefore, RENPs@HA was proved to accurately
identify tumors at various miscellaneous locations and locate minuscule
metastases during surgery.

4. Conclusion

Breast cancer guidelines require biopsies for preoperative assessment
of all suspicious regional lymph nodes. However, the limitations of
sampling techniques make it difficult to accurately detect and evaluate
microscopic lesions smaller than 0.5 cm [33]. Prior research indicates
that over 10 % of cases initially diagnosed as node-negative for breast
cancer by blue dyes or radioactive nanocolloids actually contained
micrometastases [34], defined by the American Joint Committee on
Cancer as tumor deposits ranging from 0.2 to 2.0 mm in size [35]. This
scenario further underscores the critical need for precise and immediate
intraoperative detection of nodal metastasis.

NIR-II fluorescence imaging offers high-resolution imaging with
minimal signal attenuation and high tissue penetration, which is highly

advantageous for the real-time visualization of breast cancer lymph
node metastases in vivo, both preoperatively and intraoperatively.
Currently, ICG is the preferred NIR fluorescent small-molecule dye uti-
lized in clinical settings as it rapidly migrates to the LNs within
approximately 3 h [36]. Although ICG effectively identifies LNs, it
cannot differentiate between metastatic and non-metastatic LNs. In this
study, we effectively synthesized Er-based NIR-IIb rare earth nanop-
robes RENPs@HA that exhibit characteristics such as deep tissue pene-
tration, optical stability, and an imaging resolution of up to 41 μm using
commercially available equipment. In contrast, the RENPs@HA
nanoprobe was demonstrated the ability to accurately detect and persist
in metastatic LNs for over 24 h.

The potential use of molecularly targeted probes to address meta-
static diseases is of significant importance. Breast cancer cells exhibit
increased expression of CD44 proteins, which is related to nodal me-
tastases [18,37]. Additionally, lymphatic endothelial cells express a
CD44 glycoprotein homologue lymphatic vessel endothelial hyaluronan
receptor 1, which is a lymph-specific receptor with a specific affinity for
HA [38,39]. Thus, HA is a screening marker and ideal candidate for
designing novel metastasis targeting nanoprobes. In the present study,
we conjugated RENPs with HA to create novel NIR-IIb fluorescent
probes with superior tumor-targeting specificity for high SNR in vivo
tumor imaging.

In addition, the complexity of lymphatic drainage pathways and the
phenomenon of skipping lymphatic metastasis hinder the accuracy of LN
diagnostics [40]. Even worse, the imaging efficacy of tracers through
lymphatic drainage is significantly limited by sequential lymph node
drainage patterns despite in regions of clear lymphatic drainage path-
ways [41]. Therefore, the intravenous administration of nanoprobes is
more suitable for the visualization of early stage orthotopic microtumors
and metastatic LNs. In this study, the intravenous administration of
RENPs@HA effectively facilitated the visualization and detection of

Fig. 4. Biodistribution and biocompatibility of RENPs@HA. (A) In vivo NIR-IIb fluorescence images of healthy mice with intravenous injection of RENPs@HA. (B)
Body weight of mice over several days. (C) Ex vivo fluorescence images of the major organs (heart, liver, spleen, lungs, kidneys, stomach, and intestines) seven days
post injection. (D) In vivo NIR-IIb fluorescence images of MDA-MB-231 tumor-bearing mice with intravenous injection of RENPs@HA, RENPs@FA and RENPs@PEG.
(E) Quantitative analysis of tumor-to-background ratio of NIR-IIb fluorescence of the tumors in (D) using the ImageJ analysis software. Data are expressed as the
mean ± SD (n = 3).
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microtumors and abdominal LN metastases, leading to the guidance for
surgical resection.

In summary, we developed an NIR-IIb rare earth nanoprobe,
RENPs@HA, for the real-time detection and resection of SLN metastasis

in breast cancer, which accurately determined LN status with high
sensitivity and specificity and enabled the detection of macro- or
micrometastases with great sensitivity. This methodology holds promise
for the precise visualization of lymph node metastasis, thereby

Fig. 5. In vivo NIR-IIb fluorescence imaging of SLNs with metastases. (A) In vivo imaging of mice with sciatic LN metastases after footpad injection of RENPs@HA. (B)
NIR-IIb fluorescence imaging and (C) bioluminescence of sciatic LN, popliteal LN, and inguinal LN ex vivo. (D) Scheme of popliteal LN metastases detection through
intravenous injection of RENPs@HA. (E) In vivo imaging of popliteal LN metastases after intravenous injection of RENPs@HA probe in NIR-I, NIR-IIa, and NIR-IIb
regions. (F) SNR of SLN metastases in different imaging regions based on (E). (G) Bioluminescence, NIR fluorescence imaging, and H&E staining of popliteal LN,
sciatic LN, and inguinal LN ex vivo. The yellow line in H&E staining shows the boundary between tumors and normal lymphoid tissue, scale bar 200 μm.

Fig. 6. Diagnosis of spontaneous lymph node metastasis. (A) In vivo NIR-IIb fluorescence images after intravenous injection of RENPs@HA. (B) Ex vivo fluorescence
images of major organs and LNs 12 h post injection. (C) Quantitative analysis of NIR-IIb nanoprobe fluorescence intensity of various organs ex vivo based on (B). (D)
H&E staining of pathological inguinal LN, scale bar 20 μm.
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enhancing the advantages of early tumor staging and treatment deci-
sion-making.
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