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The high mortality of breast cancer is closely related to lymph node (LN) metastasis. Sentinel LNs (SLNs) are
the first station where tumor cells metastasize through the lymphatic system. As such, achieving precise
diagnosis of the early metastatic status of SLNs during surgery is of paramount importance for precision
therapy of breast cancer. While invasive SLNs biopsy is the gold standard for evaluating the status of
SLNs, its use is often time-consuming and may increase the risk of operation. It is still challenging to
develop a means for rapid SLN metastasis diagnosis. Herein, NaGdF4:5%Nd@NaLuF, rare earth
nanoparticles (Gd:Nd-RENPs) with near-infrared-Il (NIR-Il) fluorescence and magnetic resonance
imaging (MRI) properties were fabricated. With the nanoprobe, metastatic SLNs and lymph vessels (LVs)
rapidly brighten and can be observed by the NIR-II imaging system, which is totally different from normal
LNs and LVs. The remarkable contrast observed via NIR-Il imaging serves to swiftly delineate metastatic
SLNs from normal ones, subsequently guiding precise surgical resection of metastatic LNs in just 10
minutes. Furthermore, the consistency between the results obtained via MRI and NIR-II imaging further
validates the dependability of this nanoprobe as a diagnostic tool for metastatic SLNs. Additionally, the
Gd:Nd-RENPs exhibited good biocompatibility in vitro and in vivo. In this study, we demonstrated the
advantages and prospects of NIR-Il imaging for intraoperative early SLN metastasis assessment and shed
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1. Introduction

Breast cancer, the leading malignancy in females, has the
second highest mortality rate of all female tumors." Metastasis
is the main reason for the high mortality of breast cancer.
Lymphatic metastasis is the most common method of metas-
tasis in breast cancer patients; thus, the axillary lymph node
(ALN) metastasis status is closely related to the outcome and
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light on the potential of the dual-modal Gd:Nd-RENPs as a nanoprobe.

prognosis of breast cancer patients.>* Due to the high proba-
bility of lymph node (LN) metastasis, patients with early breast
cancer commonly undergo mastectomy combined with axil-
lary lymph node dissection (ALND) to prevent recurrence.*
However, excessive ALND may induce a number of complica-
tions, such as lymphedema, axillary web syndrome, and upper
limb movement range reduction, which seriously affect the
postoperative quality of life of patients.” To minimize the
incidence of lymphatic metastasis during tumor resection,
sentinel lymph node biopsy (SLNB) is essential for evaluating
the presence of early metastases in sentinel lymph nodes, the
first lymph node that tumor cells drain into.*® Following the
results of the SLNB, ALND is performed only in patients who
test positive for metastases in the SLNs, consequently
reducing the occurrence of excessive ALND and its subsequent
complications.® SLNB is now widely considered the gold
standard in diagnosing lymphatic metastasis.'® The drawback,
however, is a long intraoperative time, which lengths the
surgery time and increases the risk to the patients. Therefore,
it is urgently needed to exploit a real-time imaging method
that can accurately assess early SLNs metastases during
surgery.

Optical imaging, which possesses the advantages of real-
time dynamics imaging and diffraction-limited high spatial

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3na00254c&domain=pdf&date_stamp=2023-08-05
http://orcid.org/0000-0001-7654-8724
http://orcid.org/0000-0003-1024-380X
https://doi.org/10.1039/d3na00254c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00254c
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA005016

Open Access Article. Published on 26 July 2023. Downloaded on 1/20/2026 3:49:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

resolution, is widely used in the areas of basic medicine and
laboratory medicine."*** However, traditional optical imaging,
distinguished by their limited tissue penetration and signal-to-
noise ratio (SNR), restrict their applications for in vivo imaging.
In the past few years, optical imaging in the near-infrared (NIR)
region has attracted extensive attention from researchers due to
its advantages in penetration and SNR.*>'® A U.S. Food and Drug
Administration (FDA)-approved NIR probe, indocyanine green
(ICG), has been successfully utilized in clinical settings for
tumor navigation and lymph node imaging during surgery.'”*°
However, it still suffers from the limitation of tissue penetration
depth (1-2 millimeters) and fluorescence fidelity in deep
tissue.?® Thus, imaging in the NIR-II region (900-1700 nm),
which has a deeper tissue penetration depth (up to 9 millime-
ters)* and a higher fluorescence fidelity and SNR, shows
extensive application prospects in intraoperative resection
navigation,*?* vascular system imaging, and lymphatic
system imaging.”**” Correspondingly, the investigation and
development of NIR-II nanoprobes is currently a research area
of great interest and attention. Currently, a plethora of NIR-II
nanoprobes, including organic small molecules,*® quantum
dots (QDs),>* single-walled carbon nanotubes (SWCNTSs)***
and rare earth nanoparticles (RENPs),*® have been widely re-
ported. In particular, RENPs are attractive due to their excellent
photostability and biocompatibility.** Therefore, RENPs are
potential in vivo NIR-II imaging probes, especially for applica-
tion in lymphatic diseases. In Cheng's study, RENPs@Lips were
applied for lymphatic imaging, and their results showed that
inguinal LNs can be resected completely under NIR-II imaging
guidance after RENPs@Lips injection.” In addition, Tian and
coworkers detected popliteal and sacral LNs and performed LNs
biopsy and dissection by using liposome-coated lanthanide
nanoparticles.* Those studies indicate the tremendous poten-
tial of RENPs for LNs imaging and guided LNs dissection.
However, accurately assessing early SLN metastasis status by
using RENPs is still challenging, and few studies have focused
on this issue, although RENPs have the potential to replace
SLNB and significantly shorten surgical time.

Keeping this idea in mind, rare-earth core/shell down-
shifting NaGdF,:5%Nd@NaLuF, rare earth nanoparticles
(Gd:Nd-RENPs) possessing excellent NIR-II fluorescence
performance at approximately 1060 and 1340 nm were fabri-
cated. The Gd:Nd-RENPs exhibit a higher SNR and clearer
lymph vessels (LVs) imaging than commercial ICG. Subsequent
in vivo real-time imaging showed that the fluorescence signals
in normal LNs and LVs are weaker at first and increase over
time. In contrast, metastatic LNs and LVs rapidly brighten, and
then they attenuate gradually. The difference facilitates dis-
tinguishing metastatic SLNs from normal SLNs and guiding
surgery for metastatic LN removal. Mechanistically, we specu-
late that the expansion of LVs caused by LN metastasis of tumor
cells may be responsible for what we detected, which shows the
rapid imaging of the nanoprobe in metastatic LNs. Overall,
these findings shed light on the clinical application potential of
Gd:Nd-RENPs for early SLN metastasis imaging and intra-
operative navigation.

24,25
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2. Materials and methods

2.1. Materials and reagents

Gadolinium(ur)chloride hexahydrate (GdCl;-6H,0, 99.9%),
lutetium(u)chloride hexahydrate (LuCl;-6H,0, 99.99%), neo-
dymium(ur)chloride hexahydrate (NdCl;-6H,0, 99.9%), sodium
fluoride (NaF, 99.99%), sodium hydroxide (NaOH, 96%), oleic
acid (OA, 85%), 1l-octadecene (ODE, 90%) and chlor-
ophosphonazo III were obtained from Shanghai Aladdin Co.
Ltd. (Shanghai, China). Methyl thiazolyl tetrazolium (MTT) and
dimethyl sulfoxide (DMSO) were purchased from Beijing
Chemical Reagents Co. Ltd. (Beijing, China). Analytical-grade
tetrahydrofuran (THF) was purchased from Titan Scientific
Co. Ltd. (Shanghai, China). Polyethylene glycol (PEG) with
a diphosphate group and a methoxy group (CH;0-PEG-DP, M,,:
2000) at two ends was a customized product provided by Beijing
Oneder-hightech Co. Ltd. (Beijing, China). All reagents were
used as received without any purification.

2.2. Synthesis of NaGdF,:5%Nd@NaLuF, core/shell
nanoparticles

Monodispersed ultrasmall lanthanide fluoride nanocluster
[NaLnF, (Ln = Gd/Nd, Lu)] precursors were synthesized through
the classic liquid-solid-solution (LSS) strategy.***” Briefly, 1.2
of sodium hydroxide, 4 mL of deionized water, 9 mL of ethanol,
and 20 mL of OA were successively added to a 50 mL flask and
then stirred for 10 min. Afterward, 1 mL of a gadolinium chlo-
ride hexahydrate (0.475 mol L™') and neodymium chloride
hexahydrate (0.025 mol L™ ') mixture aqueous solution was
added to 4 mL of a sodium fluoride solution (0.5 mol L") and
stirred for 60 min to fabricate NaGdF,:5%Nd. The NaLuF,
nanoclusters (0.5 mol L") were prepared in the same way. The
resultant nanoclusters were dispersed in cyclohexane (2 mL) for
further use. Subsequently, the NaGdF,:5%Nd solution was
added to a three-necked flask containing 6 mL OA and 10 mL
ODE. The mixture was purged with nitrogen (N,) at 70 °C for
30 min to remove the cyclohexane, heated to 280 °C and reacted
for 30 min under stirring. After cooling to room temperature,
the reaction solution was added to 2 mL of NaLuF, (0.5 mmol)
nanocluster solution, 6 mL of OA and 10 mL of ODE and stirred
for 60 min to fabricate OA-coated NaGdF,:5%Nd@NaLuF, core/
shell nanoparticles (Gd:Nd-RENPs).

PEG-diphosphate ligand (DP-PEG,,) and OA-coated core/
shell Gd:Nd-RENPs were added to 5 mL THF at a mass ratio
of 10: 1. The ligand exchange was then executed under stirring
at 40 °C for 24 h. Then, the PEG-coated particles were precipi-
tated by cyclohexane, washed with cyclohexane three times, and
dried in a vacuum at room temperature for 2 h. Finally, 5 mL of
Milli-Q water was added to dissolve the PEG-modified nano-
particles for further use.

2.3. Characterization of Gd:Nd-RENPs

The size and morphology of the nanoparticles were observed
through an FEI Tecnai G20 transmission electron microscope
(TEM). The concentration of Gd*" was measured by inductively
coupled plasma-mass  spectrometry  (ICP-MS).  The
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downconversion fluorescence spectra were characterized by
FLS980 spectra equipped with an 808 nm laser. The longitu-
dinal relaxivity (r;) of Gd:Nd-RENPs was measured by a 3 tesla
MRI scanner (MR Solution, UK). T; maps were calculated by
pixelwise fitting of the TR-dependent signal intensity changes to
a single exponential function.

2.4. Mouse lymphatic metastasis model

Specific pathogen-free (SPF)-grade nude female mice (5 weeks
old) were purchased from Cavens Lab Animal Co., Ltd.
(Changzhou, China) and fed adaptively for one week before
tumor bearing. A lymphatic metastasis model was established
by injecting 4Ty cells (5 x 10° in 25 pL PBS) into the left foot pad
of mice. The model was detected by touching enlarged lymph
nodes and histological analysis on day 7 postinjection.

All animal procedures were performed in accordance with
the Guidelines for Care and Use of Laboratory Animals of Soo-
chow University and approved by the Animal Ethics Committee
of Soochow University.

2.5. NIR-II fluorescence imaging

The real-time imaging procedure started once 50 pL Gd:Nd-
RENPs (1.0 mg mL™ ') were simultaneously injected into the
bilateral paws of anesthetized model mice through venous
catheters. Images were acquired via a 1000 nm long-pass filter
and exposure time 300 ms at various time points postinjection
to visualize both sides' lymphatic vessels and lymph nodes
under excitation with an 808 nm laser at a power density of 45
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mW cm 2. Imaging of ICG was performed by using an 880 nm
long-pass filter with exposure time 200 ms, at various time
points following 50 uL ICG (0.1 mg mL ") injections.

After identifying the metastatic sentinel lymph nodes, the
lymph nodes were precisely resected under the guidance of NIR-
Il imaging. After anesthetization, a 0.5-1 cm? incision was made
above the lymph nodes, and the lymph nodes were subse-
quently resected under irradiation with an 808 nm laser. The
incision was sutured, and the removed lymph nodes were fixed
in 4% paraformaldehyde. Subsequently, standard processing
procedures, including paraffin embedding, cutting into slices,
and deparaffinization, were executed. Hematoxylin & eosin
(H&E) staining and immunofluorescent staining of CD11b and
DAPI were carried out. Finally, the slices were detected and
recorded by optical microscopy (Leica DMIS8) and laser scanning
confocal microscopy (Olympus FV1200). Regarding rare earth
staining, tissue slices were subjected to chlorophosphonazo III
staining solution (chlorophosphonazo III, 20 mg L', HNO;,
0.03 mol L") for 15 minutes at room temperature. After
undergoing three thorough washes with ultra-pure water, the
slices were sealed with neutral balsam and subsequently
observed and documented via optical microscopy.

2.6. In vivo MRI

MRI was performed with a 3 tesla MRI scanner (MR Solution,
UK) at 0, 1, 5, 8, 10, 15, 20, 25, 30, 45, 60, 75, 90, 105, and
120 min after Gd:Nd-RENPs (50 uL, 1.0 mg mL ') administra-
tion. T;-weighted images were obtained by using a fast spin-
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Fig.1 Characterizations of NaGdF4:5%Nd@NaLuF4 NPs. (a) Schematic illustration of Gd:Nd-RENPs fabrication and lymphatic system imaging. (b)
TEM image of Gd:Nd-RENPs (scale bar, 100 nm). (c) Downconversion photoluminescence spectrum of Gd:Nd-RENPs under an 808 nm
excitation laser. (d) T; relaxivity plot of the aqueous suspension of Gd:Nd-RENPs.
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echo sequence with fat saturation (TR/TE = 850/11 ms, FA = 90,
FOV = 40). Images were analyzed by Image] software.

2.7. Biocompatibility evaluation

The cytotoxicity of Gd:Nd-RENPs in 4T; and RAW 264.7 cells was
assessed by MTT assays according to our previous studies.*®
Briefly, 4T; and RAW 264.7 cells were seeded into 96-well plates
and cultured in an incubator (37 °C, 5% CO,) for 24 h. Then, 100
uL of media containing different concentrations of Gd** (0, 25,
50, 100, 200, 400, and 600 pug mL ") were added to each well and
incubated for the other 24 h. Afterward, fresh media containing
MTT (500 ug mL ™) were added to the cells and incubated at 37 ©
C for 4 h. Thereafter, media containing MTT were discarded and
replaced with 100 pL of DMSO. Following 15 min of shaking, the
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absorbance at 490 nm was collected by a microplate reader
(Biotek Synergy Neo 2) to calculate cell viability. For H&E
staining, first, major organs were removed and fixed in 4%
paraformaldehyde solution after mice were sacrificed at day 7
post Gd:Nd-RENPs administration at a dose of 15 mg kg .
Then, embedding with paraffin, cutting into slices and staining
with H&E solution were carried out step by step. Finally, path-
ological slices were detected and recorded by a Leica DMIS8
microscope.

2.8. Statistical analysis

Data are given as the mean =+ standard deviation (SD). Statistical
analysis was performed using a two-tailed Student's t-test.
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Fig. 2 Gd:Nd-RENPs enable high-contrast metastatic LN imaging. (a) Schematic illustration of the lymphatic system in the hindlimb of nude
mice. The fluorescence probes were injected into the footpads. (b) Mouse setting position for NIR-II imaging and the imaging window. (c and d)
Comparison of popliteal and sacral LNs imaging with Gd:Nd-RENPs in the NIR-Il window and ICG in the NIR-I window, respectively, at 30 min
after probes injection. (e) SNR of SLNs analyzed based on the signals in white dashed box after ICG and Gd:Nd-RENPs administration. (f) FWHM
width and fluorescence intensity of LNs and LVs, based on the cross-sectional profiles [white lines in (c and d)].
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Statistical significance was assigned for a p value < 0.05. *p <
0.05, **p < 0.01, ***p < 0.001.

3. Results and discussion

3.1. Synthesis and characterization of Gd:Nd-RENPs

The protocol of core/shell Gd:Nd-RENPs synthesis was similar
to that we have reported previously.*® TEM images showed that
the NPs were spherical with regular morphology and uniform
size. The average diameter was approximately 14.4 £+ 2.1 nm
(Fig. 1b and S1at). The UV-vis-NIR absorption spectrum of the
Gd:Nd-RENPs showed multiple absorption peaks in the region
of 500-900 nm with a maximum absorbance peak between 790
and 810 nm, making the Gd:Nd-RENPs suitable for in vivo
imaging under irradiation with an 808 nm laser (Fig. Sibt).*
Due to the doping of Nd*', the Gd:Nd-RENPs exhibited two
sharp emission peaks at 1060 and 1340 nm (Fig. 1c). The
observation that the fluorescence intensity of the Gd:Nd-RENPs
remained constant for 5 days underscores the high degree of
photostability of these nanoparticles in both H,O and PBS
(Fig. Sict), which confers considerable advantages for their
potential use in biomedical applications. This enhanced pho-
tostability may be attributed to the success of the ligand
exchange process (Fig. S2t). In addition to the bright photo-
luminescence in the NIR-II region, the Gd:Nd-RENPs exhibit
interesting magnetism due to the presence of a large amount of
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o
@)

View Article Online

Paper

NaGdF, in the NPs.* The longitudinal proton relaxation time
(Ty) relaxivity coefficient of the Gd:Nd-RENPs was measured via
an MRI scanner under a 3 T magnetic field. As shown in Fig. 1d,
1/T, was linearly dependent on the concentration of Gd**, and
the r; value of the Gd:Nd-RENPs was 2.9 mM ' s~*, which is
significantly higher than the value (1.09 mM " s") we reported
in our previous study,*® which may be attributed to the more
suitable sizes.** The NIR-II fluorescence property and relaxation
performance indicate the potent potential of Gd:Nd-RENPs for
in vivo imaging.

3.2. NIR-II fluorescence imaging of LNs using Gd:Nd-RENPs
and ICG

The excellent fluorescence property of the Gd:Nd-RENPs
encouraged us to explore the NIR-II imaging effect of the NPs
on metastatic LNs. To better assess the application potential of
the NPs, we selected ICG as the control agent because ICG has
been applied for LN imaging in LN dissection.*>** After ICG and
Gd:Nd-RENPs administration (Fig. 2a) for 30 min, imaging was
executed as shown in Fig. 2b. The results shown in Fig. 2c and
d depict that both ICG and Gd:Nd-RENPs can image metastatic
LNs clearly under 808 nm laser excitation. Furthermore, despite
the fact that ICG results in a stronger fluorescence intensity
within metastatic SLNs, Gd:Nd-RENPs imaging produces
a more optimal SNR (10.1 + 0.3) when compared to ICG (5.0 £+
0.2) (Fig. 2e), which results from the severe photobleaching of

200

1204 — Metastatic LN —— Metastatic LV 200 — Metastatic LV
2 —Normal LN | & ——NormalLV | > 1 S Normal LV
7] 0160 =
S & £ 150/ 231um =
+ 80 - [
£ £ 3
- w120 =
& ® E 100
@ 40 @ 8
o 91 o 804 a
14 — [
=} =] = 504
3 3 e
(TR W 40/ (™ 0

pre 4 9 30 120 pre 7 15 45 120 0.02 0.04 0.06 0.08
Time (min) Time (min) Position (cm)

Fig. 3 NIR-Il fluorescence imaging in normal and metastatic lymphatic systems using Gd:Nd-RENPs. (a) NIR-II fluorescence images of normal
and metastatic popliteal LNs at different time points after injection of Gd:Nd-RENPs. Scale bar: 10 mm. (b) The fluorescence signal intensity (in
white dashed box) of metastatic and normal LNs at different time points, n = 3. (c) The fluorescence signal intensity (in blue dashed box) of
metastatic and normal LVs at different time points, n = 3. (d) The FWHM of metastatic and normal LVs at 5 min post-injection (signals were

collected according to the white line in (a)).
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ICG and its poorer tissue penetration compared to Gd:Nd-
RENPs. Moreover, afferent LVs can be clearly observed
(Fig. 2c, d and f) with the Gd:Nd-RENPs serving as the fluores-
cence probe, which may result from the special uptake of NPs by
LVs.* The expansion of LVs has been found in many lymphatic
metastasis patients and animal models, and has been proposed
an indicator for the diagnosis of lymphatic metastasis.*> Clear
LVs imaging facilitates not only the pinpointing of SLNs but
also the accurate evaluation of lymphatic metastasis. Thus, our
results demonstrate that Gd:Nd-RENPs are superior to ICG for
lymphatic imaging.
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3.3. Real-time NIR-II imaging of metastatic and normal
lymphatic systems

To further understand the imaging behavior of the Gd:Nd-RENPs,
we compared the NIR-II fluorescence imaging behaviors of the
Gd:Nd-RENPs between early-stage metastatic and normal
lymphatic systems. As depicted in Fig. 3a, b and S3,T normal LNs
are difficult to detect due to the weak fluorescence signals at the
beginning of Gd:Nd-RENPs administration. Thereafter, the fluo-
rescence signals slowly enhanced. The SLNs can be visualized
clearly at 45 min, and the signals remain at 120 min without
attenuation. In marked contrast, the metastatic SLNs brightened

Fig. 4 SLN mapping and biopsy guidance by NIR-Il imaging. (a) SLNs were localized and dissected under NIR-Il image navigation (scale bar: 10
mm). (b) SNR of SLNs during surgery, n = 3. (c) Histological analysis of resected metastatic and normal LNs by H&E staining. (d) Photographs of
normal and metastatic LNs after performing rare earth and CD11b* immunofluorescence staining. Scale bar: 500 um.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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rapidly in 5 min, and the signal intensity was approximately 2.3
times stronger than that of the normal SLNs (Fig. 3a and b) at
5 min. The significant difference can distinguish metastatic SLNs
from normal SLNs and guide the resection of metastatic SLNs. In
parallel, a similar phenomenon of LVs imaging was observed.
Unlike normal LVs, which display weak signals that increase
gradually, the metastatic LVs lit up immediately after Gd:Nd-
RENPs administration, and the signals were maintained for
approximately 30 min, then began to attenuate sharply, and
almost disappeared at approximately 120 min postinjection
(Fig. 3a and c). The signal intensity of metastatic LVs was
approximately 2.9 times stronger than that of normal LVs at
5 min. Additionally, the LVs on the metastatic side expanded
significantly, and the full width at half maximum (FWHM)
increased to 231 um, which is approximately 2.6-fold greater than
that of the normal LVs (Fig. 3a, ¢ and d), providing additional
evidence of lymphatic metastasis and facilitating diagnosis for
doctors. Regarding the significant difference we observed by NIR-
II imaging, it is rational to speculate that pathologic LN metas-
tasis enlarges the inner diameter of LVs; therefore, the nanoprobe
can rapidly fill up the afferent LVs, which manifests as the rapid
and prolonged imaging of metastatic LVs and LNs. Additionally,
advanced metastatic SLNs cannot be detected under NIR-II
imaging with Gd:Nd-RENPs (Fig. S4t), which may be attributed
to the lymphatic drainage obstruction caused by larger metas-
tases.*” Fortunately, later-stage metastatic SLNs can be easily
diagnosed by MRI, which greatly reduces the probability of false-
negatives during intraoperative metastatic SLN diagnosis.

3.4. SLN mapping and resection guided by NIR-II imaging

The clear lymphatic system imaging demonstrates that Gd:Nd-
RENP injection is helpful to delineate LVs and LNs during
surgery. Additionally, due to the appropriate imaging time
difference between metastatic LNs and normal LNs, metastatic
SLNs can be easily distinguished from normal SLNs with the help
of Gd:Nd-RENPs. Herein, we mimicked the clinical surgery of
metastatic LN dissection in model mice. Due to the fluorescence
property of the Gd:Nd-RENPs in the NIR-II region, SNR of

a

Fig.5
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metastatic SLNs reached >10 in the first 30 min after Gd:Nd-
RENPs injection (Fig. 4a and b). Therefore, the metastatic SLNs
were clearly observed and precisely dissected from surrounding
tissue under irradiation with an 808 nm laser (Fig. 4a and b).
Subsequently, NIR-II fluorescence imaging of resected normal
and metastatic LNs was employed. As depicted in Fig. 4c, the
signal of metastatic SLNs was much stronger than that of normal
SLNs, which is consistent with the in vivo imaging results.
Histological analysis confirmed that breast cancer metastasis
existed in the SLN, and the contralateral LN was normal (Fig. 4c).
Furthermore, we analyzed the distribution of Gd:Nd-RENPs in
metastatic and normal SLNs. As Fig. 4d depicts, the rare earth
elements (dyed blue) are predominantly located at the cortex and
exhibit colocalization with CD11b" macrophages. These findings
suggest that Gd:Nd-RENPs are primarily taken up by macro-
phages residing in the SLNs cortex. Similarly, in metastatic SLNs,
rare earth signals are also detected in CD11b" macrophages,
indicating that Gd:Nd-RENPs are endocytosed by macrophages
present in both normal and metastatic SLNs, which is consistent
with the observations made in Bennett's study.*® In conclusion,
within the 30 min surgical time window, metastatic LNs could be
identified and resected rapidly and accurately under the naviga-
tion of NIR-II imaging with the aid of Gd:Nd-RENPs, which has
the potential to replace intraoperative ALNB, thus greatly
reducing surgery time.

3.5. MRI of SLNs

In addition to the NIR-II fluorescence property, the interesting
magnetic properties of Gd:Nd-RENPs due to their containing
Gd**, which can relax water protons, enables the probe to
improve the contrast of LNs during perioperative MRI exami-
nation. As depicted in Fig. 5a and b, the signal of normal LNs
(marked with the yellow arrow) increased significantly with time
in the first 120 min. Moreover, the signal of metastatic SLNs
(marked with the red arrow) reached the maximum in 5 min
post Gd:Nd-RENP injection. Thereafter, the signals decreased
gradually over time (Fig. 5a and S57). These observations align

entirely with the results of NIR-II imaging, further
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In vivo MRI of LNs at different time points after Gd:Nd-RENPs injection. (a) T;-weighted MRI of metastatic and normal SLNs after injection

with Gd:Nd-RENPs (scale bar: 10 mm). (b) Mean intensity of MR signals of metastatic and normal SLNs against time, n = 3.
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Fig. 6 In vitro and in vivo biocompatibility of Gd:Nd-RENPs. The cell viabilities of 4T; (a) and Raw 264.7 (b) cells were evaluated by MTT assay

after 24 h of treatment in media containing different concentrations of Gd:Nd-RENPs, n = 6. (c) In vivo biocompatibility was detected by H&E
staining of major organs at day 7 post Gd:Nd-RENPs administration (15 mg kg™?). Scale bar: 50 um.

corroborating the trustworthiness of this imaging modality in
accurately distinguishing between normal and metastatic SLNs.

3.6. Biocompatibility of Gd:Nd-RENPs

Additionally, the biocompatibility of Gd:Nd-RENPs was deter-
mined. Fig. 6a displays the cell viability of 47, and Raw 264.7
cells analyzed by MTT assay after exposure to different
concentrations of Gd:Nd-RENPs for 24 h. Based on the results
obtained, it can be inferred that Raw 264.7 cells possess
a slightly greater sensitivity to Gd:Nd-RENPs when compared to
4T; cells, a phenomenon potentially explained by the height-
ened endocytic capacity of the Raw 264.7 cells. The cell viability
of Raw 264.7 cells exceeded 80%, even when the concentration
of Gd** was as high as 600 pg mL ", reflecting the remarkable in
vitro biocompatibility of the Gd:Nd-RENPs. Furthermore, the in
vivo biocompatibility was observed by histopathological section
(H&E staining) analysis. As shown in Fig. 6b, no obvious path-
ological injury was observed compared to the control group at
day 7 postadministration, illustrating the good in vivo biocom-
patibility of the Gd:Nd-RENPs, as well as their potent potential
for clinical application.

4. Conclusions

In this work, we have successfully synthesized a dual-modal
rare-earth nanoprobe, Gd:Nd-RENPs. Due to their good

© 2023 The Author(s). Published by the Royal Society of Chemistry

fluorescence property in the NIR-II region, Gd:Nd-RENPs enable
high-SNR LNs imaging and high-quality LVs visualization,
which is superior to that of commercial ICG. Additionally, with
the help of NIR-II imaging, the early metastatic lymphatic
system can be quickly distinguished from its normal counter-
part without invasion due to their different imaging perfor-
mances. Based on this, intraoperative metastatic SLNs
identification and dissection were rapidly and accurately per-
formed, exhibiting the potential of this approach for replacing
traditional SLNB. In addition to its optical properties, the
interesting magnetism of Gd:Nd-RENPs facilitates preoperative
LN staging by MRI. MRI displayed a result consistent with that
of NIR-II imaging. Moreover, the well-performing Gd:Nd-RENPs
exhibited high in vitro and in vivo biocompatibility. Conse-
quently, this study reveals that Gd:Nd-RENPs have great value
for clinical application in the accurate diagnosis of early
metastatic LNs and surgical resection under NIR-II imaging
guidance.
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