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A B S T R A C T

Contrast-enhanced magnetic resonance lymphography (CE-MRL) plays a crucial role in preoperative diagnostic 
for evaluating tumor metastatic sentinel lymph node (T-SLN), by integrating detailed lymphatic information 
about lymphatic anatomy and drainage function from MR images. However, the clinical gadolinium-based 
contrast agents for identifying T-SLN is seriously limited, owing to their small molecular structure and rapid 
diffusion into the bloodstream. Herein, we propose a novel albumin-modified manganese-based nanoprobes 
enhanced MRL method for accurately assessing micro- and macro-T-SLN. Specifically, the inherent concentration 
gradient of albumin between blood and interstitial fluid aids in the movement of nanoprobes into the lymphatic 
system. The micro-T-SLN exhibits a notably higher MR signal due to the formation of new lymphatic vessels and 
increased lymphatic flow, allowing for a greater influx of nanoprobes. In contrast, the macro-T-SLN shows a 
lower MR signal as a result of tumor cell proliferation and damage to the lymphatic vessels. Additionally, a highly 
accurate and sensitive machine learning model has been developed to guide the identification of micro- and 
macro-T-SLN by analyzing manganese-enhanced MR images. In conclusion, our research presents a novel 
comprehensive assessment framework utilizing albumin-modified manganese-based nanoprobes for a highly 
sensitive evaluation of micro- and macro-T-SLN in breast cancer.

1. Introduction

The accurate identification of micro- and macro-tumor metastatic 
sentinel lymph node (T-SLN) is crucial for predicting outcomes and 
planning treatment strategies for breast cancer [1–3]. Micro-T-SLN 
represents the early stage of tumor metastasis, which is important for 
evaluating lymph node involvement and deciding whether to perform an 
axillary lymph node dissection in breast cancer patients. Inversely, 
macro-T-SLN always indicates the further spread of tumor metastasis 
and a poor prognosis [4,5]. Consequently, the establishment of a highly 
sensitive and accurate diagnostic method is vital for efficient 

differentiation of micro- and macro-T-SLN in breast cancer patients.
In the clinic, the gold standard for detecting metastasis is the post

operative histological examination of lymph nodes. However, the 
invasive procedure can lead to complications such as chronic lymphatic 
insufficiency and lymphedema [6]. In recent years, non-invasive imag
ing techniques, including ultrasound (US), computed tomography (CT), 
magnetic resonance imaging (MRI), optical imaging, and radionuclide 
imaging, have become common in clinical assessments [7–10]. Radio
nuclide imaging is regarded as an effective technique for the diagnosis of 
lymphedema and can assist in intraoperative lymph node identification, 
but it poses challenges such as increased radiation exposure for both 
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Scheme 1. Schematic illustration of the accurate evaluation of micro- and macro-T-SLN using Mn-enhanced MRL.

Fig. 1. (A) HRTEM images of BM NPs. (B) The hydrodynamic size of BM NPs. O element (C) and Mn element (D) of XPS pattern in BM NPs. (E) XRD pattern of BM 
NPs. (F) FTIR spectra of BSA, BM NPs. (G) Linear fitting of 1/T1 and 1/T2 of BM NPs in water with different Mn concentrations (0, 0.04, 0.1, 0.4, 0.8 and 1 mM). (H) 
Corresponding T1/T2-weighted and pseudo-color images of BM NPs. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.)
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patients and healthcare providers, limited anatomical detail, and high 
costs. On the other hand, optical imaging is frequently used during 
surgeries to locate sentinel lymph nodes due to its high sensitivity, 
affordability, and lack of radiation; however, it has drawbacks like poor 
optical penetration, low spatial resolution, potential contamination of 
surrounding tissues, and possible allergic reactions. Preoperative diag
nostic staging of lymph nodes to inform surgical planning appears to be a 
more favorable approach. Currently, US, CT, and non-contrast MRI are 
commonly employed for preoperative assessments of lymph node 
metastasis, providing valuable anatomical information such as size and 
shape [11,12]. Nevertheless, US and CT have limitations, including low 
spatial resolution and the unavoidable radiation exposure associated 
with CT scans. While non-contrast MRI avoids radiation and offers better 
soft tissue contrast and spatial resolution compared to other methods, its 
effectiveness for lymph node staging remains limited.

Contrast-enhanced magnetic resonance lymphography (CE-MRL) 
involves the use of contrast agents in lymphatic vessels, providing 
detailed anatomical insights due to their high contrast and spatial res
olution. Additionally, the contrast agents can indirectly indicate changes 
in lymphatic drainage function by monitoring their perfusion and 
metabolism [11]. This imaging capability positions CE-MRL as a 
promising diagnosis tool for accurate evaluation of T-SLN metastasis 
status. However, traditional gadolinium-based contrast agents (GBCAs) 
are not conducive for MRL because of their small molecular chelate 
structure that rapid diffusion into the bloodstream [13–15]. Further
more, emerging clinical evidence has established an association between 
GBCAs administration and the pathogenesis of nephrogenic systemic 
fibrosis, with longitudinal studies demonstrating their propensity for 
chronic gadolinium deposition in renal-impaired patients [16,17]. To 
overcome the limitations of GBCAs, various MR contrast agents have 
been developed for CE-MRL, including magnetic nanoparticles [18–21], 
liposomes [22,23], polymeric compounds [24–26], and micelles 
[27–30], and so on [31]. While these contrast agents can effectively 
identify lymph node metastasis, challenges remain in differentiating 
between micro- and macro-T-SLN metastasis. Some superparamagnetic 
iron oxide (SPIO) nanoparticles, such as ferumoxtran-10, have received 
FDA approval as clinical T2 contrast agents, but their negative signal 
complicates imaging in low MRI signal environments [20]. Manganese 
(Mn), an essential trace element, has shown promise as a basis for MR 
imaging probes, making them suitable for MRL and addressing the 

limitations of GBCAs [32–35]. Although some Mn-based imaging probes 
have been effective in diagnosing T-SLN metastasis, distinguishing be
tween micro- and macro-T-SLN metastasis still remains difficult [29]. 
Therefore, there is a pressing need to investigate effective MR contrast 
agents for the preoperative confirmation of both micro- and 
macro-T-SLN metastasis in breast cancer.

Albumin, the most prevalent protein in the bloodstream, exists in 
significantly higher concentrations in the blood compared to interstitial 
fluid (40 mg/mL vs. 14 mg/mL) [36,37]. This disparity in concentration 
tends to direct albumin toward the lymphatics system rather than blood 
capillaries [38–41]. Consequently, we developed a Mn-based nanoprobe 
that had been altered with albumin (bovine serum albumin-manganese 
dioxide nanoprobes, BM NPs), effectively and accurately identifying 
micro- and macro-T-SLN for the first time utilizing the 
contrast-enhanced MRL technique (Scheme 1). As a proof of concept, the 
biocompatible BM NPs were utilized for MRL in a mouse model with 
T-SLN metastasis, successfully capturing differential structural MR im
ages of both micro- and macro-T-SLN. Additionally, by integrating 
various quantitative parameters related to lymphatic drainage function 
obtained from the images, such as peak value and relative lymph node 
clearance rate at 3 h (%RLC), we proposed a standardized framework to 
assess the metastasis status of T-SLN. The pathological analysis results 
confirmed the framework can accurately reflect the metastatic statuses 
of T-SLN (both micro- and macro-metastasis). Furthermore, an artificial 
intelligence (AI) method with high accuracy was built in our evaluation 
system, which can provide an efficient guidance for the assessment of 
micro- and macro-T-SLN [42–44].

2. Materials and methods

2.1. Materials and reagents

All chemicals and reagents used in this work were of at least 
analytical grade. Bovine serum albumin (BSA) was purchased from 
Beijing Dingguo Biotechnology Co., Ltd. (Beijing, China). Potassium 
permanganate (KMnO4) was obtained from Sinopharm Chemical Re
agent Co., Ltd. (Shanghai, China). Dulbecco’s Modified Eagle Medium 
(DMEM) was sourced from Thermo Fisher Scientific Co., Ltd. (Suzhou, 
China). Methyl thiazolyl tetrazolium (MTT) was supplied by Shanghai 
Aladdin Reagent Co., Ltd. (Shanghai, China). Ultra-pure water 

Fig. 2. (A) The metabolic behavior of BM NPs (18 mg/mL, 50 μL, n = 3) in vivo. (B) Histopathological results of main organs from mice 14 days after administration 
of BM NPs (18 mg/mL, 50 μL, n = 3).
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(Millipore) was utilized to prepare all solutions in this study.

2.2. Characterization

The morphology and size of the nanoparticles were characterized 
using high-resolution transmission electron microscopy (HRTEM, Phi
lips Tecnai G2 F20, Eindhoven, Netherlands). The core-level spectra and 
binding energies of the nanoparticles were recorded through X-ray 
photoelectron spectroscopy (XPS) measurements (Kratos Analytical 
Ltd., Manchester, England). Fourier transform infrared (FTIR) spectra 
(ranging from 650 to 4000 cm− 1) of the nanoparticles were obtained 
using a Nicolet IR AVATAR-360 spectrometer (Nicolet, Waltham, MA, 
USA) with pure KBr as background. The zeta potential and dynamic light 
scattering (DLS) of the nanoprobes were determined with a Malvern 
Zetasizer (Nano series ZS, Worcestershire, UK). The content of Mn 
element in BM NPs was measured using a Hitachi 180-80 atomic ab
sorption spectrometer (Hitachi Co., Tokyo, Japan). The T1/T2 relaxivity 
(r1/r2) of BM NPs was acquired through T1/T2 mapping sequences from 
a 1.5 T MR scanner (Philips Healthcare, the Netherlands) with varying 
Mn concentrations (0, 0.04, 0.1, 0.4, 0.8 and 1 mM). In vitro T1/T2- 
weighted imaging of BM NPs was conducted following the scanning 
parameters: spin-echo sequence, T1: TR = 600 ms, TE = 6.47 ms, T2: TR 
= 2000 ms, TE = 104 ms (1.5 T MR scanner, Philips Healthcare, the 
Netherlands).

2.3. Synthesis of BM NPs

The BM NPs were synthesized using a previously established method 
[34,35]. Briefly, 31.6 mg of KMnO4 was dispersed in 3 mL ultrapure 
water that was gradually added dropwise to 250 mg of BSA dispersed in 
7 mL ultrapure water. Over time, the initially colorless solution trans
formed into a dark brown. The entire reaction was conducted under 
magnetic stirring at 37 ◦C for 2 h. The resulting BM NPs were purified by 
dialysis using the dialysis bag with a molecular weight cut-off of 8–14 
kDa against water. Subsequently, the purified nanoparticles were 
freeze-dried and stored at 4 ◦C for future use.

2.4. Long-term colloidal stability of BM NPs

For the observation of long-term colloidal stabilization, 1 mg/mL of 
BM NPs were dispersed in water, phosphate buffer solution (PBS, 10 
mM, pH = 7.4), normal saline, DMEM, and FBS, respectively. The photos 
were then taken to monitor the colloidal stability for 14 days.

2.5. Cell culture

4T1 cells were regularly cultured in a culture medium with 90 % 
1640 and 10 % fetal bovine serum (FBS, Gibco, USA) in an atmosphere 
of 5 % CO2 at 37 ◦C and the culture medium was refreshed at 1–2 days 

Fig. 3. (A) T1-weighted MR images of micro-T-SLN mice were taken before and after plantar injection of BM NPs (n = 5) or Gd-DTPA (n = 3) at various time points 
(10 min, 30 min, 1.5 h, and 3 h). (B) T1-weighted MR images of macro-T-SLN mice were taken before and after plantar injection of BM NPs (n = 5) or Gd-DTPA (n =
3) at various time points (10 min, 30 min, 1.5 h, and 3 h). Coronal section images of the largest left and right sentinel nodes at each time point were combined using 
separator lines (white dotted) to facilitate observation and comparison. In this context, T-SLN refers to tumor metastatic sentinel lymph node, while N-LN indicates 
normal sentinel lymph node.
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intervals.

2.6. In vitro cytotoxicity assay of BM NPs

To assess the potential cytotoxic effects of the BM NPs, 4T1 cells were 
seeded into 96-well plates in 200 μL of cell culture medium. After 24 h, 
the cells were incubated with fresh medium containing BM NPs at 
various concentrations (0, 10, 25, 50, 100, 200, 400, 800, and 1000 μg/ 
mL) or PBS as control. After 24 h of incubation, cell viability was eval
uated using a standard MTT assay. Briefly, after treatment with MTT (10 
μL, 5 mg/mL) for 4 h, 120 μL DMSO was added to each well, and the 
absorbance of the solution was measured using a multimode microplate 
reader.

2.7. Establishment of tumor metastatic sentinel node (T-SLN) model

BALB/c mice (18–20 g, 6 weeks) were purchased from Hangzhou 
Muhao Biotechnology Co., Ltd. (Hangzhou, China). All animal experi
ments were conducted following protocols established by the ethics 
committee of the Guoke Ningbo Life Science and Health Industry 
Research Institute. To generate the T-SLN model, 4T1 cells (1 × 105 cells 
in 50 μL of PBS) were intraplantarly injected into the right leg of the 
BALB/c mice. Tissue sections were analyzed to confirm the T-SLN 
metastasis status. In our study, the Rotterdam criteria were utilized, 
where micro-T-SLN is defined as having a maximum tumor burden of 
0.1–1 mm in diameter, and macro-T-SLN is defined as having a 
maximum tumor burden of >1 mm in diameter) [18,45].

2.8. CE-MRL of T-SLN model in vivo

To explore whether noninvasive MR imaging with BM NPs could 
facilitate the accurate diagnosis of T-SLN metastasis status, BM NPs or 
gadopentetic acid (Gd-DTPA) solution were injected into metastatic 
mice via plantar injection. T1-weighted MR images were then acquired 
using a 3T MR scanner (Siemens, MAGNETOM Skyra 3.0 T) before the 
injection and at 10 min, 30 min, 1.5 h, and 3 h after plantar injection of 
either BM NPs (50 μL, containing 13.4 mmol/L of Mn atom as deter
mined by ICP-MS, n = 5) or Gd-DTPA solution (50 μL, containing 13.4 
mmol/L of gadolinium atom, n = 3). The scanning parameters were as 
follows: TR = 345 ms, TE = 13 ms, slice thickness = 1 mm, and FOV of 
40 mm. The SLN specimens were collected following imaging 
experiments.

2.9. Image analysis

The MR images were acquired at various time points before and after 
the injection of BM NPs in T-SLN model mice. The bilateral sentinel 
lymph nodes from the largest coronal section images at the same time 
point were pieced to compile accurate observation and comparison. The 
MR signal values from the regions of interest (ROIs) of sentinel lymph 
nodes were recorded from the largest MR cross-sectional images. The 
enhancement signal (MES) was calculated by subtracting the MR value 
before the injection of BM NPs from the MR value after the injection of 
BM NPs. The MES values were then utilized to plot the time-dependent 
MR signal intensity curves (TMRESCs).

The parameters, including peak value and relative lymph node 
clearance rate (%RLC) at 3 h, were extracted from TMRESCs. If two 

Fig. 4. (A) Double immunofluorescence staining images of the N-LN, micro- and macro-T-SLN in both BM NPs and Gd-DTPA group [LYVE-1–positive lymphatic 
vessels (red), 4’, 6-diamidino-2-phenylindole (DAPI) staining for cell nuclei (blue)]. In this context, T-SLN refers to tumor metastatic sentinel lymph node, while N-LN 
indicates normal sentinel lymph node. (B) H&E staining images of the N-LN, micro- and macro-T-SLN in both BM NPs and Gd-DTPA group. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.)
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closely located peaks were present, the peak value of the first peak was 
designated as “peak value”. The relevant calculation formula was as 
follows: 

%RLC at 3 h = [(peak value – MES at 3 h) / peak value] × 100 %.       

2.10. Pathological analysis

The sentinel lymph nodes were removed from the mice after 
completing the imaging experiments and were stored in 4 % para
formaldehyde. The tissue sections of the sentinel node were stained with 
hematoxylin and eosin (H&E).

2.11. In vivo toxicity of BM NPs

To further investigate the long-term biocompatibility of BM NPs in 
vivo, mice were treated with a BM solution (18 mg/mL, 50 μL) or 0.9 % 
saline (50 μL) as a control via plantar injection (n = 3). Then the blood 
was collected, and major organs (i.e., heart, lung, spleen, liver, and 
kidney) were excised for biochemical analysis and histological exami
nation 14 days post-injection. The biochemical indicators primarily 
assessed included liver function markers (alanine aminotransferase- 
ALT, aspartate aminotransferase-AST, and total bilirubin-TBIL) and 
kidney function markers (creatinine-CREA, uric acid-UA, and urea). The 
weight of the mice was also monitored every two days until the 14th 
day.

2.12. Statistical analysis

All data were presented as the means ± standard deviation (SD). 
Comparison between groups were analyzed using two-tailed t-tests. A p- 
value of <0.05 is considered statistically significant, while a p-value of 

<0.01 indicates a statistically highly significant.

3. Results and discussion

3.1. Synthesis and characterization of BM NPs

BM NPs were fabricated based on a drug-substrate mimic strategy 
according to our previous work (Fig. 1) [34,35]. Briefly, KMnO4 (31.6 
mg) dispersed in 3 mL of ultra-pure water was added dropwise into the 
BSA aqueous solution (250 mg of BSA, 7 mL), and the whole reaction 
was stirred magnetically for 2 h at 37 ◦C. During the process of this 
reaction, the colorless solution turned brown as soon as KMnO4 was 
added, which means the formation of BM NPs through a redox reaction 
between KMnO4 and BSA, with BSA acting as both the reductant and 
template. This method offers several advantages, including a straight
forward process, low cost, mild reaction conditions, and savings in time 
and energy.

HRTEM images showed the prepared BM NPs had a uniform size of 
2.3 nm with a sphere shape and good uniformity (Fig. 1A, Fig. S1). The 
hydrodynamic size and zeta potential of the BM NPs were determined as 
6.4 nm and − 4.82 mV, respectively (Fig. 1B). XPS examined the 
composition of the nanoparticles. Fig. 1C and D showed that the XPS 
spectra confirmed the existence of O and Mn elements, with three peaks 
centered at 529.2, 642.5, and 654.0 eV corresponding to O1s, Mn2p3/2, 
and Mn2p1/2 of MnO2, respectively. The X-ray Diffraction (XRD) pattern 
of the BM NPs displayed distinct peaks at 2θ = 21.06◦ using the Rigaku 
Ultima IV diffractometer with a temperature chamber operating at 40 
kV/20 mA, consistent with the characteristic peaks of MnO2 (Fig. 1E) 
[34]. Additionally, a strong absorption band in the range of 300–400 nm 
was attributed to the plasmonic absorption of MnO2, indicating its for
mation (Fig. S2) [35]. The presence of protein residues was further 
validated by FTIR spectroscopy. As shown in Fig. 1F, the typical ab
sorption bands at 1655 cm− 1 for amide-I, and 1540 cm− 1 for amide-II in 

Fig. 5. The time-dependent enhanced MR signal curves of N-LN, micro- and macro-T-SLN after treatment with BM NPs (A, n = 5) or Gd-DTPA (B, n = 3). Statistical 
analysis of the Mn-enhanced T1-weighted MR imaging of N-LN, micro- and macro-T-SLN by peak value (C) and %RLC (D). *p < 0.05, **p < 0.01, ***p < 0.001, ****p 
< 0.0001.
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BSA, indicated abundant BSA in the BM NPs. Furthermore, the Mn 
element content in the BM NPs was determined to be 4.1 % according to 
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 
analysis.

To evaluate the colloidal stability, BM NPs were dispersed in various 
media, including pure water, PBS at pH = 7.4, 0.9 % normal saline, 
DMEM, and serum. No precipitation was observed in any of these so
lutions over 14 days, demonstrating the excellent solubility and long- 
term stability of the BM NPs (Fig. S3). Additionally, to evaluate their 
MR imaging capabilities, the T1/T2 relaxivity of the BM NPs was 
measured, and in vitro T1/T2-weighted imaging was conducted using a 
1.5 T MR scanner. The r1 and r2 values of the BM NPs were determined to 
be 3.02 mM− 1 s− 1 and 3.77 mM− 1 s− 1, respectively (Fig. 1G). As shown 
in Fig. 1H, the T1-weighted signal intensity of the BM NPs increased in a 
concentration-dependent manner, while there was a T2-weighted signal 
decreasing with the increasing concentration of the BM NPs. These re
sults indicated that the BM NPs possessed small and uniform size, 
excellent colloidal stability, and remarkable MR imaging capabilities.

3.2. Metabolic behavior of BM NPs in vivo

To further investigate the metabolic biodistribution of BM NPs in 
vivo, MR imaging was performed on normal mice using a 3T MR scanner 
after plantar injection of BM NPs (18 mg/mL, 50 μL, n = 3). As shown in 
Fig. 2A, the liver and kidneys exhibited an immediate increase in 
brightness after the administration of BM NPs. The peak MR signal in
tensity was observed 30 min after plantar injection, with significantly 
increased MR signals in the liver and kidney lasting approximately 1.5 h. 
Thereafter, the BM NPs began to be metabolized gradually, and by 24 h, 
the signals from the liver and kidney had nearly returned to baseline 

levels.

3.3. Toxicity assessment of BM NPs in vitro and in vivo

The standard cellular MTT assay was employed to evaluate the 
cytotoxicity of BM NPs. The viability of 4T1 cells showed no significant 
variation within the concentration range from 0 to 1000 μg/mL BM NPs. 
Even at the concentration up to 1000 μg/mL, the viability of 4T1 cells 
still remained over 90 % (Fig. S4A). These results demonstrated that the 
BM NPs exhibited low cytotoxicity.

To further investigate the in vivo toxicity of BM NPs, a thorough 
examination was conducted on blood biochemical tests, histopathologic 
analyses, and body weight changes of mice after the BM NPs treatment. 
The biochemical markers for liver function (alanine aminotransferase- 
ALT, aspartate aminotransferase-AST, and total bilirubin-TBIL) and 
kidney function (creatinine-CREA, uric acid-UA, and urea) in the 
experimental group showed no significant differences compared to the 
control group (Fig. S4C). The histopathological results showed no 
obvious histological alteration in the main organs (heart, liver, spleen, 
lung, and kidney) after the injection of BM NPs (Fig. 2B). Additionally, 
there were no abnormal changes in body weight among the mice during 
a 14-day period after BM NPs administration when compared to the 
control group (Fig. S4B). Overall, these results demonstrated that the BM 
NPs exhibited excellent biocompatibility in vivo.

3.4. CE-MRL of BM NPs in T-SLN model

To explore the diagnostic potential of BM-based noninvasive MR 
imaging in determining the metastasis status of T-SLNs, we developed a 
T-SLN model for micro-metastasis (0.1 mm < d ≤ 1 mm) and macro- 

Fig. 6. (A) Schematic diagram of artificial intelligence for guiding the diagnosis of T-SLN. (B) ROC analysis of N-LN, micro- and macro-T-SLN. (C) Confusion matrix 
for 3 strain classes. n = 5 for each group. Mean values are given.
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metastasis (d > 1 mm). This was achieved by intracutaneous injection of 
4T1 cells into the right leg of BALB/c mice [18,45]. After plantar in
jection of the BM NPs and Gd-DTPA, T1-weighted images of both micro- 
and macro-T-SLN models were captured at various time points (n = 5). It 
can be found that there was no significant MR signal changes were 
observed before and after the administration of Gd-DTPA both in micro- 
and macro-T-SLN model mice (the lower row in Fig. 3A and B) [13–15]. 
The possible reasons were related to the small molecular size of 
Gd-DTPA that rapidly diffused into the bloodstream without entering 
lymph node [13–15]. Following the administration of BM NPs, the MR 
signals of both micro- and macro-T-SLN were significantly enhanced, 
suggesting that the BM NPs were engulfed by lymph node. As we 
anticipated, the natural concentration gradient of albumin between 
blood and interstitial fluid caused the BM NPs to preferentially move 
towards the lymphatics system instead of the blood capillaries, which in 
turn supported the application of Mn-enhanced MRL in the T-SLN model 
[38–41]. However, at the same time point, the MR enhancement of 
micro-T-SLN exhibited significant heterogeneity compared to 
macro-T-SLN, being higher than that of macro-T-SLN. Additionally, the 
boundaries of micro-T-SLN became clearer 10 min after the injection of 
BM NPs, with enhancement lasting for 1.5 h before weakening after 3 h. 
In contrast, macro-T-SLN displayed clear boundaries after 10 min of 
injection, but the enhancement persisted for only 30 min and began to 
weaken after 1.5 h (upper row in Fig. 3A and B). Structurally, the right 
T-SLN was larger than the adjacent normal sentinel lymph node (N-LN), 
particularly in the macro-T-SLN model, which aligned with the images 
of excised N-LN, as well as micro- and macro-T-SLN (Fig. S5). Conse
quently, it was possible to distinguish between micro- and macro-T-SLN 
by monitoring changes in MR signals.

We hypothesized that a significantly higher MR signal in micro-T- 
SLN compared to N-LN and macro-T-SLN resulted from the tissue 
remodeling of SLN during the early stages of metastasis, which facili
tated a greater influx of BM NPs into the micro-T-SLN. Furthermore, 
additional immunofluorescence staining of lymphatic vessels was con
ducted to confirm the presence of lymphatic vessels in both micro- and 
macro-T-SLN, as well as in N-LN. As shown in Fig. 4A, a higher fluo
rescence intensity of lymphatic vessel endothelial receptor (LYVE)-1- 
positive lymphatic vessels in the micro-T-SLN compared to N-LN and 
macro-T-SLN, indicated an increasing lymph angiogenesis in the micro- 
T-SLN. Owing to the further proliferation of tumor cells and destruction 
of lymphatic vessels, the fluorescence intensity of LYVE-1-positive 
lymphatic vessels significantly declined in the macro-T-SLN. The re
sults from the immunofluorescence staining analysis further aligned 
with our hypothesis. Additionally, histopathologic analysis using H&E 
staining of T-SLN illustrated that the N-LN exhibited deep nucleus 
staining and a uniform shape, while the T-SLN contained tumor cells 
with large, abnormal nuclei (Fig. 4B). The findings indicated that T-SLN 
models incorporating various transition statuses had been effectively 
created, demonstrating their efficacy in diagnosing both micro- and 
macro-T-SLN.

3.5. Quantitative MR imaging analysis

To evaluate the T-SLN metastasis status quantitatively, we analyzed 
TMRESCs extracted from MR images. As illustrated in Fig. 5A, the MR 
signal for T-SLN was stronger than that of N-LN at various time points in 
mice with micro-T-SLN. Conversely, in mice with macro-T-SLN, the MR 
signal for T-SLN was weaker than that of N-LN at the same time points. 
TMRESCs presented in Fig. 5B indicated no significant difference before 
and after administration of Gd-DTPA in both micro- and macro-T-SLN 
metastatic mice. The result of TMRESCs was consistent with the Mn- 
enhanced MR images. Additionally, we extracted two quantitative pa
rameters (peak value and %RLC) from the TMRESCs to enhance the 
evaluation of T-SLN metastasis status. The peak value in micro-T-SLN 
showed a significant increase of 24.1 % (p < 0.05) when compared to 
the N-LN. Nevertheless, the peak values of macro-T-SLN decreased by 

71.7 % (p < 0.0001) relative to the contralateral N-LN (Fig. 5C). The % 
RLC at 3 h is calculated as [(peak value – 3 h MR enhanced signal)/peak 
value] × 100 %. As illustrated in Fig. 5D, the %RLC at 3 h increased from 
58.6 % in N-LN to 94.7 % in micro-T-SLN (p < 0.05) but declined to 24.4 
% in macro-T-SLN (p < 0.01). These two quantitative parameters can 
offer additional insights for a detailed assessment of T-SLN metastatic 
status. According to Mn-enhanced MR images and the results of quan
titative analysis of TMRESCs in micro- and macro-T-SLN models, we can 
accurately and effectively distinguish between micro- and macro-T-SLN, 
successfully achieving accurate diagnosis of T-SLN metastasis status via 
Mn-enhanced MRL.

Besides, we utilized an AI method to determine the T-SLN metastasis 
status by analyzing Mn-enhanced MR images. The performance of the AI 
model was assessed by a 10-fold cross-validation, and the results 
demonstrated that the AI model performed exceptionally well, achieving 
accuracy rates exceeding 90 %. The development of the protocol 
involved Mn-enhanced MRL, segmentation of the sentinel lymph node 
region, extraction of image features, and the creation of imaging sig
natures using a support vector machine (Fig. 6A). We calculated the 
receiver operating characteristic (ROC) curve to assess the accuracy of 
the diagnostic method, which was represented by the area under the 
curve (AUC). This graph is primarily plotted with the false positive rate 
(specificity) on the X-axis and the true positive rate (sensitivity) on the 
Y-axis. The AUC values were categorized into five levels: fail (AUC 
<0.50), poor (AUC 0.60–0.70), fair (AUC 0.70–0.80), good (AUC 
0.80–0.90), and excellent (AUC 0.90–1.00). As shown in Fig. 6B, we 
achieved excellent accuracy in distinguishing T-SLN metastasis status 
using this AI method (AUC = 0.999). The identification accuracy 
reached 98.3 %, as indicated by the confusion matrix (Fig. 6C). When 
combined with Mn-based enhanced MRL, an AI method with high 
sensitivity and accuracy was developed to guide the differentiation of N- 
LN, micro- and macro-T-SLN.

4. Conclusions

In summary, we have developed an effective and accurate method 
for assessing the micro- and macro-T-SLN by integrating Mn-based 
enhanced MRL with AI for the first time. The synthesized BM NPs 
exhibited good solubility and stability in water. Moreover, toxicity 
evaluations showed no significant alterations in the structure of main 
organs or blood biochemical markers following the plantar injection of 
BM NPs, indicating their low toxicity. The natural difference in albumin 
concentration (40 mg/mL in blood compared to 14 mg/mL in the 
interstitial fluid) drove BM NPs more inclined to enter the lymphatics 
vessels rather than blood capillaries, provided high-contrast MRL im
ages about lymphatic structural and functional information, including 
structural changes in lymph nodes, lymphatic drainage, and clearance 
capabilities. The formation of new lymphatic vessels and heightened 
lymphatic flow in micro-T-SLN allowed more BM NPs to enter into 
lymph node, which made a significantly higher MR signal in micro-T- 
SLN. Inversely, lymphatic vessels in macro-T-SLN were further 
destroyed due to proliferation of tumor cells, resulting in a lower MR 
signal. We analyzed the diagnostic data obtained and developed a novel 
framework for the accurate diagnosis of T-SLN metastasis status, which 
aligned with histopathological analysis. Additionally, a high- 
performance AI method further was involved in guidance for T-SLN 
metastatic diagnosis (AUC = 0.999). In a conclusion, our study dem
onstrates that BM-based enhanced MRL can be a promising and powerful 
tool for the high-accuracy diagnosis of T-SLN metastasis status. How
ever, there are some limitations that the issue of false positives caused by 
inflammation or reactive hyperplastic lymphadenopathy is not fully 
involved in this work, which needs a follow-up study in the future.
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