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Abstract 

Background:  Mesothelin (MSLN) has been implicated in cancer migration, invasion, 
and prognosis, making it a potential tumor marker. However, the precise role of MSLN 
in the migration and invasion of malignant pleural mesothelioma (MPM) remains elu-
sive, and effective noninvasive methods for assessing MSLN status are currently lacking. 
In this study, we focused on MSLN expression and elucidated the underlying mecha-
nisms by which MSLN regulates migration and invasion in MPM. Building upon this 
knowledge, we developed an MRI nanoprobe that targets MSLN to assess its status 
in vitro and in vivo by comparing T2 signal intensity and T2 values on magnetic reso-
nance imaging examinations. This nanoprobe combines the anatomical information 
obtained from MRI with biological information obtained from MSLN for comprehensive 
evaluation of MPM.

Results:  Notably, we observed that MSLN expression in the epithelial type of MPM 
was higher and increased continuously with tumor growth than that in other types. 
In addition, MSLN upregulation promoted N-cadherin, matrix metalloproteinase-7, 
and MMP9 expression and resulted in higher migration/invasion ability and shorter 
survival. We synthesized MSLN-targeted nanoprobes (Fe3O4@SiO2-PEG-MSLN, FSPM) 
to assess MSLN expression by comparing the T2 signal intensity and T2 value of dif-
ferent cell lines and mice after 14, 28, and 42 days of modeling. Remarkably, MSLN-
targeted nanoprobes demonstrated excellent targeting capabilities. In vitro studies 
revealed a pronounced reduction in T2 signal intensity and T2 values of the epithelial 
type as the probe concentration increased. In addition, in vivo experiments demon-
strated a gradual decline in these parameters over time, particularly in the epithelial 
type as compared to the biphasic type, corresponding to the dynamic expression pat-
terns of MSLN during different growth stages.

Conclusion:  Our comprehensive research succeeded in confirming the regulatory 
mechanisms by which MSLN influences migration and invasion. Moreover, we intro-
duced a promising method for monitoring MSLN expression that may help in facilitat-
ing the early detection, histological subtype identification, and assessment of migra-
tion, invasion, and prognosis in MPM.
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Background
Malignant pleural mesothelioma (MPM) is an extremely aggressive rare malignancy with 
a poor prognosis. Although progress has been made in the early detection and treat-
ment of MPM, 5-year survival rates have remained at < 5% for several decades (Lo Russo 
et al. 2018). Exposure to asbestos increases the chances of developing MPM (Craighead 
and Mossman 1982). Therefore, MPM incidence is related asbestos distribution, which 
is more prevalent in North America, Western Australia, Norway, and Dayao in China 
(Mensi et al. 2015; Luo et al. 2003). Although asbestos is banned, MPM incidence con-
tinues to rise due to its long incubation period of 30–40 years (Liu et al. 2017). MPM’s 
poor prognosis is related to the lack of not only effective treatment options, but also 
early detection, staging, and prognosis prediction methods. Therefore, a noninvasive 
technique needs to be urgently developed to detect MPM, identify its histological sub-
types, and predict patient prognosis.

Recently, conventional imaging modalities, such as computed tomography (CT), mag-
netic resonance imaging (MRI), and positron emission tomography (PET), have report-
edly played an integral role in MPM’s diagnosis, staging, and prognosis (Nickell et  al. 
2014; Zhang et  al. 2023). However, benign and malignant pleural thickening are very 
similar, and high uptake of fluorodeoxyglucose (FDG) also occurs in inflammatory pleu-
ral diseases (Sinha et al. 2020), which limits conventional imaging usage. Targeted imag-
ing may compensate for the lack of conventional imaging, provided specific markers 
are found. To date, several serum and tissue biomarkers have been employed for early 
detection and diagnosis (Vigneswaran et al. 2017; Wang et al. 2021). Interestingly, the 
Food and Drug Administration (FDA)-approved MSLN is highly aberrantly expressed 
in MPM, pancreatic, ovarian, and lung cancers, whereas benign lesions and normal tis-
sues have lower expression (Zhang et al. 2014). Besides, Protease hydrolyzes cell surface 
MSLN to produce soluble mesothelin-related peptide (SMRP), which can be detected 
using enzyme-linked immunosorbent assay (ELISA) kits (Katz et  al. 2021). Hollevoet 
et  al. showed that > 80% of MPM cells express MSLN; expression varies among histo-
logical subtypes, with high expression of MSLN in the epithelial type and low expression 
in the biphasic and sarcomatous types of MPM (Hollevoet et  al. 2012). Consequently, 
MSLN can also be used to differentiate between the histological subtypes of MPM 
(Pastan and Hassan 2014). Thus, MSLN can help in treatment selection and prognostic 
prediction.

In addition, tumor migration and invasion into the lungs and mediastinum are the main 
causes of MPM-related death. MPM cell migration and invasion capacity are related to 
prognosis and survival (An et  al. 2010); analyzing MPM migration and invasion might 
increase our understanding of the prognosis. MSLN is reportedly involved in cancer cell 
migration and invasion (Shen et al. 2022; Shimizu et al. 2012). Unfortunately, MSLN’s bio-
logical role in MPM remains unclear. MSLN reportedly promotes cell invasion in ovarian 
cancer by inducing matrix metallopeptidase-7 (MMP-7) expression (Chang et al. 2012). In 
addition, MSLN binds carbohydrate antigen 125 (CA125)/mucin 16 (MUC16) and acti-
vates MMP-7 to promote pancreatic cancer cell migration and invasion (Chen et al. 2013). 
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Thus, MSLN may strongly influence motility and invasion in MPM; however, the exact 
regulatory mechanism is still unclear. Furthermore, rare, good, and noninvasive methods 
are available for assessing MSLN status. Molecular imaging with specific markers can be 
used in vitro and in vivo with noninvasive imaging to target specific cells or tissues and 
capture molecular information from living cells (Rowe and Pomper 2022; Li et al. 2022). 
The MSLN monoclonal antibody of clone 11–25 was successfully labeled with 64Cu (64Cu-
DOTA-11–25 mAb), which was used as an in vivo PET imaging probe to detect MSLN 
expression in pancreatic cancer. The study showed that compared to MSLN-negative 
tumors, 64Cu-DOTA-11–25 significantly accumulated in tumors expressing MSLN (Kob-
ayashi et al. 2015). In addition, two types of anti-MSLN single-domain antibodies labeled 
with 99mTc (99mTc-A1, 99mTc-C6) were studied both in vitro and in vivo. The results showed 
that 99mTc-A1 is a promising tracer for detecting tumors expressing mesothelin, which 
will help in detecting metastatic lesions and thus determining the prognosis (Montemagno 
et al. 2018). Although radiolabeled anti-MSLN nanobodies have been described for nonin-
vasive imaging of MSLN-positive tumors. The MRI nanoprobes are extremely valuable in 
assessing the invasiveness and predicting the prognosis of MSLN-positive tumors due to 
their nonradiation, high spatial resolution, and unique multi-functional multi-parametric 
imaging, providing more valuable functional parameters.

Given the nanomaterials used to integrate molecular biomarkers are important for devel-
oping molecular imaging-specific contrast agents (Hao et al. 2022). Superparamagnetic iron 
oxide nanoparticles (SPIONs) have been extensively applied due to their biocompatibility 
and hypotoxicity in biomedicine (Żuk et al. 2021). They are used clinically as negative con-
trast agents for MRI and can reduce the T2-weighted imaging (T2WI) signal by diminish-
ing the lateral relaxation time (Jarockyte et al. 2016). Moreover, the surface of SPIONs can 
bind various functional components and biomolecular markers. Gao et al. used SPIONs to 
bind folic acid and active penetrating peptides, which can improve lung cancer targeting by 
MRI and enhance reactive oxygen radical production in lung cancer cells; thus, promoting 
apoptosis (Gao et al. 2018). SPIONs nanomaterials can differentiate between benign and 
malignant tumors, display tumor lesions, and help evaluate the efficacy of therapeutic inter-
ventions (Bulte 2019; Ghosh et al. 2013) as demonstrated by Prantner et al. and Liu et al. 
MRI-targeted agents formed by MSLN antibody-conjugated SPIONs can diagnose pan-
creatic and ovarian cancers with higher sensitivity and specificity than classical gadolinium 
agents (Prantner et al. 2018; Liu et al. 2016). However, few noninvasive methods combine 
the anatomical information obtained from CT and MRI examinations with the biological 
information from antibodies to evaluate MPM prognosis.

Here, we confirmed the underlying MSLN mechanisms in MPM migration and invasion. 
Subsequently, based on the MSLN biological function, SPION nanoprobes modified with 
MSLN (designated Fe3O4@SiO2-PEG-MSLN, FSPM) were synthesized to evaluate MSLN 
status using T2WI and T2 mapping MRI imaging.

Materials and methods
Cell lines and animals

The normal human pleural mesothelial cells (MeT-5A), and MPM cell lines, including 
epithelial (NCI-H226) and biphasic (MSTO-211H) were all from the Meisen Chinese 
Tissue Culture Collections (Zhejiang, China). NCI-H2452 of MPM epithelial cell line 
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and human lung adenocarcinoma A549 were purchased from the Procell Life Science & 
Technology Co, Ltd. (Wuhan, China). A549 and MPM cells were cultured in RPMI 1640 
medium supplemented with 10% fetal bovine serum (FBS), 100 units of penicillin per mL 
(U/mL), and 100 mg of streptomycin per mL (mg/mL). MeT-5A cells were maintained 
in a medium containing 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin 
(M199). Each cell type was maintained at 37 °C, 95% humidity, and 5% carbon dioxide.

We purchased female nude mice (n = 110, 16–22 g, aged 4–6 weeks old) from Kun-
ming Medical University (Kunming, China), and kept them at 20–22  °C under patho-
gen-free conditions. After successful tumor transplantation, 93 mice were used in the 
experiment.

Mesothelin expression of MPM

Immunoblotting

Total cell lysates and cytosolic and nuclear extracts for western blotting analysis were 
prepared as described elsewhere (Xie et al. 2012). Cells were lysed in a modified radioim-
munoprecipitation assay solution containing a protease/phosphatase inhibitor cocktail 
(Beyotime, China) after three washes in ice-cold phosphate-buffered saline (PBS). Bicin-
choninic acid test kits were used to evaluate protein concentration (Beyotime, China). 
The samples were heated to 95 °C for 5 min in a 5 sodium dodecyl sulfate (SDS)-sample 
buffer solution. Equivalent protein quantities (40 µg) were fractionated using 12% SDS–
polyacrylamide gel electrophoresis before being transferred to polyvinylidene fluoride 
layers. After overnight incubation at 4  °C with the essential antibodies, the films were 
blocked with a 5% nonfat powdered drain in Tris-buffered saline Tween (TBST) for 1 h. 
The membranes were subsequently rinsed three times with TBST, incubated with perox-
idase-conjugated goat anti-rabbit auxiliary antibodies, and then washed three times with 
TBST. The antigen–antibody complexes were recognized using an improved chemi-
luminescence reagent (Beyotime, China). The anti-MSLN antibody (clone EPR4509, 
ab133489, USA) served as the primary antibody, and actin (45 kDa, cytosolic protein) 
was used as an internal reference. The expression levels were quantified using the ImageJ 
software (National Institutes of Health, USA).

RNA separation and quantitative real‑time polymerase chain reaction (PCR)

Gross RNA was extracted from A549, MeT-5A, H2452, H226, and MSTO-211H cells 
using TRIzol reagent (Promega, USA) according to the manufacturer’s instructions. 
According to the manufacturer’s guidelines, 1 µg of RNA was used to synthesize com-
plementary DNA (cDNA, Thermo Fisher, USA). The primers mentioned in Additional 
file 1: Table S1 were used to quantify the mRNA, and the PCR settings which included a 
10-min denaturation step at 95 °C, 15-s cycles at that temperature for 40 cycles, 1 min of 
annealing at 60 °C, and a final extension step of 30 s at 72 °C. MSLN mRNA expression 
was quantified and adjusted to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
mRNA expression. The results were analyzed using the 2−∆∆CT method.

Staining with immunohistochemistry (IHC)

Tissue slices (20  µm) were fixed in formalin, paraffin-embedded, dewaxed in xylene, 
hydrated, rehydrated with graded ethanol (70–100%), inhibited for endogenous 
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peroxidation by 0.3% hydrogen peroxide, and microwaved in citrate buffer to remove 
antigens for 10 min (pH 6.0). After overnight incubation at 4  °C with MSLN essential 
antibodies (MSLN counteracting agent dilution ratio, 1:100), immunostaining was per-
formed for 1 h at room temperature using the optimal amount of horseradish peroxidase 
(HRP)-conjugated auxiliary antibodies with DAB as a chromogen. After counterstaining 
the sections with hematoxylin, the slices were photographed under a light microscope. 
Five microscopic fields of each slice were further analyzed using ImageJ software.

Serum SMRP measurement

Serum samples were collected from the peripheral blood of tumor-bearing nude mice to 
measure SMRP and frozen at − 80 °C until evaluation. Commercial ELISA kits (Meso-
mark, Fujirebio Diagnostics, Inc.) were used to measure the SMRP levels (Cristaudo 
et  al. 2011), conforming with the specifications provided by the manufacturer. Briefly, 
standards, controls, and serum samples diluted 1:101 were prepared, dispensed into 
96-well microplates pre-coated with the 4H3 antibody, and incubated for 1 h at room 
temperature. The wells were washed and incubated with the OV569-HRP antibody for 
1  h. After washing again, trimethylborate substrate was added for 15  min and a reac-
tion termination solution was added to terminate the reaction. The optical density (OD) 
was measured at 450  nm using a spectrophotometer (GVD Reader, NT Laboratory, 
Italy), and the SMRP content in the sample was calculated based on the OD values of the 
standard and sample.

Overexpression of MSLN

Lentivirus-MSLN mimics were obtained from GenePharma Co. Ltd. (Shanghai, China). 
We obtained the optimal concentration of 1.0 µg/mL by plotting a kill curve using differ-
ent concentrations of puromycin (0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.5, 2, 0, 2.5, and 3.0 µg/
mL), and H226 cell screening showed enhanced green fluorescent protein expression in 
nearly all surviving cells. There were 1 × 105 H226 cells in every 1  mL of the infected 
liquid. The lentivirus was introduced using a multiplicity of infection established in a 
preliminary study. Transfection was performed for 24 h, and the medium was replaced 
with 10% FBS. At 72  h post-infection, infection efficacy was assessed using a fluores-
cent inverted microscope (Zeiss, Germany). Cells successfully transfected with lentivirus 
showed higher MSLN expression and formed the experimental group (LV-MSLN). The 
control group was infected with the lentiviral vector (LV-NC), whereas the negative con-
trol group received no treatment (NC).

Scratch test

A scratch assay was performed to examine cell migration. MeT-5A, H2452, H226, 
MSTO-211H, NC, LV-NC, and LV-MSLN cells were grown to confluence in six-well 
plates at a density of 6 × 105 cells/well. Using a pipette tip with a capacity of 200 µL, 
we scraped the monolayer and washed away the cellular debris with PBS. After incu-
bation, the cells were observed under an inverted microscope at 0, 6, 12, 24, and 36 h. 
The cell migration rate = (0  h scratch width – post culture scratch width)/0  h scratch 
width × 100%. Experiments were repeated three times to ensure accuracy.
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Cell migration and invasion assays

For the cell migration test, 24-well plates covered with a polycarbonate membrane (pore 
size: 8 m) were used. For the cell invasion tests, the membranes were pre-coated with 
Matrigel (BD Biosciences, Franklin Lakes. NJ, USA). Cells were seeded at a density of 
3 × 105 cells/well (migration) or 5 × 105 cells/well (invasion) in the upper chamber com-
partment using serum-free culture. Subsequently, the lower chamber was refilled with 
complete media (including 15% FBS), and the cells were incubated for a full day. Cells 
neither moving nor invaded in the upper chamber were removed by cotton buds. Cells 
that invaded or migrated beneath the film were preserved in methanol, stained with 
0.1% crystal violet, observed under the microscope, and the quantification of crystal vio-
let staining was achieved by measuring the OD values at 570 nm (OD570nm).

Survival and growth analysis of nude mice bearing tumors

Tumor nodules formed at the injection site in nude mice 5  days after the tumor cells 
were subcutaneously injected. Subsequently, the size of the tumor was recorded once 
every 3 days. Using calipers, the greatest axial (a) and lateral (b) tumor diameters were 
measured and substituted into the formula Vtumor (mm3) = ab2/2 to obtain a growth 
curve for the tumor. It records not only the time of survival, but also the time of natural 
death.

Synthesis of the Fe3O4@SiO2‑PEG‑MSLN (FSPM) nanoprobe

Materials

Aladdin Reagent Company (Shanghai, China) was the supplier for all initial reagents, 
including sodium acetate, ferric chloride hexahydrate (FeCl3·6H2O), ethylene gly-
col, ammonium hydroxide, tetraethylorthosilicate, (3-aminopropyl) triethoxysilane, 
methanol, polyethylene glycol (PEG) diacid solution (molecular weight: 6000), and 
1-ethyl-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCl). Saiguo Bio-
tech Co., Ltd. (Guangzhou, China) supplied the Cell Counting Kit-8 (CCK-8). Deion-
ized (DI) water (18.2 Mcm) was used in all the studies. All the other compounds used in 
this investigation were of sufficient purity for analytical use and did not require further 
purification.

Fe3O4 nanoparticles preparation

Nanoparticles of Fe3O4 were synthesized via hydrothermal reactions (Uribe Madrid et al. 
2015). Ethylene glycol (30 mL), sodium acetate (2.56 g), and FeCl3·6H2O (0.86 g) were 
mixed in a round-bottomed flask. The solution was thoroughly mixed via magnetic stir-
ring and then put into an autoclave for 8 h at 200 °C. The obtained products (Fe3O4 nan-
oparticles) were collected by washing thrice with ethanol and water. Finally, the products 
were dispersed in DI water.

Preparation of Fe3O4@SiO2‑NH2

To prepare Fe3O4@SiO2-NH2 (Uribe Madrid et al. 2015), 5 mL of Fe3O4 (50 mg/mL) was 
initially dispersed in 0.1 M HCl with ultrasonic treatment for 15 min. Then, we com-
bined the treated Fe3O4 with ethanol and water (v/v = 70/30) and used ammonium 
hydroxide to increase the pH to 9.5. After that, 80 µL of tetraethylorthosilicate was 



Page 7 of 21Huang et al. Cancer Nanotechnology            (2024) 15:1 	

added, and the mixture was stirred for 24 h to obtain Fe3O4@SiO2. To graft the amino 
group (Xing et al. 2012), 50 mL of (3-aminopropyl) triethoxysilane was added, stirred for 
4 h, and precipitated with methanol. The precipitate was centrifuged and rinsed thrice 
with ethanol before being dispersed in DI water.

Preparation of FSPM

The aminosilane-coated Fe3O4 particles were blended in a 1:2 ratio with a COOH-PEG-
COOH diacid solution (molecular weight: 6,000), followed by the addition of EDC-HCl 
(5  mg). The reaction mixture was stirred continuously overnight. After centrifugation 
and washing thrice, the resulting mixture (Fe3O4@SiO2-PEG, FSP) was collected and 
redispersed in borate buffer (50 mM; pH 8.2) containing EDC−HCl, then coupled to the 
anti-MSLN antibody with molar ratio of 1:100 in PBS. After magnetic separation, the 
final polymer (FSPM) was dispersed in PBS.

Characterization

For FSPM nanoparticle (NP) morphological examination, a transmission electron micro-
scope TEM (JEM 1200EX instrument, JOEL, Tokyo, Japan) was used. FSPM chemical 
components were identified using X-ray photoelectron spectroscopy (XPS), and nano-
probe iron ion (Fe3+) concentration was measured using an inductively coupled plasma 
(ICP) emission spectrometer. PBS was diluted based on experimental requirements. 
Nanoprobe relaxation times (T2 transverse and T1 longitudinal) were measured at 37 °C 
through an MRI analyzer (Achieva 3.0  T Tx, Philips Healthcare, Best, Netherlands). 
Relaxivity rates R1(1/T1) and R2(1/T2) were calculated as slope from a plot of the 1/T1 
and 1/T2 relaxation time (s−1) vs Fe3+ concentration (mM). The biological stability of 
FSPM was studied by diluting it in saline and FBS at concentrations of 0, 20, 40, 60, 80, 
and 160 µg/mL, and then shaked in a thermostatic incubator at 37 °C, After 0, 12, and 
24 h, the samples were observed for any aggregation phenomenon (Additional file 1: Fig. 
S2).

Cell viability

FSPM nanoprobe cytotoxicity in H226 and A549 cells was assessed using a Cell Count-
ing Kit-8 (CCK-8) assay. Initially, 5,000 cells are seeded into each well of a 96-well plate 
and grown at 37  °C, 5% CO2 incubator. The wells were then filled with with 100µL of 
the FSPM nanoprobe suspension at concentrations of 0, 25, 50, 100, and 200 µg/mL and 
incubated for 24 h. Untreated cells were used as controls. Next, each well was incubated 
with 10 µL of CCK solvent for 2 h. Finally, the absorbance was measured at 450 nm using 
a microtiter plate reader (PowerWave XS; Bio-Tek, Winooski, VT, USA). Each experi-
ment was performed in triplicate.

Prussian staining

Cellular uptake was assessed using Prussian blue staining. Firstly, 24-well plates were 
used to cultivate H226 and A549 cells for 24 h in a complete medium. Further, 30 µL of 
the targeted MSLN probes (FSPM, 40 µg/mL)) and nontargeted (Fe3O4@SiO2-PEG, FSP, 
40 µg/mL) probes were poured into the wells and hatched for 1 h. After incubation, the 
medium was removed, and cells were rinsed three times with PBS. Following fixation for 
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10 min in 4% paraformaldehyde, the cells were stained with Prussian blue. After 30 min, 
the cells were incubated and rinsed with DI water. The cells were then stained with Prus-
sian solution for 60 s and washed with DI water. After drying, the cells were observed 
under an inverted microscope for the presence of blue particles. Then, We used Image J 
to quantify the area of Prussian-stained cells.

In vivo distribution of Fe

Initially, 100 µL of FSPM and FSP at 800  mg/L was injected into two groups of nude 
mice bearing H226 cell tumors. Then, 2.5  h after injection (Liu et  al. 2016), the mice 
were euthanized, and their heart, lungs, liver, spleen, kidneys, and tumor tissues were 
collected. Finally, the concentration of Fe3+ in the organs and tumors was measured 
using the ICP method described above.

Ex vivo analyses

Following the injection of saline and FSPM, the main organs of the nude mice (head, 
heart, liver, spleen, lung, and kidney) were collected, fixed in 4% formaldehyde for 0.5 h, 
dehydrated, paraffin-embedded, and stained with hematoxylin and eosin (H&E). Organs 
from both groups were compared using a microscope to check for abnormal alterations.

In vitro MRI imaging

To test the tumor cell-targeting ability of the FSPM nanoprobe, the probe was incubated 
with MeT-5A, MPM cells (H2452, H226, and MSTO-211H) and A549 cells and then 
examined using Achieva 3.0 T clinical MRI. Further, 2.5 × 105 cells/well were seeded in 
12-well plates and treated with 0, 1, 10, 20, 40, or 60 μg/mL FSPM for 2 h. The cells were 
then resuspended in 200 µL of 0.5% low-melting-point agarose, rinsed with PBS, trypsi-
nized, and centrifuged. Finally, T2WI and T2 mapping were performed on each sample. 
T2WI signal intensity and T2 values were obtained. The parameters used for scanning 
are listed in Additional file 1: Table S2.

In vivo MRI imaging

To evaluate whether the FSPM nanoprobes can target tumors in vivo, a real-time in vivo 
MRI imaging system was used to study the biodistribution of NPs at different time 
points in a xenograft model. In the present study, subcutaneously transplanted tumor 
models were developed using H226, MSTO-211H, and A549 cells. When the tumor size 
reached approximately 150 mm3, mice with tumors were randomly divided into three 
groups (n = 27 per group). On days 14, 28, and 42, the mice were intravenously injected 
with 100uL saline, FSP, or FSPM solution (The concentration of both FSP and FSPM was 
0.8 mg/mL), respectively (n = 3 mice per group) through the tail vein. For each mouse, 
T2WI and T2 mapping were performed at 0, 0.5, 1.5, 2.5, and 3.5 h after injection, and 
T2WI signal intensity and T2 values were scored.

Statistical analysis

Student’s t tests were used to ascertain the differences between groups. One-way anal-
ysis of variance was used to examine differences among groups, followed by Tukey’s 
post hoc analysis. All statistical analyses were performed using SPSS (version 22.0; 
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IBM Corp., Armonk, NY, USA). Between group differences were deemed significant 
(*) at p < 0.05 and extremely significant (**) at p < 0.01.

Results
Differential expression of MSLN in MPM subtypes

To determine the role of MSLN in MPM, we first evaluated MSLN expression lev-
els in different histological subtypes of MPM cell lines (NCI-H226, NCI-H2452, and 
MSTO-211H) by western blotting and RT-PCR assays. Compared with the human 
lung adenocarcinoma cell line (A549) and the human normal mesothelial cell line 
(MeT-5A), MPM cell lines showed higher expression of MSLN (Fig.  1A and B). In 
addition, MSLN expression was higher in H226 cells than in H2452 or MSTO-211H 
cells. We further evaluated the level of MSLN protein in the tumor tissues of tumor-
bearing nude mice at 14, 28, and 42 days after molding, using western blot analysis 
and IHC staining. H226 tumor tissues had higher protein levels of MSLN than the 
MSTO-211H and A549 groups. The MSTO-211H and H226 groups showed continu-
ous increases in MSLN levels as the tumors grew, with H226 cells exhibiting higher 
levels than MSTO-211H cells during the same period (Fig. 1C and D). This was fur-
ther validated by ELISA to detect the serum SMRP levels of A549, MSTO-211H, and 

Fig. 1  Differential expression of MSLN in MPM subtypes. A Western blot and quantitative expression of MSLN 
in different MPM cells (H226, H2452, and MSTO-211H), MeT-5A, and A549 cells relative to β-actin. *p < 0.05, 
**p < 0.01, vs. MeT-5A. B mRNA expression of MSLN in the same cell lines as described in B, with GAPDH being 
the internal control. **p < 0.01, vs. other cells. C Western blot and quantification of MSLN in tumor tissues 
of tumor-bearing nude mice at 14, 28, and 42 days after molding, with β-actin being the loading control. D 
IHC staining for MSLN in tumor tissues of A549, MSTO-211H, and H226 cell lines, scale bar: 50 μm. E ELISA for 
SMRP in tumor-bearing mouse serum. Data are represented by means ± SEM. One-way ANOVA with Tukey’s 
multiple comparisons test (A, B, C, E). *p < 0.05; **p < 0.01
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H226 cells in tumor-bearing nude mice (Fig. 1E). As MeT-5A and H2452 cells failed 
to grow into tumors in the axils of nude mice, subsequent in vivo experiments did not 
involve MeT-5A and H2452 cells.

MSLN enhanced migration and invasion

To investigate the relationship between MSLN expression and MPM invasion and migra-
tion, we first determined the differences in cell migration and invasion among MPM 
cells, as these behaviors are the most prominent hallmarks of malignant cells. Com-
pared with the migration rate between different cells at various time points (36–0  h), 
the migration rates of the different histological MPM cell types (H2452, MSTO-211H, 
and H226) were higher than those of MeT-5A cells; the highest mobility was found in 
MSTO-211H cells, as observed in the wound-scratch assay (Fig.  2A and B). We also 
examined the role of the histological subtypes in MPM cell movement and invasion by 
performing a Boyden chamber assay. In contrast to the MeT-5A and H226 groups, the 
MSTO-211H and H2452 groups showed higher numbers of migratory cells and higher 
absorbance (higher OD values). In addition, the number of migrated cells and the OD 
value of H226 cells were greater than those of MeT-5A cells (Fig. 2C and D). We con-
ducted these experiments using a Transwell chamber with Matrigel. MPM cells showed 
higher invasive ability and OD values than MeT-5A cells. The invasive ability of MSTO-
211H cells was significantly higher than that of H2452 and H226 cells. However, the 
differences in invasion and OD values between H2452 and H226 cells were not statisti-
cally significant (Fig. 2E and F). Overall, biphasic MSTO-211H cells were more invasive 
and migratory than epithelial H226 cells. We also found that the tumor growth rate of 
MSTO-211H cells was significantly higher than that of H226 cells, and that the survival 
period of the MSTO-211H group was shorter (Fig. 2G and H).

To investigate the MSLN migration and invasion regulation mechanisms, we first 
detected MSLN protein levels and mRNA expression in H226 cells after lentiviral trans-
fection using western blotting and real-time quantitative RT-PCR assays. The results 
showed that the relative levels of MSLN protein and mRNA levels of MSLN were con-
siderably higher in the LV-MSLN group than in the LV-NC or NC groups (Fig. 3A and 
B). We then studied classic molecules such as N-cadherin, MMP7, and MMP9, which 
act downstream of MSLN and regulate tumor cell migration and invasion, by western 
blotting. After MSLN protein overexpression in H226 cells, the expression levels of 
N-cadherin, MMP7, and MMP9 increased in the LV-MSLN group, and the increases 
in MMP7 and MMP9 were more prominent (Fig.  3C–F). The scratch assay migration 
rate (Fig. 4A and B), number of transwell-migrated cells (Fig. 4C), number of transwell-
invaded cells (Fig. 4E), and corresponding crystal violet staining OD values (Fig. 4D and 
F) were significantly higher, and the survival period of nude mice was shorter (Fig. 4G). 
These results indicate that MSLN in H226 cells promotes the migratory and invasive 
abilities of tumors by regulating N-cadherin, MMP7, and MMP9.

FSPM preparation and characterization

The steps for synthesizing FSPM are illustrated in Additional file 1: Fig. S1. Success-
ful modification with the anti-MSLN antibody was verified by XPS. The FSPM spec-
trum (Fig. 5B) showed a considerable drop in C–O bonding and an increase in C=O 
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bonding as compared to that observed in the FSP spectrum (Fig.  5A), which indi-
cated more amide reactions occur between the COOH of FSP and the NH2 of the 
MSLN antibody, thus indirectly reacting to the success of antibody encapsulation. 
The morphology of the nanoparticles was characterized using TEM. The TEM images 
showed that the sample was uniform and spherical, and the size of the particles was 
approximately 120 nm (Fig. 5C). An MRI analyzer was used to detect the T2 and T1 
relaxation times of the nanoprobes at different concentrations of Fe3+. The plotted 
standard curve (Fig.  5D) showed that the transverse relaxation rate of the nano-
probe R2 was 62.33 mM/s and the longitudinal relaxation rate R1 was 0.08317 mM/s. 

Fig. 2  The histological subtype of MPM is closely associated with cell migration, invasion, and survival. A Cell 
migration analysis of MeT-5A and MPM cells (H2452, H226, and MSTO-211H) at 0 h, 6 h, 12 h, 24 h, and 36 h in 
the scratch assay. B Migration rate line graph at 6-0 h, 12-0 h, 24-0 h, and 36-0 h. *p < 0.05, **p < 0.01, vs. 6–0 h. 
C-D Representative images (C) and quantitative analysis (D, migratory cells and crystal violet assays with OD 
values at 570 nm [OD570nm]) of MPM cell and MeT5A cell migration were detected by Transwell migration 
assay. E, F Representative images (E) and quantitative analysis (F, invasive cells and crystal violet staining with 
OD570nm) of MPM cells and MeT5A invasion from Matrigel-coated Transwell. *p < 0.05, **p < 0.01, vs. MeT-5A; 
#p < 0.05, ##p < 0.01, vs. H226. G, H Tumor growth curves (G) and survival curves (H) in MSTO-211H and H226 
tumor-bearing nude mice. Scale bar: 50 µm. One-way ANOVA with Tukey’s multiple comparisons test (B, D, F)
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This indicates that the nanoprobe is a good negative contrast agent that significantly 
decreases the T2 signal.

The cellular uptake was evaluated in vitro to assess FSPM targeting. Prussian stain-
ing was performed to evaluate the target-binding potential of the FSPM nanoprobes 
in A549 and H226 cells (Fig.  5E). Many blue particles were detected when FSPM 
was seeded into the H226 cell solution, indicating that FSPM was taken up by H226 
cells, almost rare blue particles were detected in A549 cells treated with either FSP or 
FSPM, which was also confirmed in the quantitative analysis of Prussian cell (Fig. 5F). 
These data demonstrate that the anti-MSLN antibody-modified FSPM probe could 
identify MSLN-expressing H226 cells. Next, we evaluated the in vitro cytotoxicity of 
FSPM using the CCK8 assay (Fig. 5H). The viability of the A549 and H226 cell lines 
was > 90%, even after incubation with NPs at high concentrations (200 μg/mL), indi-
cating that the polymer material was nontoxic.

The excised tumors and main organs were examined using ICP and hematoxylin and 
eosin (H&E) staining to evaluate the concentration of Fe3+ and toxicity in vivo. The 
tumors in the FSPM group had much higher Fe3+ concentrations than those in the FS 
group. When compared with the FSPM group, the FS group had a higher liver Fe3+ 
concentration. The differences in Fe3+ concentrations in other organs were not sig-
nificant (Fig. 5G). Representative H&E-stained images are shown in Fig. 5I. Obvious 
pathological changes such as necrosis, fibrosis and injury were not observed in these 
organs. We also evaluated the stability of the FSPM. We did not observe agglomera-
tion of the nanoprobes, even after incubation for 24 h in PBS or saline, confirming the 

Fig. 3  Upregulation of MSLN promotes the expression of N-Cadherin, MMP7, and MMP9. A Western blot 
assay and relative expression of MSLN among NC, empty vector control (LV-NC), and MSLN overexpression 
(LV-MSLN) groups. B MSLN mRNA expression in NC, LV-NC, and LV-MSLN cells. ***p < 0.05, vs. NC; ###p < 0.01, 
vs. LV-NC. C Protein levels of N-Cadherin, MMP9, and MMP7 in H226 cells were markedly enhanced in the 
LV-MSLN group. D Quantitative analysis of N-Cadherin, E quantitative analysis of MMP9, F quantitative 
analysis of MMP7. GAPDH and β-actin served as internal controls in these assays. **p < 0.01, vs. LV-MSLN. 
One-way ANOVA with Tukey’s multiple comparisons test (A, B, D, E, F)
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stability of FSPM (Additional file  1: Fig. S2). These findings indicate that the FSPM 
nanomaterials are suitable for MRI applications.

Targeted imaging of FSPM in vitro and in vivo detected MSLN status

To assess the targeted imaging of the FSPM, in  vitro targeted MRI was performed. 
Owing to its high transverse relaxation rate and good cell compatibility, the FSPM serves 
as a negative contrast agent for MR T2WI and T2 mapping imaging in vitro. After incu-
bating the cells (A549, MeT-5A, H226, H2452, and MSTO-211H) with FSPM at different 
concentrations of Fe3+, the A549 and MeT-5A groups showed slight uptake of FSPM, 
but did not show changes in T2 signal intensity and T2 values with increasing Fe3+ con-
centration. However, the T2 signal intensity and T2 values were lower at Fe3+ concen-
trations of 40 and 60  μg/mL than at 0  μg/mL in the H2452 and MSTO-211H groups 
(Fig. 6A–C). In addition, the cells in the H226 group showed a lower T2 signal intensity 
and T2 value after binding to nanoprobes with different concentrations of Fe3+. When 
the concentration of Fe3+ was 60  μg/mL, the T2 signal intensity and T2 values were 
lower in the H226 group than in the MSTO-211H, H2452, MeT-5A, and A549 groups. 
This result was consistent with MSLN cell expression; when MSLN expression was 
higher, more FSPM was bound to it, further decreasing T2 signal intensity.

Fig. 4  Overexpression of MSLN promotes cell migration and invasion. Wound healing assay (A) and 
quantification of migration rate at different time points (B) in NC, LV-NC, and LV-MSLN cells. **p < 0.01, vs. 
NC. C Representative images of Transwell migration assay and the number of migrating cells as well as OD 
Values (D). E Transwell invasion assay and quantitative analysis of invasive cells together with OD values (F). 
**p < 0.01, vs. LV-MSLN. G: Survival curves of tumor-bearing nude mice with NC, LV-NC, and LV-MSLN cells. 
Scale bar: 50 µm. One-way ANOVA with Tukey’s multiple comparisons test (B, D, F)
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Next, we conducted in vivo MRI of the FSPM. We found that the T2 signal inten-
sity and T2 values of the tumor tissues in the A549, MSTO-211H, and H226 groups 
were not significantly different at each time point when saline and FSP were injected. 
When FSPM were injected 42 days after tumor formation, the T2 signal intensity and 
T2 values decreased slightly after injection in the A549 and MSTO-211H groups, 
before recovering. However, T2 signal intensity and T2 values of tumor tissues in 
the H226 group continued to decrease over time after the injection of FSPM, and 
at 3.5  h the relative T2 signal intensity and T2 values were the lowest in the H226 
group. (Fig. 7A–F). Around 14 days after molding, the relative T2 signal intensity of 
H226 group decreased significantly at 1.5 and 2.5 h, and the T2 values dropped within 
1.5–3.5 h after FSPM injection (Additional file 1: Fig. S3). After 28 days molding, the 
T2 signal decreased in the MSTO-211H group 1.5  h after FSPM was injected, and 
the T2 values decreased 2.5 h and 3.5 h, but in the H226 group, the T2 signal inten-
sity also decreased at 1.5 h, and the T2 values decreased within 1.5–3.5 h (Additional 
file  1: Fig. S4). Moreover, when compared with the MSTO-211H group, the T2 sig-
nal intensity and T2 value decreased more in the H226 group at all time points after 
FSPM injection, and no significant difference was observed after the A549 group was 

Fig. 5  Characterization and properties of the FSPM. XPS spectra of FSP (A) and (B) FSPM. C TEM images of 
the FSPM. D T2 relaxation rate (R2) and T1 relaxation rate (R1) of FSPM as a function of iron concentration. E 
Prussian blue staining showed iron-containing cells (black arrow), scale bar: 20 μm. F Quantitative analysis 
of Prussian-stained cell areas. SD: Standard deviation (*p < 0.05; **p < 0.01). G Fe3+ distribution in heart, lung, 
liver, spleen, kidney, and tumor tissues after injection of FSP and FSPM. *p < 0.05, vs. FSP. H Cell viability of 
A549 and H226 cells after incubation with FSPM at different concentrations. I Sections of the head, liver, lung, 
spleen, heart, and kidney, after injection of saline and FSPM (H&E stain 10 × magnification, scale bars: 50 μm). 
Abbreviation: FSP, Fe3O4@SiO2-PEG; FSPM, Fe3O4@SiO2-PEG-MSLN. One-way ANOVA with Tukey’s multiple 
comparisons test (F, G, I)
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injected with FSPM at different time points. These results corresponded to the quan-
tity of MSLN protein present in MPM cells.

Discussion
Herein, MSLN was found to be highly expressed in MPM cells. The levels of MSLN 
expression and the invasive and migratory abilities were different in different histological 
subtypes of MPM cells. Overexpression of MSLN enhances MPM tumor cell migration 
and invasion through the regulation of N-cadherin, MMP7, and MMP9, which in turn 

Fig. 6  Targeted MRI examination of FSPM in vitro. A T2WI and T2 mapping MRI examinations of FSPMs with 
different iron ion concentrations (0, 1, 10, 20, 40, and 60 μg/mL) after incubation with A549, MeT-5A, and 
MPM cells. B, C T2 value and T2 signal intensity changes under the Fe3+ gradient concentration. FSP, Fe3O4@
SiO2-PEG; FSPM, Fe3O4@SiO2-PEG-MSLN. *p < 0.05, vs. 0 μg/mL; # p < 0.05 vs. other groups. One-way ANOVA 
with Tukey’s multiple comparisons test (B, C)
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reduces the survival of tumor-bearing mice. We constructed an MSLN-targeted MRI 
nanoprobe to recognize and differentiate histological subtypes of MPM based on MSLN 
levels. Our findings indicate that MRI nanoprobes could potentially contribute to the 
noninvasive assessment of MSLN status, aid in diagnosis, distinguish histological sub-
types, and evaluate migration, invasion, and prognosis of MPM.

MSLN expression levels were evaluated, and the relationship between MSLN expres-
sion, migration, and invasion in MPM was confirmed. We detected MSLN expression in 
various cell lines and mouse models at different time points using western blotting, RT-
PCR, IHC, and ELISA. While cross-comparison of diverse experimental results may be 
challenging, they all demonstrate MSLN expression was greater in the H226 (epithelial 
type), and increased continuously with the progression of tumor growth. These results 
were similar to those of previous study (Melaiu et al. 2014). However, the histological 
types of MPM and MSLN expression do not exhibit absolute correlation. In this study, it 
was observed that the MSLN expression in H2452 (epithelioid type) did not surpass that 
of MSTO-211H (biphasic type), which is consistent with literature reports (Kojima et al. 
2020a, b).

Fig. 7  Targeted MRI examination of FSPM in vivo. A, C, and E 42 days after tumor transplantation. In vivo 
T2WI and T2 mapping of nude mice at different time points (0, 0.5, 1.5, 2.5, and 3.5 h) after injection of saline, 
FSP, and FSPM in A549, MSTO-211H, and H226 groups. B, D, and F Corresponding T2 signal intensity and T2 
value changes in tumor tissues (lower). *p < 0.05, vs. before injection. One-way ANOVA with Tukey’s multiple 
comparisons test (B, D, F), n = 3
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In addition, the migratory and invasive abilities differed MPM histological subtypes; 
migration and invasion of biphasic cells (MSTO-211H) were higher, and these cells 
showed a faster increase in the tumor volume but shorter survival. Some investigations 
have revealed that high MSLN expression is linked to greater invasiveness, migration, 
and proliferation (Servais et  al. 2012; Kachala et  al. 2014); however, the exact regula-
tory mechanisms remain unclear. Interestingly, in our study, epithelial MPM showed 
higher MSLN expression than biphasic MPM, but the invasive and migratory abilities 
of epithelial MPM were lower than those of biphasic MPM. MPM is often divided into 
three histological subtypes: epithelioid, biphasic, and sarcomatoid, and with median 
survival times of 15–19, 10–12, and 4–10 months, respectively (Yap et al. 2017; Milano 
and Zhang 2010). This shows that the “pathological histological subtype” is an indispen-
sable factor in determining the prognosis of MPM. However, the expression of MSLN 
does not directly affect the histological differentiation of MPM (Kojima et al. 2020a, b; 
Verma et al. 2018). Moreover, considering MPM with the same pathological histologi-
cal subtype, higher MSLN expression indicates tumor progression or recurrence (de 
Fonseka et  al. 2018).Meanwhile, after surgical resection of MPM, patients with lower 
MSLN expression survive longer (Hanaoka et  al. 2017). Additionally, we found that 
MSLN-overexpression in H226 cells enhanced tumor migration and invasion by regu-
lating key molecules such as N-Cadherin, MMP7, and MMP9. These molecules, widely 
recognized for promoting tumor migration and invasion in lung, liver, ovarian, breast, 
and kidney cancers (Labernadie et al. 2017; Yang et al. 2017). Of course, further analysis 
of the expression levels of MMP-9, MMP-7 and N-cadherin in H2452 and MSTO-211H, 
compared with the expression levels of NC, LV-NC and LV-MSLN, may lead to a deeper 
understanding of their roles in different cancer subtypes related to MSLN levels and 
migration/invasion characteristics. In summary, our results showed that MSLN expres-
sion may be strongly associated with prognosis, and the intrinsic influences on mesothe-
lioma differentiation need to be further investigated.

After confirming the role of MSLN and the mechanisms through which it regulates 
migration and invasion in MPM, we constructed a targeted MPM probe, FSPM, coated 
with an MSLN antibody. Our probe had a regular morphology, a suitable particle size 
(120 nm), good water dispersibility, and was nontoxic. It also decreased the T2 value, 
indicating that it is an effective contrast agent for MPM. Prussian blue staining experi-
ments showed that FSPM could specifically recognize cells that expressed MSLN, and 
the ICP assay of Fe3+ concentration further confirmed the targeting of FSPM to MPM 
cells. Additionally, in vitro MRI imaging of FSPM showed that as the concentration of 
Fe3+ increased, the T2 signal intensity and T2 value of H226 cells decreased significantly. 
When the Fe3+ concentration was 60  μg/mL, the T2 signal intensity and T2 value of 
H226 cells were lower than those of other cells (given the high expression of MSLN in 
H226 cells), which indicated that the MSLN-targeting nanoprobe was not only targeted 
but also related to the level of expression of MSLN in tumor cells. These results were 
similar to those of a study in which a nanoprobe targeting the αvβ3 receptor was investi-
gated (Zhang et al. 2018).

A systematic in vivo evaluation indicated that FSPM had excellent MRI properties and 
could target human MPM xenografts in nude mice. Changes in T2 signal intensity and 
T2 values in tumor tissues were similar to those observed in tumor cells. We found that, 
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after the injection of FSPM, the T2 signal intensity and T2 value of tumor tissues in the 
H226 group continued to decrease over time (0, 0.5, 1.5, 2.5, and 3.5 h), and the T2 sig-
nal intensity and T2 value decreased more in the H226 group than in the MSTO-211H 
group at 14, 28, and 42 days after molding. Interestingly. Figure 6C suggests a decrease 
in T2 signal intensity in MSTO-211H, similar to H226 with Fe3+ concentration increase, 
despite MSTO-211H lacking MSLN expression. However, T2 mapping shows a more 
significant difference in T2 values between H226 concentrations than MSTO-211H. This 
variation may be due to the influence of field uniformity and noise on T2 signal intensity, 
causing differences in T2 signals among cell lines. Therefore, it is suggested to use more 
stable and reliable T2 values under T2 mapping as a more objective quantitative param-
eter. Ultimately, all experimental results indicate that FSPM might be a good T2 negative 
contrast agent for MRI in MPM, and the T2 signal intensity and T2 values might indi-
rectly reflect the expression level of the MSLN. This indicated that the higher the MSLN 
expression, the lower the T2 signal intensity and T2 value. Therefore, FSPM might be 
used to evaluate the MSLN status, and based on the biological information obtained 
from MSLN, FSPM can be further used to detect, and differentiate histological subtypes, 
access the migration/invasive capacity, and predict MPM prognosis.

Our study has several limitations. First, we were unable to investigate sarcoma-
toid MPM cells or tumor tissue samples from patients with MPM. The rarity of MPM 
poses challenges in collecting samples, thereby limiting the scope of our study. Second, 
although we made a lot of efforts and attempts, we failed to successfully constructed 
a stable MSLN-down-regulated H226 cell line. This limitation should be addressed in 
future studies by reconstituting experiments using a broader range of MPM cell lines. 
Finally, while our study demonstrates the potential of nanoprobes for monitoring MSLN 
expression, more extensive research is needed to establish the correlation between 
MSLN expression levels and imaging signals obtained in MPM patients. Moreover, 
future work will employ IgG-modified probes as specificity controls for anti-MSLN-
FSPM investigations. Through TEM and spectroscopy, we will monitor nanoparticle 
core-shell morphology and functionality over time, enriching insights into nanoparticle 
behavior and dynamics.

Conclusions
MPM tumor cells specifically expressed MSLN at varying levels across histological sub-
types and growth stages. MSLN facilitates tumor cell migration and invasion by regulat-
ing N-cadherin, MMP7, and MMP9. Building upon this understanding, we developed an 
MRI nanoprobe that targets MSLN to assess its status. This nanoprobe may be helpful 
for early detection, identification of histological subtypes, evaluation of migration/inva-
sion potential, and prognosis assessment for MPM.
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