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for in vivo monitoring of gastric cancer MDR using
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Multidrug resistance (MDR) is a huge challenge for gastric cancer chemotherapy. Therefore, MDR accurate
monitoring is of great significance for the treatment of gastric cancer. GMBP1, an extracellular
internalization peptide, can target MDR gastric cancer cells through specific binding to GRP78, which is
an MDR-related protein that is overexpressed in gastric cancer cells. Herein, we constructed GMBP1
conjugated MnzO,4 nanoplates (MnsO,@PEG-GMBP1 NPs) for in vivo monitoring of MDR gastric cancer
through magnetic resonance imaging (MRI). The generated Mn;0,@PEG-GMBP1 NPs had a size of about
11 nm and exhibited a good colloidal stability in PBS and in 10% FBS medium. Serial in vivo MRI studies in
mice demonstrated that the magnetic resonance signal intensity, at the tumor site, reached a peak at 3 h
after tail vein injection of MnzO04@PEG-GMBP1 NPs. The specific targeting ability of MDR gastric cancer
(SGC7901/ADR) by Mn3zO4@PEG-GMBP1 NPs was authenticated in vitro, in vivo and by
immunofluorescence analysis experiments. The systematic safety evaluation indicated that the toxicity of
Mnz0,@PEG-GMBP1 NPs in mice was negligible. Therefore, the GMBP1 conjugated MnsO,4 nanoplates
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Introduction

According to the Global Cancer Statistics 2018, gastric cancer
(GC) remains the third leading cause of cancer-related death
worldwide." Although surgery is an effective treatment for GC,
the associated symptoms are vague and nonspecific and usually

“Key Laboratory of Biomedical Information Engineering of Education Ministry, School
of Life Science and Technology, Xi'an Jiaotong University, Xi'an 710049, Shaanxi,
China. E-mail: zhanwhgood@163.com; wuyayan@mail. xjtu.edu.cn

*Department of Radiation Oncology, General Hospital of Ningxia Medical University,
Yinchuan 750004, Ningxia, China

‘Engineering Research Center of Molecular & Neuro Imaging of the Ministry of
Education, School of Life Science and Technology, Xidian University, Xi'an 710071,
Shaanxi, China. E-mail: ¢18392638127@163.com; hrli330@163.com; dgt199518@
163.com

“Endoscopic Center of Zhongshan Hospital, Fudan University, Shanghai 200032,
China. E-mail: hu.haol@zs-hospital.sh.cn

°School of Information Sciences and Technology, Northwest University, Xi'an 710127,
Shaanxi, China. E-mail: wanglinmig@gmail.com

T Electronic supplementary information (ESI) available: Fig. S1: X-ray diffraction
pattern of Mn;O, nanoplates, Fig. S2: Hydrodynamic size of the Mn;0,@PEG at
different time periods in PBS and 10% FBS at different temperatures, Fig. S3:
The quantitative analysis of fluorescence intensity for Mn;0,@PEG-GMBP1 NPs
in SGC7901/ADR cells at 0.5, 2, and 6 h. ***p < 0.01; n = 3, Fig. S4: The
quantitative analysis of fluorescence intensity for Mn;O,@PEG-GMBP1 NPs in
SGC7901/ADR, SGC7901, and GMBP1-blocking SGC7901/ADR cells. **p < 0.05; n
= 3. See DOI: 10.1039/d0ra00897d

1 This author contributed equally to this work.

This journal is © The Royal Society of Chemistry 2020

can be clinically used for accurate imaging and monitoring of MDR gastric cancer.

advanced at the time of diagnosis. At this stage, chemotherapy
is the main or postoperative treatment option.>* Unfortunately,
chemotherapy often fails for most patients due to multidrug
resistance (MDR).* MDR is a distinctive drug resistance
phenomenon that results in cells acquiring cross-resistance to
a variety of drugs, with unrelated structure and function, and
once exposed to a certain anticancer drug.® It is reported that
MDR is mainly attributed to the overexpression of MDR-
associated protein 1 (MRP1) and P-glycoprotein (P-gp) in resis-
tant cancer cells, which increase drug efflux, reduce intracel-
lular drug concentration and lead to the weakening anticancer
drugs efficacy.>® In addition, MDR is also associated with DNA
damage repair, drug targets change, and tumor microenviron-
ment regulation.” However, at present, the complex mechanism
of MDR has not been fully elucidated, and the clinical anti-
cancer drugs, that mainly target P-gp, have little effects.®™*°
Therefore, there is a pressing need to explore biomarkers that
can identify MDR in GC. Kang et al. screened the short peptide
GMBP1, which can specifically bind to the MDR of GC cells, and
that has the greatest potential to reverse the MDR phenotype by
phage display method. This group also identified GRP78 as the
receptor for the peptide."* Further research by Wang et al
revealed that both GMBP1 and GRP78 are localized in the
cytoplasm, and confirmed, that the GRP78-mediated internali-
zation of GMBP1, occurs by way of a transferrin-related
pathway, that is not related to clathrin. Moreover, in GMBP1-
treated MDR cell lines, the levels of eukaryotic translation
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(a) Design and synthesis protocol of MnzO,4@PEG-GMBP1 NPs; TEM images of (b) Mn3O4 nanoplates and (c) MnsO4@PEG NPs (the inset is

a screenshot of a single NPs, with a white arrow indicating PEG coating); (d) size distribution of MnzO,4 and Mnz04@PEG NPs measured by DLS.

initiation factor 4E (EIF4E) and C-terminal binding protein 2
(CTBP2) were significantly down-regulated.'> EIF4E is a member
of the PI3K/AKT pathway that plays an important role in
a variety of cellular functions.”® Combining previous work,
Wang et al. proposed that peptide GMBP1 regulates MDR of
gastric cancer by targeting GRP78, and the expression of GRP78
regulates the expression of EIF4E and MDR1 through the PI3K/
AKT pathway."” CTBPs may promote tumor proliferation and is
a transcriptional co-pressor factor that mediates Notch and Wnt
pathways.** Notch signaling and Wnt signaling are considered
to be the key to regulating drug resistance. Therefore, down-
regulation of CTBP2 has an effect on reversing MDR."
Although the important role played by GMBP1 has been fully
elucidated at the cellular level, there have been no reports on
MDR detection by GMBP1 in vivo. Thus, it is necessary to design
GRP78-specific nanoprobes for MDR detection in GC in vivo.

Molecular imaging is of great value in early cancer diagnosis
and development due to its ability to accurately diagnose
diseases in the whole body and at the cellular and molecular
levels.”>"” In recent decades, with the development of medical
imaging technology, MDR can be in vivo evaluated by positron
emission tomography (PET),®** single-photon emission
computed tomography (SPECT)**** and computed tomography
(CT)* imaging of radiolabeled drugs. However, monitoring
MDR is a long-term process and the ionizing radiation damage,
caused by radioactive labelling, cannot be ignored. MRI is one
of the main methods of clinical detection, characterized by
a high spatial resolution, non-invasiveness, and absence of
ionizing radiation, which makes this method the best tech-
nology for soft tissue detection.”® Therefore, MRI is the ideal
candidate for detecting MDR in gastric cancer.

Contrast agents (CAs) have the ability to improve MRI
sensitivity and image quality.> The existing MRI CAs can be
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divided into two categories: one is a T1 contrast agent based on
Gd or Mn, and the other is a T2 contrast agent based on
superparamagnetic Fe;O, nanoparticles.>® At present, Gd-based
contrast agents are commonly used in clinic; however, studies
have found that it is associated with renal fibrosis and brain
deposition.>*”” In the past two decades, some T2 CAs that are
based on superparamagnetic Fe;O, nanoparticles have been
examined and approved by the US Food and Drug Administra-
tion (FDA), or have entered clinical tests. Sadly, these nano-
particles were handicapped in clinical practice due to their
inherent dark signals and magnetic susceptibility artifacts.”®?*
Since Mn is an essential trace element in living organisms, this
molecule has a good biocompatibility, high relaxation spin and
a bright signal, that make Mn-based contrast agents ideal
candidates for MRI CAs.** Furthermore, manganese oxide
nanoparticles, with favorable monodispersity and excellent
crystallinity, have been shown to be synthesized on a massive
scale in an air atmosphere under mild conditions.*" In previous
studies, nanoprobes based on Mn;O, nanospheres have been
used for in vivo PET/MR****> and fluorescence/MR*® imaging of
tumors. Although the reported Mn;O, nanospheres have good
imaging capabilities, it is still necessary to broaden the appli-
cation of Mn;0, nanoparticles in biomedical imaging.

Herein, in order to achieve the monitoring of MDR in GC in
vivo, we synthesized Mn;0, nanoplates (Mn3;O, NPs) by a simple
and gentle method, and then conjugated them with GMBP1
after PEGylation (Fig. 1a). To verify the specificity of the
resulting Mn;0,@PEG-GMBP1 NPs to MDR gastric cancer cells,
in vivo MRI and blocking studies were performed in SGC7901/
ADR tumor-bearing nude mice, ex vivo and in vitro. In addi-
tion, the in vitro and in vivo toxicity studies and the histological
evaluations were performed to investigate the toxic potential of
these nanoplates.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The relaxation properties of MnsO4@PEG NPs. (a) T1-weighted
MR imaging and (b) longitudinal r;-relaxivity plot of MnsO,@PEG NPs
aqueous suspension at a 0.5 T MR scanner.

Results
Synthesis and characterization of Mn;0,@PEG-GMBP1 NPs

The GMBP1 conjugated Mn;O,@PEG NPs (Mn;O,@PEG-
GMBP1 NPs) were prepared as described in Fig. 1a. TEM
image showed that the obtained Mn;0O, nanoplates have a good
monodispersity in a nonpolar solution, a uniform particle size
and an average side length of approximately 10 nm (Fig. 1b). In
addition, Mn;O, NPs successfully transferred to an aqueous
solution by PEG modification, which showed a good dispersion
and stability, with a size of approximatively 11 nm (Fig. 1c). TEM
images showed that PEG coating on Mn;O, nanoplates formed
a transparent layer. Dynamic light scattering (DLS) measure-
ments further confirmed that the average hydrodynamic size of
Mn;0, nanoplates and Mn;O,@PEG NPs were 11.8 &+ 1.41 nm
and 21.2 + 2.53 nm, respectively (Fig. 1d). The crystalline form
of Mn3;0, nanoplates was determined by XRD (Fig. S1t). As
a result, the diffraction peaks of the synthesized Mn;O, nano-
plates coincided with the diffraction peaks of the Joint
Committee on Powder Diffraction Standard (JCPDS) card
number: 24-0734. Therefore, the crystal form of the prepared
Mn;0, nanoplates belongs to the tetragonal Mn;0, phase. The
stability of Mn;O,@PEG NPs in PBS and 10% FBS was examined
(see Fig. S27). The NPs size in the two solutions did not signif-
icantly change at 25 °C and 37 °C within five days, and the
solution remained clear and transparent.

The magnetic resonance contrast performance of Mn;0,@-
PEG NPs in aqueous phase was characterized by a 0.5 T MRI
scanner. As shown in Fig. 2a, T1-MRI of Mn;O,@PEG showed
an increase in signal that correlated with the increase in
manganese oxide concentration. The relaxation rate (r;) of the
Mn;O0,@PEG nanoplates was obtained by measuring the
relaxation time of protons that corresponded NPs concentration

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Confocal laser scanning microscope images of MnzsO,@QPEG-
GMBP1 NPs incubated with SGC7901/ADR cells at 37 °C for 0.5, 2 and
6 h. The nuclei were labelled with DAPI (blue). The cells containing
Mnz0,4@PEG-GMBP1 NPs are coloured green. Scale bar: 25 um.

gradient (Fig. 2b). The value r, was reckoned as 0.20 mM ™" s™*

from a linear fitting of 1/T1 versus Mn;0, concentration.

Internalization and affinity assay

The cell internalization of Mn;O,@PEG-GMBP1 NPs was per-
formed on a confocal laser scanning microscope (CLSM). As
illustrated in Fig. 3, the nuclei were labelled with DAPI blue
fluorescence, and the green fluorescence indicates, that the
FITC-labelled Mn;0,@PEG-GMBP1 NPs were successfully
internalized and distributed in the cytoplasm. With time, the

SGC-7901ADR

SGC-7901

Blocking

Fig. 4 Confocal laser scanning microscope images of MnzO,@PEG-
GMBP1 NPs incubated with SGC7901/ADR cells, SGC7901 cells and
GMBP1-blocking SGC7901/ADR cells. The nuclei were labelled with
DAPI (blue). The cells containing Mn:0,@PEG-GMBP1 NPs are col-
oured green. Scale bar: 25 pm.
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Fig.5 Cellviability of SGC7901 cells and SGC7901/ADR cells incubated with different concentrations of MnzO,@PEG-GMBP1 NPs, Mnz:O,@PEG

NPs, DSPE-PEG-Mal and GMBP1.

fluorescence intensity increased with the increase of internal-
ized NPs. The quantitative analysis of the fluorescence intensity
further confirmed this result (Fig. S3f). The specific targeting
ability of Mn;0,@PEG-GMBP1 NPs to MDR gastric cancer cells
was evaluated by CLSM (Fig. 4). SGC7901/ADR (GMBP1 positive)
and SGC7901 cells (GMBP1 negative) were incubated with
Mn;0,@PEG-GMBP1 NPs, and CLSM showed that the fluores-
cence intensity of MDR cells (SGC7901/ADR) was stronger than
that of wild gastric cancer cells (SGC7901). Meanwhile, the
fluorescence intensity of SGC7901/ADR cells that were co-
incubated with Mn;O,@PEG-GMBP1 NPs significantly
decreased when GMBP1 was blocked. The quantitative analysis
of fluorescence intensity between the control group and the test
groups was consistent with the results of confocal imaging
(Fig. s41).

Cytotoxicity assay

The cytotoxicity of Mn;O,@PEG-GMBP1 and its components
was evaluated by MTT assay using SGC7901 and SGC7901/ADR
cells. As shown in Fig. 5, no significant cytotoxicity was observed
with Mn;O,@PEG-GMBP1 NPs treatments at the concentra-
tions of 0.001-40.5 pg mL™'. Similarly, Mn;O,@PEG, DSPE-
PEG-Mal and GMBP1 were also non-toxic to cancer cells.

In vivo MR imaging

The in vivo enhanced MRI of subcutaneous tumor models was
performed by intravenous injection of Mn;0,@PEG-GMBP1
NPs. As shown in Fig. 6a, after treatment with Mn;O0,@PEG-
GMBP1 NPs, significant changes of the MR signal at the
tumors sites (white circle) were observed in all three groups
(targeted, non-targeted and blocking groups). The MR contrast
intensity in the three groups, all peaked 3 hours after injection,
and the contrast intensity of the targeted group was obviously
stronger than that of the GMBP1-blocking group and non-
targeted group. After 3 hours, the MR signal intensity in the
tumor sections from the three groups decreased; however, this
signal slowly decreased in tumor sections of the targeted group

13690 | RSC Adv, 2020, 10, 13687-13695

compared to the other two groups. The over time quantitative
analysis of the MR contrast intensity of the tumor site further
validated this variation trend (Fig. 6b).

Histology

Immunofluorescence analysis of the tissue sections were per-
formed to investigate if Mn;O,@PEG-GMBP1 targets MDR
gastric cancer cells via GRP78. As shown in Fig. 7, the colocal-
ization of nanoparticles (green) with nuclei (blue) indicated that
Mn;0,@PEG-GMBP1 entered the MDR gastric cancer cells

O
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Fig. 6 (a) In vivo Tl-weighted MRI after intravenous injection with
Mnz0,4@PEG-GMBP1 NPs at different time points of preinjection, 2, 3,
4 and 6 h. The tumors are indicated by white circles; (b) changes in MR
intensity of Mns04@PEG-GMBP1 NPs over time in vivo imaging
studies.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Immunofluorescent staining for GMBP1 within MnzO,@PEG-
GMBP1 NPs (green, indicated with white arrow). The nuclei were
labelled with DAPI (blue). Scale bar: 50 pm.
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(SGC7901/ADR). In addition, a small number of nanoparticles
accumulated in the livers tissue and wild gastric cancer
(SGC7901) tumors tissue, but no obvious signal was observed in
the kidneys and spleens.

Toxicity of Mn;0,@PEG NPs in healthy mice

The in vivo potential toxicity of Mn;O,@PEG nanoplates and
Mn;0,@PEG-GMBP1 NPs were investigated through acute
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toxicity experiments and histological evaluation. After 14 days
of intravenous injection of Mn;O,@PEG nanoplates or Mn;-
0,@PEG-GMBP1 NPs, no significant toxicity of Mn;0,@PEG
nanoplates and Mn;0,@PEG-GMBP1 NPs were observed in
healthy mice at the studied concentrations (Mn;O, concentra-
tion from 39.32 to 150.0 mg kg~ ') (Fig. 8a). Even at a concen-
tration of 150.0 mg kg™ *, the survival rate of mice was still above
80%. In addition, the mice were sacrificed 14 days later and
their main organs (hearts, kidneys and livers) were harvested for
H&E staining. Histological analysis revealed, that compared
with the control group, all major organs of the mice had no
obvious damage (Fig. 8b).

Discussion

MDR has seriously impeded chemotherapy effects on gastric
cancer; thus, its accurate monitoring has a great significance for
clinical treatment. To monitor MDR in gastric cancer, we
generated Mn;O0,@PEG-GMBP1 NPs for in vivo MRI. Mono-
disperse Mn;O, nanoplates were synthesized by thermally
decomposing the products formed by the reaction of water and
manganese acetate in the presence of oleylamine.** In this
method, water is a key factor in the nucleation of nanocrystals
and oleylamine is a nucleation catalyst. The TEM showed that
the prepared oil phase Mn;0, crystals were square shaped, with
a side length of about 10 nm, and uniformly dispersed in
cyclohexane. The XRD result revealed, that the crystal structure
of the MnzO, nanoplates, is a tetragonal system (Joint
Committee for Powder Diffraction Standards (JCPDS) card no:
24-0734). Hydrophobic nanocrystals can not be directly used for
in vivo and in vitro imaging; therefore, it is necessary to transfer
Mn;0, nanoplates from the oil phase to the aqueous phase to
endow them with biocompatibility. Moreover, PEG modifica-
tion is the most versatile strategy for increasing the water
solubility of hydrophobic nanoparticles.>**** In this study,
hydrophobic Mn;0, nanoplates were coated with maleimide-

Mn,0,@PEG-
GMBP1

Mn,0,@PEG

Fig. 8 Biocompatibility studies of MnzO4@PEG-GMBP1 NPs and Mn3s04@PEG NPs in healthy mice. (a) The survival rate of healthy mice injected
with different concentrations of Mnz;O4@PEG-GMBP1 NPs or MnsO4@PEG NPs; (b) HEE staining of the hearts, livers and kidneys of mice har-
vested 14 days after injection with MnsO4@PEG-GMBP1 NPs or Mnz04@PEG (dose: 150 mg kg™). Healthy mice treated with PBS were used as

the control. Scale bar: 100 um.
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functionalized PEG lipids (DSPE-PEG500-Mal) through a solvent
exchange strategy, which was successfully dispersed in aqueous
solution and showed good stability. DLS measurements further
indicated that the average hydrodynamic size of Mn;O, nano-
plates was 11.8 + 1.41 nm, while Mn;O,@PEG was 21.2 +
2.53 nm. The DLS measurement results were slightly higher
than the TEM measurements due to hydration and surface
coating.’*%”

NPs performance and safety are related to their stability;
thus, it is of significant importance to study the stability of NPs
in a strong ionic and simulated body fluid environments. To
evaluate NPs colloidal stability, the hydrodynamic size of Mnj;-
O,@PEG NPs in 10% FBS and 0.01 M PBS solutions and at
different temperatures, was measured. Obviously, there were no
significant changes in the hydrodynamic size within 5 days,
confirming their good colloidal stability.*® Furthermore, the
PEG coating with a maleimide group provides the nanoparticles
the ability of further modification. The MDR targeting peptide
GMBP1 was linked to the maleimide group via a thiol group to
form Mn;0,@PEG-GMBP1 NPs.

To further investigate the intracellular distribution and
stability of Mn;0,@PEG-GMBP1 NPs, the SGC7901/ADR cell
line was used as an in vitro cell model to study NPs cell uptake
capacity. CLSM results showed that Mn;0,@PEG-GMBP1 NPs
were distributed in the cytoplasm and aggregated into the
nucleus, which was consistent with the results of previous
studies that showed, that GMBP1 specifically bonded to the
surface receptor GRP78 of the gastric cancer cells' MDR, and
that GRP78 mediated the internalization of GMBP1 into MDR
cells, through transporter-related pathways.'> The specific
recognition of MDR gastric cancer cells by Mn;0,@PEG-GMBP1
NPs is a prerequisite for achieving gastric cancer monitoring.
Affinity experiments showed that SGC7901/ADR had the highest
fluorescence intensity in the SGC7901/ADR, SGC7901 and
GMBP1 blocked SGC7901/ADR experiments. Therefore, it can
be concluded that Mn;0,@PEG-GMBP1 NPs have a favorable
targeting ability for MDR gastric cancer cells, which may have
potential in vivo applications in targeted tumor imaging.

Biocompatibility is an important indicator of whether Mnj;-
0,@PEG-GMBP1 NPs can be used as MRI contrast agents. For
the in vitro cytotoxicity testing, SGC7901/ADR and SGC7901
were treated with different concentrations of Mn;O0,@PEG-
GMBP1 NPs. The MTT assay showed that Mn;0,@PEG-
GMBP1 NPs have an excellent biocompatibility within the
detection concentration range. In addition, no significant
toxicity was observed for Mn;O,@PEG-GMBP1 NPs free
components.

We extended our study in vivo to further assess the safety of
Mn;O,@PEG nanoplates and Mn;0,@PEG-GMBP1 NPs.
Healthy mice were injected with Mn;O,@PEG nanoplates or
Mn;0,@PEG-GMBP1 NPs via the tail vein for acute toxicity
testing and organs histological evaluation. Even at doses up to
150 mg kg™, the survival rate of mice was still above 80%. In
addition, H&E staining of major organs tissues was used for
histological analysis and no significant tissues damage was
found compared to the control group. Based on these results, it

13692 | RSC Adv, 2020, 10, 13687-13695
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can be concluded that Mn;0,@PEG-GMBP1 can be safely used
for T1-weighted MRI in vivo.

Since Mn;0, nanoparticles were applied in T1-weighted
MRI, a series of in vitro and in vivo T1 MR image scanning
was used to evaluate Mn;O,@PEG NPs MR contrast perfor-
mance. Obviously, as the concentration of Mn increased, the
signal of the MR images was enhanced, indicating that Mn;0,
had the potential as a T1 MR contrast agent. The r; value of
Mn;0,@PEG was 0.2 mM ™' s, which is lower than other T1
contrast agents (r; value of the commercial Gd-based MR CAs is
411 mM ' s7"). The low r; relaxation rate may due to two
aspects: on one hand, PEG modification may lead to the
formation of a thick hydrophobic coating that hinders the
chemical exchange between protons and magnetic ions,
resulting in a lower T1 relaxation rate.**** On the other hand,
the paramagnetic strength of Mn ions, with different valence
states, depends on the number of unpaired electrons in the 3d
orbital. The more unpaired electrons, the stronger the para-
magnetic strength.** However, Mn;0, contains one divalent Mn
and two trivalent Mn. The unpaired electron number of Mn*" (4)
is less than Mn®" (5), resulting in a relatively low r, value.

Next, Mn;O,@PEG-GMBP1 NPs enhanced MR imaging
ability for the subendothelial MDR gastric cancer tumor model
was evaluated. After injecting the same dose of Mn;O,@PEG-
GMBP1 NPs, we found that in the targeted group, the MR
contrast intensity of the tumor site was significantly higher than
that in the non-targeted group. Intravenous injection of GMBP1
reduced MR contrast intensity at the tumor site, indicating that
Mn;0,@PEG-GMBP1 NPs have a good targeting ability for MDR
gastric cancer cells. It is worth noting that in all three groups,
the tumor sites’ MR signals showed a trend of first increasing
and then weakening, which indicated that Mn;O,@PEG-
GMBP1 NPs could be metabolized in a short time, and that
the long-term toxicity of this nanomaterial was negligible. Three
hours after the injection, the MR signal intensity in the targeted
group reached a higher peak compared with the GMBP1
blocking group. It is most likely due to the free GMBP1 occu-
pying a large number of binding sites when injected in advance;
thereby, preventing the binding of Mn;0,@PEG-GMBP1 NPs.

To further verify that Mn;O,@PEG-GMBP1 NPs targeted
MDR gastric cancer cells via GRP78 in vivo, all mice were
sacrificed 6 hours after injection and their organs and tumors
harvested for immunofluorescence staining. CLSM imaging
results showed that a large number of Mn;0,@PEG-GMBP1
NPs were distributed in the tumor tissue of the targeted
group. This indicates that GMBP1 has an excellent affinity for
MDR gastric cancer cells and that the strong magnetic reso-
nance signal of the targeted group is caused by the conjugated
Mn;0, NPs. In addition, a small amount of Mn;O0,@PEG-
GMBP1 NPs was observed in the liver tissue of the targeted
group, which may be due to NPs metabolism by the hep-
atobiliary system.*®*' Meanwhile, the small amount of accu-
mulated NPs in the non-targeted tumor tissue was caused by the
tumor enhanced permeability and retention (EPR) effect.*> All
these results suggested that Mn;0,@PEG-GMBP1 NPs may be
a safe in vivo MR contrast agent for monitoring MDR in gastric
cancer.

This journal is © The Royal Society of Chemistry 2020
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Experimental
Materials

Manganese(n) acetate (98%) was purchased from Sigma-
Aldrich, fluorescein isothiocyanate isomer I (FITC, 90%) from
Acros Organics, oleylamine (technical grade 90%) and xylene
(98%) from Aladdin. DSPE-PEGs0-Mal, SCM-PEG5;0o-Mal, and
DSPE-PEGs5400-NH, were purchased from Creative PEGworks,
Traut's Reagent was from Thermo and GMBP1 from GL Bio-
chem (Shanghai) Ltd.

Synthesis of Mn;0, nanoplates

Mn;0, nanoplates were synthesized based on a previous report
but with slight modifications.*® In an air atmosphere, oleyl-
amine (20 mmol, 5.70 g) and manganese acetate (1 mmol, 0.17
g) were mixed and dispersed in 15 mL of xylene, and then slowly
heated to 90 °C with vigorous stirring. After the temperature was
stabilized at 90 °C, 2 mL of ultra-pure water was mixed and
avigorous stirring was maintained for 3 h. After completion, the
reaction system was destroyed by adding 100 mL of absolute
ethanol and then centrifuged to obtain powdered Mn;0O, NPs
for further use.

Synthesis of (FITC-)Mn;0,@PEG-GMBP1 NPs

To obtain Mn;O,@PEG NPs, 10 mg manganese oxide nano-
plates were dissolved in 3 mL of chloroform and 25 mg of DSPE-
PEG;009-Mal or DSPE-PEG;,,-NH, were added. After 4 hours of
mixing at room temperature, the chloroform was removed via
nitrogen blowing. A brown transparent solution was obtained
after adding 10 mL of ultra-pure water and sonicating for 30
minutes. Excess DSPE-PEG;(,,-Mal or DSPE-PEG;(,,-NH, was
removed by centrifugation. The Mn;0,@PEG-NH, NPs were
then reacted with FITC at pH 8.5 for 3 h at a molar ratio of 1 : 10.
The nanoparticles were further modified by SCM-PEG-Mal
using the same procedure, and the final products were FITC-
Mn;0,@PEG-Mal NPs.

GMBP1-conjugated Mn;0,@PEG NPs (Mn;0,@PEG-GMBP1
NPs or FITC-Mn;0,@PEG-GMBP1 NPs) were prepare by the
following protocol: GMBP1 and Traut's reagent were incubated
at pH 8.0 for 2 h at a molar ratio of 1 : 25, then the Mn;0,@PEG-
Mal NPs or FITC-Mn;0,@PEG-Mal NPs were added and the
resulting solution was incubated for further 1 h at 37 °C. The
unconjugated GMBP1 was then separated using a PD-10
desalting chromatography column.

Characterization

The morphology and size of the Mn;O, nanoplates were ob-
tained from a JEOL JEM-2100F transmission electron micro-
scope (TEM). The hydrodynamic size was performed on
a Malvern Zetasizer Nano ZS. For DLS measurement of Mn;O,
nanoplates and Mn;O,@PEG NPs, cyclohexane and ultrapure
water were used as the solvent, respectively, at a concentration
of 0.1 mg mL~". The powder X-ray diffraction (XRD) patterns of
the Mn;0, nanoplates were characterized using a Bruker D8
diffractometer with Cu Ko radiation (A = 0.15405 nm). The T1-
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relaxivities and T1-weighted images of Mn;O, aqueous solu-
tions, with different concentrations, were determined using
a 0.5 T small animal scanner (Shanghai Niumag Corporation). A
set of conventional spin-echo acquisition sequence is shown
below: TR 350 ms, TE 18.2 ms, slice gap 0.8 mm and slice
thickness 4 mm. The value of r; was calculated by the linear
fitting of 1/T1 (s ') versus the Mn;0, concentration (mM).

Gastric cancer cell lines and animal models

Human gastric adenocarcinoma cancer cells SGC7901 and MDR
variants SGC7901/ADR cell lines were provided by Xijing
Hospital. The cells were cultured in DMEM medium with 10%
fetal bovine serum (FBS), 100 ug mL ™" streptomycin and 100 U
mL ™! penicillin, and incubated at 37 °C under 5% CO, in
a humidified incubator. Four-week-old male nude mice were
provided by the Department of Experimental Animals, Health
Science Center, Xi'an Jiaotong University. The mice were housed
in SPF animal rooms, maintained at a temperature of 20 °C and
acclimated for at least 48 h prior to the experiment. Then 5 x
10° desired cells were dispersed in 20 uL PBS and subcutane-
ously implanted in the right hind limbs to prepare SGC7901 or
SGC7901/ADR tumor-bearing nude mouse models. All animal
procedures were performed in accordance with the Guidelines
for Care and Use of Laboratory Animals of Xi'an Jiaotong
University and experiments were approved by the Animal Ethics
Committee of Xi'an Jiaotong University. (Number XJTULAC
2016-412).

Colloidal stability of Mn;0,@PEG NPs

The coalescence stability is the key to the stability of a colloid.
The stability of Mn;O,@PEG NPs was evaluated by the hydro-
dynamic size distribution of NPs in 10% FBS and 0.01 M PBS
solution within 5 days. The solvents used for DLS measurement
were 10% FBS and 0.01 M PBS, respectively, and the concen-
tration of Mn;O,@PEG was 0.1 mg mL™'. At the same time, the
effect of temperature on the size distribution of the nanoplates
was investigated. All data were expressed as mean values with +
SD.

Internalization and affinity assay

The intracellular internalization of Mn;0,@PEG-GMBP1 NPs
was observed by a CLSM (TCS SP5 II, Leica, Germany). The
SGC7901/ADR cells were incubated with FITC-Mn;O,@PEG-
GMBP1 NPs for 48 hours in a confocal dish. The Mn;0,@-
PEG-GMBP1 nanoprobes were detected by a confocal with
a laser excitation wavelength of 496 nm. The endocytosis of
Mn;0,@PEG-GMBP1 NPs was examined by monitoring the
uptake behaviour of the cells at 0.5, 2 and 6 h using a CLSM. For
cell affinity studies, SGC7901 and SGC7901/ADR cells were
incubated with a concentration of FITC-Mn;0,@PEG-GMBP1
NPs, in a confocal dish for an allotted time, and then PBS (pH
7.4) was used to wash out non-uptaken NPs and the cells were
fixed with 4% paraformaldehyde. Meanwhile, using GMBP1 as
a blocking agent, the effect of SGC7901/ADR cells on the uptake
of FITC-Mn;0,@PEG-GMBP1 NPs was also examined after the
blocking. The fluorescence intensity of SGC7901 and SGC7901/
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ADR cells was measured by labelling their nuclei with DAPI and
the detection was performed using a laser excitation wavelength
of 340 nm.

Cytotoxicity assay

The cytotoxicity of Mn;0,@PEG-GMBP1 NPs on SGC7901 cells
and SGC7901/ADR cells was investigated by the MTT assay.
Briefly, the cells were seeded in a 96-well plate at a density of 1 x
10° cells per well and cultured for 24 hours. Complete mediums
with different concentrations of Mn;0,@PEG-GMBP1 NPs were
added to the 96-well plate, respectively. After 72 hours, the
mediums were removed and fresh mediums containing MTT
(5 mg mL™", 20 uL) were added. After 4 h incubation, the
mediums were discarded and 100 pL of dimethyl sulfoxide
(DMSO) was added and mixed into each well. After shaking, the
absorbance of each well was measured at 590 nm using an
enzyme-linked immunosorbent detector (Infinite® 200 Pro,
Tecan, Switzerland). The cell viability calculation formula was
as follows: cell viability = (mean absorbance of the treated
group/mean absorbance of the control group) x 100%. Addi-
tionally, the cytotoxicities of Mn;O0,@PEG, DSPE-PEG-Mal and
GMBP1 were tested using the same protocol.

In vivo toxicity studies

Toxicity in healthy Balb/c mice was assessed by an acute toxicity
test. The experimental group was intravenously injected with
different concentrations of Mn;O,@PEG nanoplates or Mn;-
0,@PEG-GMBP1 NPs. The mice injected with PBS were used as
the control group. Seventy-five male mice were randomly
divided into 15 groups (n = 5) and injected with PBS, 39.12,
49.15, 61.44, 76.80, 96.00, 120.0 and 150.0 mg kg™' of Mn;-
O,@PEG NPs or Mn;O,@PEG-GMBP1 NPs, respectively.
Seventy-five female mice were similarly treated. The survival
number was recorded after 14 days. Meanwhile, the mice were
sacrificed and hearts, kidneys and livers were harvested. The
tissues were fixed with 4% paraformaldehyde solution,
embedded in paraffin, sectioned and stained with hematoxylin
and eosin (H&E). Tissue sections were observed under a digital
microscope (Leica DM5000).

In vivo magnetic resonance imaging

The accumulation of Mn;0,@PEG-GMBP1 NPs in the tumors
was detected in vivo by T1-MRI using a 0.5 T small animal
scanner (Shanghai Niumag Corporation). Imaging was per-
formed before and after intravenous injection of the NPs at 2, 3,
4 and 6 h. The SGC7901/ADR tumor cells were xenografted in
the targeted group and the blocking group, while the SGC7901
tumor cells were xenografted in the non-targeted group. All
groups were injected with 200 pL of Mn;0,@PEG-GMBP1 NPs
(2.80 mg mL™"). Before the injection of 200 pL of Mn;0,@PEG-
GMBP1 NPs (2.80 mg mL "), the blocking group was injected
into the tail vein with GMBP1 for 3 hours. The parameters of T1-
MR images were set as follows: TR = 350 ms; TE = 18.2 ms; slice
thickness = 4 mm; flip angle = 90°; FOV = 100; NEX = 2; matrix
= 256 x 256; for axial images.
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Histology

An SGC7901/ADR-bearing mice and an SGC7901-bearing mice
were injected with 200 pL of Mn;0,@PEG-GMBP1 NPs (2.80 mg
mL "), respectively, and euthanized 6 h after the intravenous
injections. As previously reported, the major organs (liver,
kidney, and spleen) and the tumors were harvested, frozen,
sectioned and subjected to immunofluorescent staining for
histological analysis.”® Rabbit anti-human GRP78 and FITC-
labelled goat anti-rabbit antibodies were used to visualize
Mn;0,@PEG-GMBP1 NPs, while the nuclei were labelled with
DAPI. A CLSM was used for the visualization of the tissue
sections.

Statistical analysis

Data were expressed as the mean values + standard deviation of
independently repeated experiments. The GraphPad 5.0 soft-
ware was used to analyze the differences between different
experimental groups through one-way ANOVA statistical anal-
ysis. The statistical differences between the groups are indi-
cated by asterisks and as follows: *p < 0.05, **p < 0.01, ***p <
0.001.

Conclusions

In this study, we monitored MDR in gastric cancer in vivo by
establishing biocompatible GMBP1-conjugated Mn;O,-based
nanoplates for magnetic resonance imaging. GMBP1, as a target
ligand of the contrast agent, has been proved to specifically
bind to the GRP78 receptor expressed on the surface of MDR
gastric cancer cells, which makes of this contrast agent a good
target for the imaging and diagnosis of MDR gastric cancer.
Mn;0,@PEG-GMBP1 NPs showed a good colloid stability and
a high specificity to MDR gastric cancer cells. The MRI studies
performed in mice showed that Mn;O,@PEG-GMBP1 NPs
exhibit an excellent T1-weighted imaging performance with
rapid accumulation at the tumor site (peaked 3 hours after
intravenous injection). In addition, in vivo and in vitro toxicity
studies showed that Mn;O, NPs have no significant toxicity.
Therefore, Mn;0,@PEG-GMBP1 NPs have been validated as
a potential nanoplatform for MDR gastric cancer imaging and
monitoring.
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