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Abstract

We report in this Communication a facile, two-step surface modification strategy to achieve
manganese oxide nanoparticles with prominent MRI T1 contrast. In a U87MG glioblastoma
xenograft model, we confirmed that the particles can accumulate efficiently in tumor area to
induce effective T1 signal alteration.

Inorganic magnetic nanoparticles have emerged as an important class of biomaterials. Iron
oxide nanoparticles, for instance, have been intensively studied as MRI contrast agents to
improve T, image quality,1~> and several formulas have advanced into clinical trial or
passed FDA approval.5-2 Compared with the rapid pace of T, probe development, research
progress in developing magnetic nanoparticle based T probes has been rather slow.19 In
clinical practice, T1 contrast agents are mostly metal-chelator complexes, such as Gd-DTPA
(Magnevist). Magnetic nanoparticles, each constructed with thousands of metal atoms, are
potentially advantageous for longer circulation half-life and better contrast; however, their
translation into practice has been hampered, in large part due to the lack of a reliable surface
coating technique that can render particles with sufficient stability, without compromising
the contrast effect. Previously, the Hyeon group reported the use of MnO nanoparticles
(MONPs) as T; contrast agents for brain imaging.! In that study, the MONPs, originally
synthesized by pyrolysis with a thick hydrocarbon layer, were rendered water soluble by
adding one layer of phospholipid. However, such paramagnetic T, relaxation enhancement
is a spin—lattice effect, which requires direct contact between surface Mn and water. The
dilayer structure, with a thick hydrophobic hydrocarbon inner coating, is potentially
inhibitive of water penetration, which may explain the relatively low r; relaxivity of the
phospholipid-coated MONPs (0.21 s~> mM~1 for particles with 20 nm core.12)

TElectronic supplementary information (ESI) available: Details of nanoparticle preparation and /7 vivo studies. See DOI: 10.1039/
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Here we report a facile, two-step surface modification strategy to make water-soluble
MONPs with much improved T1 contrast; we also confirm that the particles can accumulate
in the tumor area of a U7MG glioblastoma xenograft model and induce an effective T,
signal. We have previously reported a similar surface modification strategy to modify iron
oxide nanoparticles.1314 In the current instance, we first synthesized MONPs, which were
coated with oleic acid, using a pyrolysis method.11:15.16 These water-insoluble particles
were then dispersed in a 1 : 1 CHCI3/DMSO mixture solution, incubated and surface-
exchanged with dopamine.13:17 The DMSO solution of dopamine coated MONPs was added
dropwise to a human serum albumin (HSA) aqueous solution. Owing to the superior ligand
binding capacity of HSA,18:19 as well as the post-modification amine-rich particle surface, 14
the HSA was efficiently adsorbed onto the particle surface, where it conferred extra stability
to the particles (Fig. 1). Protein assay and ICP analysis revealed that there were about 10
HSA molecules on each MONP, similar to the previous observation with HSA coated Fe304
NPs.13

Fig. 2a is a representative TEM image of the as-synthesized MONPs in hexane. It shows that
the MONPs have a core size of about 20 nm, similar to what was previously reported.11.12
The TEM image shown in Fig. 2b was taken after the MONPSs received surface modification
and were added to water. No agglomeration of particles was found in the examined area,
suggesting good dispersibility of the particles. Meanwhile, no morphological changes were
found between Fig. 2a and b, indicating minimal damage caused by the surface
modification. The overall size of the MONPs increased from 25.2 + 1.9t0 39.2 £ 3.6 nm
(Fig. 2c), as characterized by dynamic light scattering (DLS), which we attributed to the
addition of the HSA coating. Similar to the case of HSA coated Fe304 nanoparticles, long-
term stability of HSA-MONPs in aqueous solution was observed, as no obvious size change
was found during a 48 h incubation period (in PBS, 37 °C) (Fig. 2d).

To evaluate the T4 contrast effect, the following were compared in an MRI phantom study:
(1) HSA-MONPs, (2) phospholipid (1,2-distearoyl-sn-glycero-3-phosphoethanolamine- N-
[methoxy(polyethylene glycol)-2000]) coated MONPs (DSPE-MONPs).11 The samples
were prepared by dispersing particles at pre-determined Mn concentrations in 1% agarose
gel. As shown in Fig. 3, the HSA-MONPs induced stronger signal increases at all Mn
concentrations than DSPE-MONPs. Based on the imaging results, the r; relaxivity of DSPE-
MONPs was found to be 0.37 mM~1 s71, similar to the previous reported value.12 On the
other hand, r; of HSA-MONPs was evaluated to be 1.97 mM~1 s™1, which was five times
higher than that of DSPE-MONPs. Since the starting materials were the same, this increase
was attributed to the unique dopamine-HSA coating. Indeed, compared with the
phospholipid coating, where MONPs were surrounded by a hydrophobic inner layer that
may isolate the cores from their surroundings, the dopamine coating, being more hydrophilic
and compact, may allow more efficient water exchange.

The physiology stability and superior contrast make such particles useful as T, contrast
agents. Previously, we have demonstrated that HSA coated Fe30,4 nanoparticles can
accumulate at tumor areas through an enhanced permeability and retention (EPR) effect.13
We expect that the HSA-MONPs, with the same coating strategy and similar hydrodynamic
size, may possess similar pharmacokinetics. To understand the particle distribution better,
we labeled the HSA-MONPs with $4Cu-DOTA chelator, and used PET/MRI dual modality
imaging to study their /7 vivo particle distribution. The details of DOTA coupling and 84Cu
labeling can be found in the Supporting Information, as well as in our previous
publications.13:20 The imaging studies were performed in a U87MG xenograft model. It was
prepared by subcutaneously inoculating 5 x 106 U87MG cells in 100 I PBS into the front
flank of each mouse, and the imaging was performed about 3 weeks later when the tumor
reached a size of 100 mm3. All animal work was conducted following a protocol approved
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by the Stanford University Administrative Panel on Laboratory Animal Care (APLAC). For
imaging, 84Cu labeled HSA-MONPs in PBS, at a dose of 10 mg Mn/kg, were administrated
intravenously (i.v.), and PET and Tq-weighted MRI images were acquired at 1, 4, and 24 h
post injection (p.i.) (ESIT). The lower panel of Fig. 4 gives the PET results. The activities in
tumor started to be visualized at the 1 h time point, at an uptake of 3.3 £ 0.4%ID/g (n= 3).
Such tumor accumulation peaked at 4 h p.i. (4.7 £ 0.4%1D/g), and slightly decreased to 4.3
+ 0.2%ID/g at 24 h. This profile correlated well with the T1-weighted MRI observation.
Compared to those before MONP injection, the MRI signals in tumor increased by 5.3 +
0.6%, 13.8 £2.0% and 9.7 £ 2.1% at 1, 4, 24 h p.i. (n= 3, the upper panel of Fig. 4),
respectively. These correlated imaging profiles from both modalities validated the
accumulation of MONPs in the tumor area. The signal drops at late time points, observed in
both PET and MRI results, were likely caused by the slow washout of the tracers, which is
common in EPR mediated tumor targeting. These observations suggested a reasonably long
circulation half life of the HSA-MONPs, with an optimal observation window at around 4 h.

Immediately after imaging at the 24 h time point, the mice were sacrificed, and the tumor
and major organs were collected and subjected to an ex vivo PET scan (Fig. 5a). In accord
with the /in vivo observations, strong activities were found in the tumor. Meanwhile, high
tracer accumulation was also found in the liver, which is not surprising considering the
overall size of the HSA-MONPs.5:13

To further confirm that the particles indeed accumulated in the tumor and liver, we used
TEM to examine the tissue samples taken from animal models after imaging at the 4 h time
point. As displayed in Fig. 5b—d, many MONPs (black dots in white circles) were found
across the liver and tumor samples. Notably, the particles in the liver were mostly found
within cells, likely due to engulfment by Kupffer cells, and were distributed in the tissue in a
relatively homogeneous fashion. On the other hand, the MONPs in the tumor were found
both inside and outside of cells. Such a distribution pattern was reminiscent of our previous
observation with HSA coated Fe30,4 nanoparticles, where some particles were found trapped
at the interstitial space in the tumor after extravasation.13

In summary, we have developed a novel method to modify pyrolysis-yielded MONPs. Such
a strategy, with a compact and hydrophilic coating, allows more efficient water-surface
interaction and, therefore, leads to more prominent T, contrast. As a proof-of-concept study,
we coupled such nanoparticles with 84Cu radioisotope and performed PET/MRI dual
imaging in a U87MG xenograft model. Good tumor accumulation was observed by both
imaging modalities and was confirmed by ex vivo PET and TEM assessment. The current
formulation shows an r; of 1.97 mM~1 s71, which is close but inferior to Magnevist (about 5
mM~1 s71). However, the good tumor targeting and the excellent ligand binding capacity by
the HSA coating yet make them a promising imaging or theranostic platform. In addition,
we anticipate even better T4 contrast effect in the future using smaller, hollow-structured
MONPs as the core. The related research is underway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Schematic illustration of the formation of HSA-MONPs.
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Fig. 2.

TEM images of (a) as-synthesized MONPs dispersed in hexane and (b) HSA-MONPs in
water. Scale bars are 100 nm. (c) Hydrodynamic size of MONPs before and after
modification. (d) Size change of HSA-MONPs when incubated in PBS at 37 °C for 48 h,

monitored by DLS.
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Fig. 3.

(a) 1/Tq vs. Mn concentration curves of HSA- and DSPE-MONPs. The slopes, Ze. the
values, were evaluated to be 1.97 and 0.37 mM™1 s71, respectively. (b) T1-weighted MR
images of MONPs in aqueous solution with various concentrations.
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Fig. 4.

Upper panel: MR images on U87MG xenograft animal model acquired at 0, 1, 4 and 24 h
after 4Cu-HSA-MONPs injection. Lower panel: PET images taken at 1, 4 and 24 h

after 54Cu-HSA-MONP injection.
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Fig. 5.

(a) Ex vivoPET imaging on tumor and major organs after 24 h imaging. (b—e), TEM images
taken on liver and tumor samples from animal models after 4 h imaging. (b) and (c), TEM
images of the liver tissue samples. (d) and (e) TEM images of the tumor tissue samples.
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