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A Hybrid Silica Nanoreactor Framework for Encapsulation
of Hollow Manganese Oxide Nanoparticles of Superior T,
Magnetic Resonance Relaxivity
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1. Introduction
A new hybrid nanoreactor framework with poly(ethylene oxide)-perforated

silica walls is designed to encapsulate hollow manganese oxide nanoparticles
(MON:s) of high distinctness and homogeneity. Achieved by an interfacial
templating scheme, the nanoreactor ensures that acidic etching of MONs by
an acetate buffer solution is highly controlled for precise control of the hollow
interior. As such, hollow MONs with different nanostructures are developed
successfully through a facile acetate buffer solution etching. The resultant
hollow MONSs are integrated within the hybrid nanoreactor and demonstrate
superior r relativity of up to 2.58 mm~' s for T, magnetic resonance imaging
(MRI). By modifying the nanoreactor architecture, it is also demonstrated that
the efficacy of MONss as T; MRI contrast agents can be significantly improved
if an optimal cluster of hollow MONs is encapsulated into the hybrid silica
framework. The evolution of core morphology with time is studied to eluci-
date the etching mechanism. It is revealed that the hollow formation arises
due to the surface stabilization of MONSs by acetate ions and the subsequent
acidic etching of the interior core in a sporadic manner. This is different from

In 2007, Hyeon and co-workers published
their seminal work describing the use of
manganese oxide nanoparticles (MONs) as
T, contrast agents for magnetic resonance
imaging (MRI).l! Since then, this new class
of MRI contrast agent has opened a new
direction for exploring various strategies
to engineer MONs of higher r; relaxivity.
In this regard, modifying the particle size
and morphology of MONs has been shown
to have a significant effect on the r; relaxa-
tion rate. In general, the ry relaxivity is
expected to increase as the particle size of
MONSs decreases. For example, Chen and
co-workers found that MONs with a size
of 10 nm exhibited a greater positive con-
trast ability than those with larger sizes.?

Hollow-structured MONSs are also attractive
candidates as T; contrast agents because
they exhibit high surface-to-volume ratio.
Since only the surface Mn?* ions in a
nanoparticle are largely responsible for the
longitudinal water proton relaxation, these hollow MONs tend
to exhibit higher r; relaxivities than those of their solid counter-
parts. Herein, there has been a burgeoning interest to use hollow
MONSs as a platform to build an integrated MRI diagnostic and
therapeutic nanoprobe for various types of cancers.>”]

There are a number of synthesis protocols that have been
developed to produce the hollow cavities of MONs. Typically,
they involve the selective core removal of presynthesized MONs
by using a suitable etchant. Lee and co-workers used phtha-
late buffer solution at pH 4.6 to form the voids in the core
of MONs.Bl Similarly, Gilad and co-workers employed mild
hydrochloric acid solution at pH 2.4 to extrude the hollow core
of MONs. Such approaches were successful due to a compo-
sitional difference between the core and shell of MONs. As a
result, the hollow interior is created by a preferential dissolu-
tion of the MnO core phase and the stability of the Mn;0, shell
phase under acidic conditions. Alternatively, a hydroxylamine
(NH,OH) dispersion, which is known to form complexes with
metal ions readily, has been demonstrated to be effective in
the selective etching of MnO core from a sacrificial template
of MnO-Mn;0, core—shell nanoparticles, thus yielding well-
defined hollow MONs. !

the commonly reported nanoscale Kirkendall effect or the selective etching of
the core-shell MnO/Mn;0O, structure.
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Apart from the composition difference-based selective etching
strategy, the nanoscale Kirkendall effect is another method that
is commonly used to produce hollow MONs. It provides a mech-
anism for void formation in inorganic nanoparticles because the
outward diffusion of Mn?" ions is balanced by an inward flux of
vacancies which would subsequently coalesce to form the hollow
interior core. During the formation process, the surface layer of
MONSs is usually stabilized by surfactants or simple inorganic
anions in the solution. This reduces the overall surface energies
and promotes the spontaneous dissolution of the particle inte-
riors. For example, Chou and co-workers have identified that the
acetate anion is crucial to the structural evolution from solid to
hollow MONSs in their synthesis protocol, as it can function as
a chelating ligand to remove the MnO core via the Kirkendall
effect.’] Hyeon and co-workers have also attributed their success
of preparing hollow MONSs to the Kirkendall effect, wherein the
alkylphosphonic acid impurities in technical grade trioctylphos-
phine oxide (TOPO) are able to bind strongly to the surface
Mn?* ions and drive the hollowing process of MON. !

However, despite the recent advances in developing hollow
MON:s, there has been limited work done to tailor the architecture
of hollow nanostructures. In fact, to the best of our knowledge,
reports on the synthesis of hollow MONs are primarily focused
on single particle encapsulation. In this regard, perhaps there is
a notion that individually encapsulated hollow MONs are able to
induce the longitudinal water proton relaxation most efficiently.
Otherwise, it may be challenging to control the size and uniformity
of the encapsulation of hollow MONs clusters.'% Therefore, we
report a hybrid silica nanoreactor for the facile synthesis of well-
defined hollow MONSs. The framework itself is composed of a
thin silica nanoshell that is perforated by the poly(ethylene oxide)
(PEO) chains of F127. Using these nanocontainers to encapsulate
MONS, several key advantages become apparent: besides eliciting
a relatively high r; relaxivity due to an improved accessibility of
water molecules to the encapsulated MON core, the nanoreactor
framework can also provide the desired in situ surface modifi-
cation by substituting the hydrophobic oleate ligands of MONs
with highly hydrophilic PEO chains that resist reticuloendothelial
system interactions.'!] Hence, the blood circulation time of MONs
can be prolonged for better MRI visualization.'?l Indeed, such
useful properties have been validated in our previous study, which
demonstrated the excellent antifouling behaviour and high water
permeability of the PEO-perforated silica nanoshell.'!] On the
Dbasis of these results, in the present study, the hybrid silica nano-
capsules were employed as robust nanoreactors to prepare hollow
MONSs of various architectures (single or a cluster of core parti-
cles). Moreover, we demonstrate a novel approach to increase the
r; relaxivities of MONs, wherein a moderate number of core nano-
particles are encapsulated to increase the rate of water exchange.
Thus, this will favor a further development of MONs as T; con-
trast agents in clinical applications.

2. Results and Discussion

2.1. Nanoreactor Synthesis of Hollow MONs

Hydrophobic MONs are first synthesized by the thermal
decomposition of manganese oleate complex in organic
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solvents of high boiling point. Transmission electron micro-
scopy (TEM) study reveals that the MONs are highly uniform
in particle size. By changing the reaction temperature, type
of solvent, or reaction time, the MONs could be tailored to a
range of sizes (Figure Sla, Supporting Information). X-ray dif-
fraction (XRD) analysis indicated that the phase purity of MnO
was maintained despite their varying particle sizes (Figure S1b,
Supporting Information). This was verified by the SAED pat-
tern as the diffraction rings were consistent with the structure
of MnO (Figure S1c, Supporting Information). Compared to the
commonly used 1-hexadecene and 1-octadecene solvents,!!~]
smaller MONs are readily yielded when the hydrocarbon
chain length of the alkene solvent is reduced. It is noteworthy
that highly monodispersed sub 10 nm MONs are formed by
employing 1-tetradecene as the solvent of high boiling point
in our synthesis protocol. This could be ascribed to a higher
degree of solvent stabilization provided by the shorter chain
alkene, thus increasing the thermal stability of manganese
oleate complex. Hence, in accordance with the LaMer model,
its decomposition kinetics would occur at a higher temperature
and lead to the formation of a large amount of MnO nuclei but
of smaller radii.l"*]

Interfacial templating condensation of TMOS in the core—
shell region of F127 micelles was employed to fabricate the
hybrid silica nanoreactor.l'] Herein, in order to provide a direct
comparison with earlier reports on hollow MONs, which typi-
cally range from 15 to 20 nm in sizes, we chose the 16 nm-
sized MONs for encapsulation into our hybrid silica nano-
reactors. Next, to form the hollow core of MONs, we employed
an acidic acetate buffer solution (pH 5.2) as the etchant under
standard temperature and pressure. This is crucial to generate
the well-defined hollow morphology of MONs. The versatility of
this method is demonstrated by the facile synthesis of hollow
MONs with varying encapsulation morphologies. Scheme 1
shows an outline for the preparation of hollow MONs using
our nanoreactor platform.

2.2. Designing MONs of Higher r; Relaxivity

There are three key advantages in employing our nanore-
actor platform for the development of hollow MONSs. First,
by employing the interfacial templating technique, hydrolysis
and condensation of silica precursors are confined to the inter-
face between the poly(propylene oxide) (PPO) core and PEO
corona of the polymeric micelles. Hence, the nanoreactors
are composed of a thin silica shell that is perforated with PEO
chains (Figure 1), which enable them to maintain their struc-
tural integrity and aqueous dispersity in the etchant solution
for a prolonged duration of time. This is in contrast to other
designs of silica-coated hollow MONSs, which tend to require
the direct coating of a thick silica layer onto the MONs prior
to nanoscale etching.*>#l Such enhanced stability of our frame-
work is attributed to its nanocomposite-type structure, where
the inorganic silica fractions yield mechanical strength and
the hydrophilic PEO chains provide good antifouling proper-
ties. Second, the silica nanoreactor provides a high degree of
control over the hollow nanostructure of MONSs as it ensures
that the etching chemistry is done in a confined volume under

Adv. Funct. Mater. 2015, 25, 5269-5276



NCED
FUNCTIONAL
MATERIALS

M \]|w’§

www.MaterialsViews.com

silica coating

—< b QS l:’rl\ns% iI::
F127 micelles nanoreactor
as template

solid MnO
nanoparticle
(NP)

NSNS

PPO PEO
chain chain

Scheme 1. Schematic illustration for the synthesis of hollow MON's.

controlled conditions and selective permeability. This is due to
the controlled diffusion of etchant molecules through the PEO-
based polymer nanochannels that perforated through the silica
shell. The permeability of the silica shell is confirmed by the
subsequent diffusion of Mn?* ions from the nanoreactor during

(c) Hollow rattle-type
structure

Entry of etchant
molecules
Hollow MnO

rticl
nanoparticle Loosely-packed

PPO chains

Thin silica walls
of nanoreactor

Surface coverage
of PEO chains

Figure 1. TEM images of the hollow MON s with: a) single 16 nm core and
b) multiple 16 nm cores. c) 3D-illustration of the hybrid silica nanoreactor
framework.
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etching, which is elaborated further in the later section. Third,
due to the employment of F127 polymeric micelles as soft tem-
plates to form the silica shell, the dimensions of our nanore-
actor construct can be facilely altered in accordance to the
number of encapsulated MONs. This allows for a systematic
investigation into the nanocomposite architecture in order to
engineer MRI contrast agents of higher r; relaxivity. There are
two parameters that are varied: i) MON core morphology (solid
vs hollow nanoparticles); ii) Number of MONs (single vs mul-
tiple nanoparticles). Table 1 shows the r; relaxivities of the sam-
ples. Plots of the T;~! versus Mn concentration for the hollow
MONSs can be found in Figure S2 (Supporting Information).
Our relaxivity measurements indicate that the formation
of a hollow interior is indeed a useful strategy to enhance the
r, relaxivity of MONs. This can be explained by the increased
concentration of surface Mn ions that is exposed to water
molecules in the inner surface.># Interestingly, there is also
a consistent increase in the r; relaxivities of MONs if there is
a cluster encapsulation of core particles. In fact, among all of
the various nanocomposite architectures of MONs, the hollow
MONSs with multiple 16 nm cores exhibit the highest r; relax-
ivity of 2.58 x 1073 Mm~! 57! (Table 1). This r, value is more than
a two-fold increase when compared to the hollow MONs with
only a single 16 nm core, as reflected in their corresponding
T -weighted images (Figure 2a). Although the relaxivity is
lower when compared to commercial T, reagents (Magnevist,
Gd-DTPA), which exhibits a r; value of 5.33 x 10 m~! s71 at
7 T under the same testing conditions (Figure S3, Supporting
Information), the nanosystem represents an alternative class
of T; MRI contrast agents that offers lower toxicity and com-
parable imaging performance, especially in view of the recent
association of gadolinium-based contrast agents (GBCAs) with
nephrogenic systemic fibrosis."#1%] In vivo validation of the
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Table 1. r; relaxivities of MONs with different nanostructures.

Core size Core morphology No. of core ry value
[nm] particles [x103m s
16 Hollow Multiple?) 2.58

16 Hollow Single® 1.23

16 Solid Multiple 2.22

16 Solid Single 117

3 Average number of MnO cores (2 or more); PAverage number of MnO cores
(1to0 2).

hollow MONs with multiple 16 nm cores is also carried out by
a subcutaneous injection of the nanoparticles (0.40 x 107 m)
in the flank region of a mouse model (site b). A hyperin-
tense region generated by the nanoparticles was observed in
the transplantation site (Figure 2b), thus demonstrating their
ability to function as highly efficient T; MRI contrast agents.
The T, contrast enhancement as exerted by the cluster encap-
sulation can be explained by the rotational dynamics of MONs
in the silica nanoreactor. Based on the Solomon-Bloembergen—
Morgan (SBM) theory, the proton relaxation in paramagnetic
solutions is highly dependent on the effective correlation
time of the contrast agent, which should correspond closely
to the proton Larmor precession frequency for an optimal r
relaxivity.l'®!”] One method of modulating the effective corre-
lation time is to control the rotational motion of the T; con-
trast agent.'¥! For example, the rapid molecular rotation of
free chelated Gd can be markedly slowed down by means of
conjugation to a nanovesicle surface, thus achieving a higher

(a) T,-weighted images Features

16 nm, hollow, single

@)

N

00

0.02 0.04

16 nm, hollow, multiple

008  0.16(mM)

Figure 2. a) Ty-weighted MR images of the hollow MONs with different
numbers of core particles. b) T;-weighted image of a mouse with subcu-
taneous injection of 1% agarose (site a) (reference) and hollow MONs
in 1% agarose (site b).
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r, relaxivity.'” In the present case, due to the higher particle
packing density for the cluster encapsulation of MONs in
the cavity of the silica nanoreactor, the rotational diffusion of
surface Mn?" ions of MONSs is likely to be more restricted by
the closer proximity and stronger interactions with the polar
hydroxyl groups of the silica nanoshell. As a result, there is an
increase in the rotational correlation time of the paramagnetic
payload to a rate that more closely matches the proton Larmor
frequency. In turn, this will induce a higher degree of T, relaxa-
tion to the surrounding water protons for enhanced T; MRI
contrast.

A systematic investigation into the degree of T; contrast
enhancement by samples with varying numbers of MONs was
also conducted. The rationale of this study was to compare the
measured relaxivities of each sample and determine if there is
an ideal cluster size that corresponds to the optimal correla-
tion time required to maximise the r; relaxivity of our system.
The increasing number of MONs of each sample was verified
by TEM and dynamic light scattering (DLS) analysis (Figure 3).
The relaxation times of each sample were also measured on a
preclinical 7.0 T MRI scanner. Figure 3f shows that the highest
r, relaxivity is achieved when a moderate number of =3 MONs
are encapsulated. Beyond this optimal cluster size, there is a
gradual decrease in ry relaxivity with increasing number of core
particles. Hence, these experimental results are in agreement
with simulations which suggest that an intermediate rotational
correlation time is required to maximize the r; relaxivity at
fields of 1.5 T or higher.['8]

In addition to the influence of correlation time, it is also
noteworthy that the paramagnetic relaxation enhancement
of MONSs can be divided into two different solvation spheres;
namely inner and outer.l'”] The inner sphere effect, which
requires direct contact between the MONs and water mol-
ecules, is able to induce the proton relaxation rate more effi-
ciently. Since the hybrid silica nanoreactor is able to allow water
molecules to transverse through its PEO-perforated walls and
interact directly with the MONSs, the inner sphere relaxation
is dominant and this accounts for the high r relaxivities of
MONs. However, upon the encapsulation of an excess number
of MONSs (i.e., ten particles or greater), there is less available
space in the interior cavity of the nanoreactor for water mol-
ecules to diffuse into. This reduces the number of water mol-
ecules that can come into close proximity to the MONs and
diminishes the influence of inner sphere relaxation, thereby
lowering the r; relaxivity of MONs.

2.3. Kinetics of Hollow MON Formation

The evolution of core morphology with time was investigated
to determine the etching mechanism in the nanoreactor frame-
work. It is known that the Kirkendall effect should be reflected
by an inward flow of vacancies to form voids, which tend to
nucleate at the boundary due to its higher surface energy and
defect content.?>2!) However, TEM images (Figure 4a) indicate
an absence of Kirkendall intermediates with yolk—shell nano-
structures. It is thus highly improbable that the nanoscale
Kirkendall effect is responsible for driving the hollowing pro-
cess in our system. Instead, the selective dissolution of the

Adv. Funct. Mater. 2015, 25, 5269-5276
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Figure 3. TEM images of the MONSs prior to nanoscale etching, with a) one; b) three; c) five; d) ten core particles. The average number of core particles
is based on a statistical assembly of 100 nanoparticles under TEM and indexed to the nearest integer. ) Hydrodynamic size distribution and f) plot

of 1/T; versus Mn concentration for the MONSs of different cluster sizes.

nanoparticle interior has occurred in a sporadic and random
manner, while a thin edge wall of about 3 nm has remained
intact during the etching process, even after a prolonged
etching duration of 48 h which ultimately causes the nanore-
actor framework to disintegrate. Our initial assumption is that
the associated etching mechanism is due to a compositional
difference between the core (MnO) and the shell (Mn;0,) of
MONSs.[1122 However, X-ray photoelectron spectroscopy (XPS)
analysis has revealed that the oxidation state of MONs is rela-
tively unchanged despite the core removal during etchant treat-
ment (Figure 4b), thus it implies that the core and shell are
likely to be of the same oxidation state. For controls, encapsu-
lated MON s were also separately immersed in phosphate buff-
ered saline (PBS) and mild HCI solution (concentration diluted
to =pH 5), but the resulting nanoparticles exhibit an absence
of hollow morphology. This clearly suggests that the precise
nanoscale etching of MONSs in our system is only possible when
two key conditions are fulfilled: the presence of acetate ions and
a mildly acidic pH environment. Indeed, the role of acetate
anions to produce hollow MONs via the Kirkendall effect has
been demonstrated previously.”] However, it appears that the
provision of an acidic medium in our system has altered the
nature of the etching mechanism. In this regard, we postulate
that the acetate ions present in our choice of etchant solution
are able to adsorb strongly onto the surface of MONs and stabi-
lize the exterior layer from dissolution. As a result, the H* ions
(acidic pH) will attack along the randomly distributed regions
of high defect densities in the particle interior to form small

Adv. Funct. Mater. 2015, 25, 5269-5276
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cavities. During the course of the etching process, these inte-
rior cavities will gradually enlarge and coalesce, thereby causing
a preferential removal of the MnO cores to form the hollow
nanostructures. Finally, when regular aliquots of the solution
are tested for their Mn concentration during the etching pro-
cess, it can be observed that there is a gradual decline in the
Mn content (Figure 4c). This shows that after the core disso-
lution, the interior Mn?* ions can readily diffuse through the
nanoreactor walls to prevent a toxic accumulation of Mn?* ions
within the framework, thus not impeding their use as T; MRI
contrast agents for biomedical applications.

2.4. Assessment of Biocompatibility

Cytotoxicity of hollow MONs with multiple 16 nm cores was
evaluated using the Alamar blue assay. Figure 5 shows that
more than 80% of the Hela cells remained viable following
12 h incubation at a high nanoparticle concentration of
480 pg mL™!. Based on inductive coupled plasma-atomic emis-
sion spectroscopy (ICP-AES), this corresponds to 0.448 X 1073 m
of Mn, which exceeds the dose concentration of 0.40 x 1073 m
used for the in vivo MR imaging of mouse in our study
(Figure 2b). Hence, it indicates that the nanoparticles are rela-
tively noncytotoxic at the concentration range required for suffi-
cient MRI contrast sensitivity. The excellent biocompatibility of
hollow MONs is due to the two constituent materials that form
the nanoreactor backbone: nanostructured silica is an inert and
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Figure 4. a) TEM images of the MONs dispersed in acetate buffer solution at different stages of the nanoscale etching process. b) High-resolution
XPS scans of the Mn 2p region before and after the nanoscale etching process. (c) Evolution of the manganese content during the nanoscale etching

of MONs.

biocompatible material that is commonly used for drug delivery
and nanomedicine applications.?>? On the other hand, F127,
being a PEO-based block copolymer, has been approved by FDA
for parenteral administration and is widely used for pharma-
ceutical applications.*>2°]

Based on available reports in the literature on biodistribu-
tion studies with nanoparticles of similar size (50-100 nm) and
composition (silica and PEO/PEG conjugates), the majority of
such nanoparticles tend to accumulate in the mice liver and
spleen due to the mononuclear phagocyte system that exists
in these organs.”’.?8] There was evidence of renal excretion as
the nanostructured silica would biodegrade to form silicic acid

N 1111 PR
80 %//

60 -

40

Cell Viability %

20

0

Control 15 30 60 120 240 480

Concentration of Nanoparticles /pg mL*

Figure 5. Viability of Hela cells cultured in the presence of hollow MON's
for 12 h.
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or oligomeric silica species and be eliminated by the urinary
system. Nonetheless, most of the nanoparticles were predomi-
nantly eliminated via the faecal and biliary excretion routes.?’!
Consequently, one would envision the use of the hollow MONs
as hepatobiliary-specific MR contrast agents since they would
be readily taken up by functioning hepatocytes and excreted
in the bile. Among the potential applications of these nano-
particles, they include the improvement of lesion detection
in the liver and the mapping of the biliary anatomic structure
using MR imaging.>¥

3. Conclusion

We have designed and successfully developed a hybrid silica
nanoreactor to encapsulate MONs with well-defined hollow
nanostructures. Due to the incorporation of hydrophilic PEO-
based polymer channels into the stable silica framework, it
allows for the etching chemistry to be conducted in a confined
volume under controlled conditions and selective permeability.
More importantly, the silica nanoreactors are able to maintain
their structural integrity and aqueous dispersity under the
benign conditions of etchant treatment. The versatility of our
synthesis protocol has been demonstrated by the successful
formation of hollow MONs with different nanocomposite archi-
tectures. Herein, the correlation of various factors, such as the
MON morphology (solid or hollow nanoparticles) and number
of MONSs (single or multiple) are analyzed and discussed.
Although different nanostructural parameters can lead to posi-
tive contrast enhancement, there are distinct differences with

Adv. Funct. Mater. 2015, 25, 5269-5276
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regard to the magnitude. In particular, we observed a signifi-
cant increase in the r; relaxivity if an optimal number of MONs
is encapsulated within the framework. Hence, it represents an
alternative approach to design high-performance MON-based
MRI contrast agents. Finally, we have proposed an alternative
etching mechanism to highlight the essential roles of acetate
ions and a mildly acidic pH for the precise nanoscale etching
of MONs.

4. Experimental Section

Synthesis of MnO Nanoparticles: The preparation procedure for
manganese oleate precursor and MONs was described in previously
published reports.!l Briefly manganese oleate was first dissolved in
1-octadecene and degassed at 60 °C for 2 h. The reaction mixture was
then heated to 300 °C under an argon atmosphere, and kept at this
temperature for 1 h, before being cooled back to room temperature
for subsequent precipitation and retrieval of MONSs via centrifugation.
The as-synthesized MONs were finally dispersed in THF solution
at a concentration of 20 mg mL™'. When the reaction was done in
1-hexadecene instead of 1-octadecene solvent at 280 °C for 1 h, MONs
of size 16 nm were synthesized. Meanwhile, when the reaction was
performed in 1-tetradecene solvent at 250 °C for 30 min, MONs of
~& nm in sizes were produced.

Encapsulation of MONs in Nanoreactor: An interfacial templating
scheme was employed to fabricate the hybrid silica nanoreactor.'"! For
single MON encapsulation, F127 (15 mg) was first dissolved in THF
(450 pL). The MONs stock solution (450 pL) and TMOS (20 pL) were
then added and stirred to obtain a homogeneous mixture. Next, the
mixture solution was slowly injected into deionized water (10 g) while
being stirred rapidly. Stirring was continued for an additional 4 d to
ensure complete hydrolysis of TMOS. The resulting aqueous dispersion
was dialyzed against deionized water to remove any unreacted silica
precursors. Finally, the encapsulated MON s were retrieved by centrifuging
at 6000 rpm, discarding the supernatant and redispersing the solid
residue in deionized water. A similar protocol was used for multiple
MONSs encapsulation except for the following differences: 1) To prepare
nanoreactors with an average of 3, 5 and 10 MONs, F127 (15 mg) was
first dissolved in decreasing volumes of THF (300, 150, O pL) respectively.
Next, increasing volumes of MONs stock solution (600, 750, 900 pL)
were added accordingly so as to make up a total volume of 900 pL.
2) In the case of nanoreactors with an average of 5 and 10 MONSs, they
were retrieved by centrifuging at 4000 rpm, discarding the supernatant,
and redispersing the solid residue in deionized water. The yield of
nanoreactors with different number of MONs was determined based on
a statistical assembly of 100 nanoparticles under TEM and can be found
in Table S1 (Supporting Information).

Nanoscale Etching of Encapsulated MONs: To form the desired hollow
core structure of MONSs, the encapsulated MONs were dialyzed against
an acetate buffer solution (pH 5.2) at room temperature for 36 h. During
this process, small aliquots of the sample solution were also extracted
and analyzed for their Mn contents by ICP-AES. The resulting hollow
MONs were purified by repeated centrifugation and redispersion in
deionized water. Finally, the solution was passed through a 0.20 ym filter
to remove the presence of any aggregates.

Characterization: TEM (JEM-2010F, 200 kV) was employed to study
the size and morphology of nanoparticles. DLS (Malvern Zetasizer
Nanoseries) was performed using a HeNe laser (633 nm) to measure
the particle size and distribution in solution. XRD (Bruker AXS D8
Advance) was conducted to identify the crystalline phase of MONSs.
Phase analyses were carried out under Cu Ko radiation (A = 1.5406
A) at a scanning rate of 20 = 2° min™' over a range of 20 = 30°-80°.
XPS (ESCALAB 220I-XL Thermo Scientific) was employed to determine
the oxidation state of MONs. ICP-AES was used to determine the
manganese concentration in the samples.
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MRI Relaxivity Measurement: MR relaxivities of the MONs and
Magnevist were evaluated by using a 7-Tesla Bruker Clinscan MRI
system. T; relaxation times were determined from an inversion
recovery experiment with a number of Tl (inversion time) (10 Tls; TI:
100-7000 ms; echo times (TE): 12 ms). The longitudinal (r;) relaxivities
were obtained from the slope of 1/T; versus molar concentration plots.

In Vivo MR Imaging: Briefly, 1% agarose (200 pL) and MONs
(0.40 x 1073 m) (fixed with agarose) were injected into the left and right
flanks of a nude (nu/nu, Balb/c) mouse, respectively. The mouse was
placed in a 7-Tesla Bruker Clinscan MRI system under anesthetization
by inhalation of isoflurane. The T-weighted images were acquired with
the following acquisition parameters: repetition time (TR) and echo
time (TE), TR/TE = 526.0/8.9 ms, with eight averages and field of view
(FOV) =40 mm. Animal experiments were performed in accordance with
the Institutional Animal Care and Use Committee (IACUC) guidelines
under ethics number IACUC 120748.

Cytotoxicity Study: The Alamar blue assay was performed to assess
the cytotoxicity of hollow MONs with multiple 16 nm cores. Briefly, Hela
cells obtained from ATCC were cultured on a 96-well plate at a density
of 6000 cells well™. After 24 h, fresh culture medium containing MON's
with concentration range of 0-480 pg mL™" was added. The cells were
incubated with the nanoparticles at 37 °C in 5% CO, for 12 h, then rinsed
and replaced with fresh culture medium. Alamar blue reagent was added
to each well at a concentration of 10% (v/v) and the cells were incubated
for an additional 4 h, followed by spectrophotometric analysis using a
Fluoroskan Ascent FL spectrophotometer (Thermo Labsystems). Cell
viability was determined as a percentage of the untreated control cells.
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Supporting Information is available from the Wiley Online Library or
from the author.
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