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Cobalt oxide hollow nanoparticles derived by bio-templating
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We present here the first fabrication of hollow cobalt oxide
nanoparticles produced by a protein-regulated site-specific
reconstitution process in aqueous solution and describe the
metal growth mechanism in the ferritin interior.

There has been great interest in the synthesis and characterization
of hollow metal nanostructures due to their surface plasmonic
properties and catalytic activities, which are different from their
solid counterparts.' Most of the previous works utilize large
hollow nanostructures of several hundreds of nanometers. Very
recently, Xia and co-workers® and Alivisatos and co-workers®
demonstrated the preparation of hollow nanostructures on the
scale of tens of nanometers by a replacement reaction with a solid
Ag template and a nanoscale Kirkendall effect, respectively.
However, the fabrication process is complicated and requires
organic solvents. Here we report the fabrication of hollow
transition-metal oxide nanoparticles using ferritin protein in an
aqueous solution and propose a mechanism for the metal growth
in ferritin. The ferritin protein cage serves as a biocompatible and
protective layer of the magnetic nano-material, making it suitable
for a large variety of biomedical applications. The potential
applications of magnetic nano-materials include enhanced MRI
diagnostic contrast agents,* tumor hyperthermia therapies,” retinal
detachment therapies,® and magnetic field-guided drug delivery
system and radioactive therapies.’

It is difficult to form stable hollow nanoparticles and even solid
nanoparticles due to the strong magnetic interactions in magnetic
transition-metal particle systems. The magnetic properties of the
nanoparticles strongly depend on the particle size, the precise
crystal structure, and the presence of defects. Despite their weaker
magnetic properties, metal oxide nanoparticles were used in many
applications due to the air sensitivity of the magnetic transition-
metal nanoparticles.8 In this work, ferritin is used as a biotemplate
to produce hollow nanoparticles and as a separator between the
hollow nanoparticles. The horse spleen ferritin (HoSF, Sigma)
used in this work is a natural iron storage protein that is composed
of 24 subunits that form a segmented hollow protein shell with an
outer diameter of 12 nm and an inner diameter of 8 nm.” Ferritin
has hydrophobic and hydrophilic molecular channels through the
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protein shell which enable the removal of the inorganic phase
in vitro by reduction and chelation. Through these molecular
channels we can easily replace the metal core with different metals.
Site-specific reconstitution of ferritin molecules with other
metals'™!" and semiconductors'? in the ferritin cavity has been
reported. Also, fabrication of nanoparticles has been demonstrated
previously using different types of biotemplates such as viruses,
heat shock proteins, and enzymes.'* The protein cage of ferritin is
very stable and robust which allows constrained material synthesis.
However, previous studies using the ferritin cage were focused on
demonstrating the fabrication of solid nanoparticles through
reconstitution of the ferritin iron core with different metals rather
than investigating the mechanism of the metal growth.

In this contribution, we report on the mechanism of cobalt oxide
growth in apoHoSF (Sigma), which has a protein shell without a
core, and the fabrication of hollow nanoparticles by controlling the
number of metal atoms in the ferritin. The procedure of ferritin
reconstitution with cobalt oxide is based on a method described by
Douglas and Stark'! with a modification to control the number of
cobalt ions added to the ferritin. ApoHoSF solution (1 mg ml ™)
was adjusted to pH 8.5 in 25 mM MOPS buffer with 50 mM NaCl.
CoSO4 (50 mM) was used as a cobalt source and added to
apoHoSF solution, followed by addition of an excess amount of
H,0; (3 vol%). Cobalt was added very slowly to achieve a certain
loading of metal atoms evenly distributed among the ferritins.
Reconstituted ferritins were prepared with 200 (Co,g) to 2000 Co
(Coa000) atoms per ferritin in increments of 200 atoms.

Field emission-scanning electron microscopy (FE-SEM, Hitachi
S-5200) equipped with scanning transmission electron microscopy
(STEM) and transmission electron microscopy (TEM, Hitachi
HF-2000) were used to characterize the reconstituted Co-cored
ferritins. The specimen of Co-cored ferritins immobilized on a
holey carbon coated copper calibration grid (Ted Pella, Inc.) was
thoroughly rinsed with doubly distilled, deionized water, dried in a
vacuum atmosphere, and then subjected to the microscopic
analysis. The operation of STEM and TEM was carried out at
an acceleration voltage of 25 keV and 200 keV, respectively, in
order to obtain the images. Fig. 1 shows STEM and TEM images
of reconstituted Co-cored ferritins with 200 Co atoms on the TEM
grid. When the ferritin has 200 Co atoms in the interior, several
nanoparticles of cobalt oxide with mean diameters of 1.8 nm are
formed in the interior (Fig. 1(a), (b) and (c)). Fig. 1(d) shows a
nanoparticle diameter histogram analyzed with Fig. 1(a) by Image
Pro Plus 5.0 software. STEM imaging allows us to see only the
metal cores inside the ferritin cage due to the relatively low density
of the protein shell. We believe the metal ions enter through the
hydrophilic channels along the three-fold symmetric axis of the
protein® and combine with the carboxylate groups of glutamic acid
residues on the ferritin interior wall, forming discrete nanoparticles
during the oxidative reaction. Once these seeds of metal oxides
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Fig. 1 STEM images of (a and b) Coy-ferritins. (b) Magnified images
of Co,gp metal oxide core in a ferritin. (c) High-resolution lattice image of

Coygo-cored ferritin. Scale bars in both (b) and (c) are 5 nm. (d) Histogram
of cobalt oxide nanoparticle size distribution in the Co,go-ferritins.

form the nanoparticles inside the ferritin, they grow auto-
catalytically along the ferritin interior wall and then merge
together upon further addition of Co(il) and H,O,. When the
ferritin contains over 1000 Co atoms, the cobalt oxide forms a
hollow nanoparticle (Fig. 2(a), (b) and (c)). The phase of the
Cojggo-cored ferritin film on a Si (004) substrate was characterized
by powder X-ray diffraction (XRD, PANalytical X’pert PRO
MRD) and a typical XRD pattern is shown in Fig. 2(e). XRD
analysis shows the presence of cobalt oxide mixtures indexed to the
Co304 (220), Co304 (311) (indexed from the Joint Committee on
Powder Diffraction Standard (JCPDS) card No. 78-1970),
CoOOH (101), and CoOOH (012) (JCPDS card No. 78-11213)
consistent with previously reported cobalt oxide minerals.!* The
high-resolution TEM (Fig. 2(d)) shows clear cobalt oxide lattice
planes with a spacing of 2.41 A, close to dy;; = 2.35 A spacing
expected for Co304 from XRD data. The STEM images of 2000 Co
atoms contained in the ferritin show a clear circle with a hollow
core, indicating merging between the nanoparticles (Fig. 3). The
wall thickness and the size of hollow Co,gyy core are somewhat
larger than those of the Co;gog core. Finally, we note that the size of
the nanoparticles (~6 nm) is less than the inner diameter of the
ferritin core. This observation excludes the possibility that the
hollow nanoparticle forms on the exterior surface of the ferritin.
The ferritin solution mineralized with Co(11) and H,O, showed a
homogeneous olive-green color from the specific oxidative
mineralization process at pH 8.5. UV-Vis spectra were obtained
on a Perkin-Elmer Lambda 900. The ferritin protein in micro-
quartz cuvettes was adjusted to the final concentration of
0.33 mg ml~! by dilution with 25 mM MOPS buffer at pH 8.5.
The spectra were measured from 900 to 200 nm at a scan
speed of 150 nm min . The UV-Vis absorption spectra exhibited
well-defined peaks at 280 nm (protein) and 350 nm corresponding
with cobalt oxides, most likely cobalt oxyhydroxide (CoOOH)
(Fig. 4)."15 Addition of Co(11) and H,O, to the apoHoSF solution
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Fig. 2 STEM image of (a) Cojgno-cored ferritins. (b) and (c) Magnified
images of Cojgg (arrowed particle in a image) metal oxide core in a
ferritin. Scale bar is 5 nm. (d) High-resolution lattice image of Cogy-cored
ferritin. (e) Wide-angle XRD patterns of Cojggo-cored ferritins on the Si
(004) substrate. @: Co;04, O: CoOOH.

Fig. 3 STEM image of (a) Co,gng-cored ferritins. (b) and (c) Magnified
TEM and STEM images of Coyyo metal core in a ferritin, respectively.
Scale bar in (c) is 5 nm.

resulted in the convolution of protein absorption band at 280 nm
with an absorption band at 225 nm with a new absorption band at
350 nm. These two peaks are related to the core material, which is
shifted to higher wavelengths as the number of metal atoms in the
ferritin increases.

Based on the results obtained in this study, we propose a metal
growth mechanism in ferritin as outlined in Fig. 5. The first step of
metal core formation is the nucleation of small nanoparticles in the
interior of the ferritin protein shell. Normally, eight hydrophilic
channels along the three-fold symmetric axis of the protein shell
are considered to be the pathways of metal ions into the ferritin
interior.” Once the metal ions enter the ferritin interior, they form
chemical bonds with the functional groups in the interior wall of
the ferritin during the oxidation process of the metal ions. The
most likely scenario is that oxidized metal oxides are associated
with the carboxylate groups of glutamic acid residues on the
interior protein wall.” The cobalt mineral core is thus attached to
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Fig. 4 UV-Vis absorption spectra of apoferritin and various cobalt oxide
containing ferritins.
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Fig. 5 Cartoon of the cobalt oxide growth mechanism in the ferritin.

the inside of the protein wall. In the absence of interaction with the
interior protein wall, a single nanoparticle would be formed in
order to reduce surface tension (step 1). The discrete nanoparticles
continue to grow along the ferritin interior wall (step 2). In the
merging step, a hollow nanoparticle forms through the combina-
tion of discrete nanoparticles (step 3). The size of the hollow
nanoparticle is somewhat reduced due to the formation of metallic
bonds. Finally, further Co addition results in hollow nanoparticles
with thicker metal oxide walls (step 4). Apparently, the
nanoparticles formed have an empty core even at step 4. This
explains why we can not completely fill the ferritin interior with the
theoretical number of Co atoms through the reconstitution
process. We emphasize that the use of this metal growth
mechanism in ferritin permits the synthesis of hollow metal oxide
nanoparticles by controlling the number of metal atoms added to
ferritin during the mineral core reconstitution process.

In summary, we present here the first fabrication of hollow
cobalt oxide nanoparticles using a bio-template in aqueous
solution and describe the metal growth mechanism in the ferritin
interior. This growth mechanism facilitates the preparation of
hollow metal oxide nanoparticles by controlling the number of
metal atoms inserted in the ferritin interior.

We thank Prof. R. K. Watt (University of New Mexico), Dr K.
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University) for many helpful discussions.
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