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Abstract
Members of the ferritin superfamily are multi-subunit cage-like proteins with a hollow interior
cavity. These proteins possess three distinct surfaces, i.e. interior and exterior surfaces of the cages
and interface between subunits. The interior cavity provides a unique reaction environment in
which the interior reaction is separated from the external environment. In biology the cavity is
utilized for sequestration of irons and biomineralization as a mechanism to render Fe inert and
sequester it from the external environment. Material scientists have been inspired by this system
and exploited a range of ferritin superfamily proteins as supramolecular templates to encapsulate
nanoparticles and/or as well-defined building blocks for fabrication of higher order assembly.
Besides the interior cavity, the exterior surface of the protein cages can be modified without
altering the interior characteristics. This allows us to deliver the protein cages to a targeted tissue
in vivo or to achieve controlled assembly on a solid substrate to fabricate higher order structures.
Furthermore, the interface between subunits is utilized for manipulating chimeric self-assembly of
the protein cages and in the generation of symmetry-broken Janus particles. Utilizing these ideas,
the ferritin superfamily has been exploited for development of a broad range of materials with
applications from biomedicine to electronics.
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Introduction
The interaction between hard (inorganic) and soft (organic) materials in biomineralization
provides the basis for controlled morphology, polymorph selection, and spatial localization
in biological systems. Understanding the basis for these interactions has been significant in
the design and implementation of synthetic biomimetic systems.
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The iron storage protein ferritin is a unique biomineralization system and is the inspiration
for the work described below. It is an apparently simple system with only a single protein
component, which directs biomineralization of iron oxide at the protein-solution interface.
The protein forms a closed shell architecture (Figure 1), which incorporates all the control
elements necessary for biomineralization. These elements include an enzymatic catalyst for
molecular transformation of precursor ions, a mineral nucleation site, and an architecture
that defines and constrains the overall morphology of the biomineral. Additionally, the
colloidal nature of the protein cage renders the final biomineral soluble and mobile, yet
biochemically inert. Many of these properties and control elementsare highly desired in the
fabrication of synthetic materials, and we (and others) have incorporated some of our
understanding of the ferritin biomineralization towards biomimetic synthesis.

Supramolecular assemblies of protein subunits into cage-like architectures are not unique to
ferritins, and from a synthetic biomimetic standpoint such assemblies represent novel
environments by which materials can be synthesized in a size-constrained mode of
encapsulation. There are a number of protein cage architectures that, like ferritin, assemble
from a distinct number of subunits to form a precisely defined molecular container in the
5-100 nm size regime. Examples of these cage-like architectures are chaperonins[1-3], DNA
binding proteins[4-9], and a very large class of protein cages-namely viruses[10, 11].
Typically, protein cages are roughly spherical in nature and represent a range of relatively
simple symmetries including tetrahedral, octahedral, and icosahedral. The library of
functional protein cage architectures that serve as platforms for such purposes as biomimetic
material synthesis, magnetic resonance imaging (MRI) contrast agents, gene therapy, drug
encapsulation, cell specific targeting and catalysis is being developed.

Conceptually, there are three unique interfaces presented by these protein cage architectures,
the interior and exterior surfaces as well as the interface between subunits (Figure 2). Here
we present two particular protein cage platforms, ferritin and Dps (DNA binding protein
from nutrient starved cells), that serve as size-constrained reaction vessels for nano-material
synthesis, specifically exploiting the interior surface of the protein cage. The exterior surface
has been utilized for targeting and the subunit interface has been used to direct the assembly
of chimeric and symmetry-broken architectures. From the understanding of directed
biomineralization in ferritin, we have developed a model for surface-induced metal oxide
formation and used this as a guiding principle for the synthesis of metal oxide nano-particles
in other, natural and engineered, protein cage architectures. In this way, we have
demonstrated control over composition, polymorph selection, and overall morphology using
synthetic reactions. The principles outlined here are not limited to the two protein cage
systems described, but rather serve as a model for protein encapsulated biomimetic synthesis
[12].

Mineralization of Ferritin and Dps Proteins
Biomineralization of iron oxide in mammalian ferritin

Ferritin (Fn) is a spherical protein cage architecture that is nearly ubiquitous in biology
where it functions to direct the biomineralization of iron as a mechanism for maintaining
iron homeostasis [13, 14]. While the primary amino acid sequences of ferritins show little
homology, the structural homology (at the 2°, 3°, and 4° levels) is highly conserved. All
ferritins are composed of 24 structurally identical subunits that assemble into a very robust
protein cage with octahedral (432) symmetry (Figure 1). The external diameter of these
assembled protein cages is 12 nm and the internal cavity is 6-8 nm in diameter. The
structural motif of the ferritin subunit consists of a four-helix bundle with a fifth C-terminal
helix (helix E) oriented at 60° to the four-helix bundle axis. In the 4° structure of the
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assembled protein cage the fifth helix forms the four fold axis through assembly of an
intersubunit four-helix bundle[15-17].

Mammalian ferritin is comprised of two classes of subunits that are nearly structurally
identical, although they differ in 1° sequence. These two forms of subunits, H-chain (heavy)
and L-chain (light), self assemble to form hetero-24mers with different ratios of each
subunit depending upon the organ from which the ferritin is isolated. The designations of H
and L were made based on their differences in subunit electrophoretic mobility with
molecular masses of 21 and 19 kDa respectively [13]. H-chain ferritin has a conserved
enzymatic activity known as the ferroxidase site and is known to catalyze the oxidation of
Fe2+, with molecular O2, more rapidly than L-chain. L-chain subunit has a greater negative
charge, which in the assembled Fn is presented on the interior surface as clusters of acidic
residues (Glu and Asp) that comprise the mineral nucleation site. H-chain ferritin also has a
nucleation site that is in close proximity to the ferroxidase site with one glutamate residue
shared between the two sites[15].

While iron is a necessary element for life, it has a paradoxical relationship in biology due to
its reactivity in forming reactive oxygen species. When iron is stored as a nano-particle of
iron oxide (ferrihydrite) inside the ferritin protein cage, it is completely sequestered and
rendered inert[18]. The encapsulation and sequestration of the iron oxide nano-particle in
biological systems highlights its potential for use as a synthetic platform for materials
synthesis. The cage-like property of ferritin provides an ideal size-constrained reaction
environment for nano-material synthesis with the protein shell acting both to direct
mineralization and as a passivating layer, preventing unwanted particle-particle interactions.

Mineralization
In vivo, ferritin is responsible for sequestering and storing toxic iron as an innocuous
mineral of iron oxide through an overall protein mediated reaction represented in Reaction 1
[18].

(1)

The actual biological process of iron oxidation and encapsulation is considerably more
complex than Reaction 1 indicates and some of the intimate steps remain unresolved. The
mineralized iron particles are electron dense and are the approximate dimensions of the
interior of the protein cage (5-7 nm diameter). When iron is allowed to undergo oxidative
hydrolysis in vitro in the absence of Fn, an uncontrolled homogeneous nucleation results in
mineralization and precipitation of iron oxide. There are approximately fifteen common
polymorphs of iron oxide or iron oxy-hydroxide[19] but under the narrow range of
conditions compatible with biology, and in the absence of macromolecular directing agents
the mineral phases of lepidocrocite (γ-FeO(OH)) or goethite (α-FeO(OH)) will be formed
[13]. It is interesting to note that in the presence of Fn, only a particular phase of iron oxide
(ferrihydrite) is formed. Ferrihydrite is less crystalline than lepidocrocite or goethite and is
characterized by electron or X-ray diffraction studies to commonly have either two or six
diffraction lines but has recently been structurally characterized using pair distribution
function anlysis[20]. This kinetically trapped phase of iron oxide is not usually a particularly
stable phase but is stable when prepared inside Fn, indicating the ability of biomolecules to
direct and selectively stabilize a particular polymorph.

The mechanism by which iron is incorporated into Fn in vitro can be described by four
major events: iron entry, iron oxidation, iron oxide nucleation, and iron oxide particle
growth. The multi-step mineralization process is mediated at all levels by the protein cage.
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Iron entry into the cage-like architecture occurs via the channel (3-fold symmetry) formed at
the interface between subunits [21, 22]. Fe2+ oxidation is enzymatically catalyzed by
reaction at the ferroxidase center resulting in the formation of Fe3+. The nucleation of an
iron oxide material from this insoluble ion is facilitated at the interior protein surface, and
the particle grows from this nucleus but is limited by the size constraints of the cage.

The iron oxide mineralization processes in mammalian ferritin can be summarized by a
series of reactions (Reactions 2-6) which results in the formation of a spatially constrained
iron oxide nano-particle core[23].

(2)

(3)

(4)

(5)

(6)

In this scheme P is the protein and the presence of either hydroxide ions or bound glutamate
residues of the protein balance the charge. Reaction 2 demonstrates initial binding of two
Fe2+ to the protein cage (at the ferroxidase center); Reaction 3 is the binding of molecular
O2 to form a dioxygen complex; Reaction 4 is the oxidation of the di-ferrous complex to
form the differic complex; Reaction 5 is the formation of the peroxo intermediate followed
by degradation to the m-oxo-bridged complex; and Reaction 6 is the release of the iron
complex from the ferroxidase site to form the FeOOH core at the nucleation site [23]. This
mechanism leads to the overall reaction presented in the balanced Reaction 1.

The ferroxidase reaction suggests that ferritin biomineralization is specific for iron in vivo.
However, in vitro experiments with homopolymers of L-chain Fn, having no ferroxidase
activity, have been shown to encapsulate iron oxide nano-particles at nearly equivalent
efficiencies [24]. H-ferritin mutants, where the nucleation sites have been deleted but the
ferroxidase sites remain intact, are also able to spatially direct mineralization within the
confines of the protein cage. In mutant L-ferritins, lacking both the ferroxidase and the
nucleation sites, there was a loss of spatial control in directing mineral formation and bulk
precipitation of iron oxides occurred[24, 25]. What then are the roles of the ferroxidase and
nucleation sites that make them individually dispensable but together an absolute
requirement? The ferroxidase site converts Fe2+ to Fe3+. The Fe2+ is orders of magnitude
more soluble, at physiologically relevant pH, than the Fe3+. Thus, the ferroxidase center
converts an under saturated condition to a supersaturated condition inside the protein cage –
this is sufficient to achieve the spatially directed mineralization observed. The high negative
charge density on the interior surface of the assembled Fn protein cage that constitutes the
nucleation sites serves to aggregate ions at the protein interface, which may increase the
local concentration of ions at the interface and facilitate oxidative mineralization. Each of
these components is sufficient to direct mineralization, but when they are both absent, all
control is removed.
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Model for synthetic nucleation driven mineralization
Observing successful nucleation site driven mineralization in ferritin suggests that the
oxidation and mineralization reaction may not exhibit a high degree of specificity for iron,
and that mineralization could be expected to occur for a range of transition metal ions. The
data indicates that iron mineralization can be driven through purely electrostatic effects at
the interior protein interface. A model for this activity can be approximated using Gouy-
Chapman theory of charged surfaces. Briefly, Gouy-Chapman theory states that the charge
on a surface influences the ion distribution of electrolytes proximally to the surface through
Coulombic interactions (Figure 3)[26, 27]. The surface charge potential decays
exponentially as a function of distance from surface according to Equation 7.

(7)

Where Ψx is the potential at a distance x, Ψ0 is the surface potential, and κ is a Debye
parameter measured in reciprocal distance. The distance (x) from the surface where Ψx is (1/
e) Ψ0 defines the thickness of the diffuse double layer. The width of the double layer
changes as a function of ionic strength of the media and the charge of the interacting ion.
This distance can be determined using Equation 8, which determines the electric potential
profile of the diffuse double layer.

(8)

In Equation 8, e is the fundamental charge (C), ni is the ionic strength, zi is the charge of the
interacting ion, e0 is the dielectric constant of the solution, eg is the permittivity in a
vacuum, kB is Boltzmann's constant, and T is absolute temperature[28]. Assuming an ionic
strength of approximately 0.1 M, the thickness of the diffuse double layer for divalent
cations (Fe2+, Co2+, Mn2+ etc.) is 0.758 nm, and for a trivalent cation is 0.339 nm. The
exponential decay of the surface potential with distance is illustrated in Figure 3. The
concentration of counterions follows the surface potential and exhibits maximal
concentration at the interface but drops off exponentially and approaches bulk concentration
a few nanometers from the surface. For divalent metal species the potential Ψx drops to 10%
of the surface potential Ψ0 within 1.74 nm of the surface of the cage, and 0.78 nm for
trivalent metal species. According to this model, the very negatively charged interior surface
of Fn will accumulate counter ions (Fe2+), at concentrations significantly higher than bulk
concentration, in close proximity to this surface. This could potentially have two effects,
both of which facilitate the oxidative mineralization process that results in the formation of
the iron oxide core in ferritin. The first is that binding of Fe2+ to negatively charged
carboxyl species greatly lowers the reduction potential making oxidation a favorable
process. Since the nucleation sites in ferritin are comprised of clusters of glutamic acid
residues, accumulation of Fe2+ at this interface is expected to increase the oxidation of Fe2+

to form Fe3+. Secondly, the highly charged surface which accommodates the accumulation
of Fe2+/3+ ions in close proximity acts as a substrate for stabilizing highly charged clusters;
the precursors of the nucleation site of L-chain Fn consists of residues E57, E60, E61, E64
and E67, all of which reside on or close to the interior surface of the protein [25]. This
model for surface charge directed oxidative mineralization suggests that there is very little
specificity for iron. In biological systems the iron specificity most probably arises from the
specific transport of iron to ferritin, as there is almost certainly no free iron in the cell. The
lack of specificity for iron has, however, been used very successfully for directing the
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formation of other metal oxide particles in ferritin and other protein cage architectures as
described in later sections.

Protein cage directed mineralization appears to require three essential features: 1) channels
in the protein shell that allow molecular access to the interior the protein cage from the bulk
solution; 2) chemically distinct interior and exterior surfaces; and 3) protein cage stability
under the conditions required for the synthesis. This model has provided a rational approach
for synthetic biomimetic mineralization that relies on the electrostatic character of the
interior of a protein cage for directing material synthesis.

Dps – a 12 Subunit protein cage
In order to test the electrostatic model for protein directed mineralization, synthetic reactions
were performed using a protein cage, Dps, with characteristics similar to Fn but without the
clear biological mineralization function of ferritin. There is a clear relationship between Fn
and the Dps proteins – they are both members of the ferritin superfamily. Dps was originally
isolated from E. coli[29], and since its discovery structural and functional homologues have
been isolated in many other bacteria [30-32] as well as archaea [7, 8, 33]. While there is
some structural similarity between Fn and Dps proteins, the Dps protein cage is assembled
from 12 subunits with tetrahedral (23) symmetry (Figure 1) [31]. The subunit structure has a
four-helix bundle core; a fifth helix sits in a loop connecting the B and C helices
perpendicular to the four-helix bundle.

The Dps architecture contains two types of three-fold symmetry channels. One of these
channels is lined with hydrophilic amino acids that can provide access for cations from bulk
solution to the interior surface. The size of this channel is similar in size to the three-fold
channel of Fn, which is about 0.7-0.9 nm [4, 34]. It is proposed that once metal cations are
inside the protein cage, interaction with the negatively charged interior surface can occur.
This interaction facilitates a similar oxidative mineralization reaction described for ferritin.
The electrostatic surface of the interior of LiDps is similar to the interior surface of Fn, with
clusters of glutamic acid residues that can be involved in mineral core nucleation. Utilization
of Dps as a size constrained reaction template for nanoparticles synthesis is introduced
below.

Reports of a Dps structure (from Halobacterium salinarium) in which the protein crystals
were incubated with varying amounts of iron. Small clusters of Fe ions were identifiable,
and several iron ions were seen bound to specific negatively charge amino acids in the
protein shell. This example is the first to show a precursor to the already structurally
identified mineral core[35]. The potential for using the Dps proteins to understand their role
in both biomineralization and biomimetic materials synthesis has been enhanced by recent
discovery and structural characterization of two Dps proteins from hyperthermophilic
microorganisms, which exhibit elevated thermal stability, an ideal property for synthetic
applications[7, 8].

Biomedical, Technological and Catalytic Applications of Ferritins
Biomimetic synthesis of nanoparticles; lessons from ferritins

As described above, the inherent nature of ferritin is sequestration and accumulation of iron
as a form of ferrihydrite [13, 17, 23]. Mann and co-workers have demonstrated that
ferromagnetic iron oxide nanoparticles can be artificially synthesized in the interior cavity of
apo-ferritin (empty ferritin) cages[36-39]. The mineralized ferritin cages have iron oxide
cores with homogeneous size distribution (7.3 ± 1.4 nm) that are almost indistinguishable
from naturally formed iron oxide cores in holo-ferritin. This work has opened a new avenue
for making nanoparticles using biomimetic processes, allowing iron oxides, as well as a
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variety of inorganic nanoparticles, to be synthesized within apo-ferritin using similar
methods. Using the surface directed electrostatic model as a guiding principle, ferritin has
been used as a template for the synthesis of non-native minerals including Mn(O)OH and
Mn3O4[40-42], Co(O)OH and Co3O4[43-45], Cr(OH)3[46], Ni(OH)3[46], Eu(O)OH[47],
In2O3[48], TiO2[47], iron phosphate and iron arsanate[49], FeS[40, 50], CdS[51], CdSe[52]
and ZnSe[53]. The fact that these mineralization reactions are not specific to iron suggests
that the electrostatic character of the interior surface of the protein cage plays an important
role in mineralization. In the case of ZnSe, it is necessary for Zn2+ to be added prior to Se2-

in the synthetic process[53]. This has been explained by the directing electrostatic influence
of the protein, which concentrates cations on the interior of the cage first, allowing for the
spatially selective ZnSe particle to form inside the cage. Furthermore, metallic nanoparticles
such as Pd[54, 55], Ag[56, 57], Cu[57-59], Ni[57, 60], Co[57, 60], CoPt[61] and Au/Pd
bimetallic alloy[62] have been prepared via pre-incubation of the ferritin with metal salt
followed by reduction of the salt using a reducing agent such as NaBH4 or citrate (and light).
These studies also indicate that the electrostatic interaction of cationic metal ions with the
ferritin cages is key for accumulation of the ions inside of the cages, which can then be
reduced to form metallic nanoparticles.

While most of the work discussed above utilized mammalian ferritins, ferritins from other
organisms can have cage-like morphology and size identical to mammalian ferritins as well
as unique physical and chemical properties that can be useful for material synthesis. For
example, a ferritin isolated from a thermophilic archaeon, Pyrococcus furiosus, retains its
cage-like structure even at 120°C[63], which makes the protein useful as a template for
magnetite synthesis at higher temperatures than can be used with human ferritin[64]. This
protein has also been used as template to demonstrate the transformation of ferrihydrite to
the semiconducting hematite structure (α-Fe2O3) under reflux conditions in the presence of
trace amounts of reducing agent with demonstrated photocatalytic activity[65].

As is described in the previous section, Dps proteins possess a cage-like structure and
negatively charged interior surface similar to ferritins. Therefore, the Dps –encapsulated
nanoparticles including Co(O)OH and Co3O4[66], γ-Fe2O3[67, 68], CdS[69] and Pt[70]
have been synthesized using conceptually the same approach as that of ferritins. However,
the resulting-nanoparticles are extremely small as Dps proteins have smaller interior cavity
of 5nm than that of 8nm in ferritins. For example, it has been reported that the particle
diameter of Co3O4 formed inside of LisDps was 4.34 ± 0.55nm[66]. Using the Dps cages as
size constrained reaction templates has allowed synthetic control to obtain smaller
nanoparticles than ferritins. Recent work describing a genetically redesigned Dps mutant in
which interior surface was altered from hydrophilic to hydrophobic highlights versatility of
the protein cage as a template and the potential for entrapment of an entirely new class of
molecules/materials[71].

Biomedical application: MRI contrast agents
The inherent biological function of ferritin to store iron as ferric oxyhydroxide nanoparticles
can be exploited for use in magnetic resonance imaging (MRI). Since the ferric
oxyhydroxide core is superparamagnetic, ferritin can function as an endogenous T2
enhanced MRI contrast agent[13]. This is useful as iron metabolism, and thus ferritin levels,
are altered in a number of diseases. Therefore it has been proposed that endogenous ferritin
can act as an MRI reporter protein, which would allow for the amount of iron in human
tissues such as the liver, spleen, and brain to be assessed[72-74]. Recently, it has also been
proposed that ferritin could serve as a means of monitoring transgene expression using
MRI[75, 76]. However, endogenous ferritin has a 10 – 100 fold lower relaxivity per iron at
clinically relevant magnetic field strengths as compared to commercially available synthetic
iron oxide nanoparticles.[73, 77]. The relaxivity of mineralized ferritin can be modulated by
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allowing it to aggregate in a controlled manner, and it has been demonstrated that both
aggregate size and intra-aggregate perturber spacing affect the R2 relaxivity[77, 78].
Another strategy to overcome this drawback is to utilize ferritin that has been mineralized
with superparamagnetic iron oxide nanoparticles, which exhibit a much higher R2 compared
to endogenous ferritin [36, 37, 79]. In the following section, we will focus on the
development of synthetic ferritin-encapsulated iron oxide nanocomposites (magnetoferritin)
for use as MRI contrast agents.

It recently has been demonstrated that recombinant human HFn is a suitable platform for
synthesis and encapsulation of magnetite nanoparticles. The average particle size can be
controlled within a narrow size distribution ranging from 3.6nm to 5.8 nm depending upon
the amount of iron loaded per cage. The R1 and R2 relaxivity of the mineralized HFn
increases with increasing iron loading per cage (i.e. the particle size). At loading levels of
5000 iron atoms per cage the R1 and R2 relaxivity, as well as T2* signal loss and MR image
quality of the sample, are comparable to those of commercially available small
superparamagnetic iron oxide (SPIO) and ultrasmall superparamagnetic iron oxide (USPIO)
contrast agents [79].

Fluorescently labeled HFn cages are accumulated significantly more in an atherosclerotic
plaque lesion than in a contralateral control induced in a mouse model. Furthermore, in vivo
MRI assessment of the atherosclerotic mouse model has demonstrated that a statistically
significant decrease of the carotid artery lumen caliber size was observed 24h and 48h post-
injection of the mineralized HFn, but only if the atherosclerotic plaque was present in the
artery (Figure 4)[80]. The decrease of lumen size is most likely due to the T2* signal loss
effect of the mineralized HFn which had accumulated in the macrophages found in the
lesion. These findings suggest that ferritin that has been mineralized with magnetite could be
a promising MRI contrast agent used to monitor inflammatory events induced by
macrophages such as atherosclerotic plaque progression.

An alternative approach to entrap an MR imaging agent into ferritin has been proposed[81].
In this method, the ferritin protein cage was disassembled into subunits under low pH
buffered conditions and subsequently reassembled into the cage structure at near neutral pH
in the presence of a T1 enhanced MRI contrast agent, GdHPDO3A. As a result, about 10
GdHPDO3A molecules per cage were entrapped within the reassembled ferritin cage. The
GdHPDO3A-ferritin complex exhibited high R1 relaxivity of water protons, thereby
showing its potential for applications as an MRI contrast agent.

Biomedical application: Cell Specific Targeting
Ferritin cages possess three distinct surfaces: the exterior surface, the interior surface and
interface between subunits[82]. From a biomedical application viewpoint the exterior
surface is an appropriate platform to display a cell specific targeting ligand[83], while the
interior cavity can hold imaging or therapeutic agents. Modification of the exterior surface
can be achieved either chemically or genetically. Since the high-resolution crystal structures
of many of the proteins in the ferritin family have been determined, we can introduce a
modification at a desired location. For instance, the amino acid sequence RGD-4C
(CDCRGDCFC), known to bind integrins αvβ3 and αvβ5[84], has been genetically
conjugated with N-terminal of HFn, which is exposed to the exterior[85]. The HFn mutant
(RGD4C-Fn) exhibited a cage-like structure indistinguishable from the wild-type HFn by
either size or morphology. Furthermore, magnetite nanoparticles were successfully prepared
in the RGD4C-Fn using the same method used with HFn. These results suggest introduction
of the RGD-4C peptide does not significantly disturb cage assembly and mineralization
capability. Fluorescently labeled RGD4C-Fn showed specific affinity with amelanotic
melanoma cells and THP-1 monocyte cells, which are known to overexpress integrin αvβ3
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(Figure 5)[86]. In addition, TEM observation revealed that the mineralized RGD4C-Fn was
taken up by macrophages more efficiently than the mineralized HFn alone. These findings
suggest that cell/tissue specific delivery of imaging and therapeutic agents can be achieved
by engineering of the exterior surface of protein cages[86].

Catalytic Applications
Protein cages similar to ferritin are expected to provide a unique environment for some
catalytic reactions because the cages have an interior environment that is distinct from the
exterior environment. Watanabe, Ueno and co-workers first demonstrated size-constrained
synthesis of palladium (Pd0) inside ferritin, which can catalyze hydrogenation of olefin[54].
It is worth noting that the ferritin-encapsulated Pd shows size selective catalytic activity of
substrate, i.e. less catalytic activity for larger olefin molecules. This is probably because the
substrates access the interior cavity of the cage through relatively small channels located
between subunits. Additionally, they recently reported Au core-Pd shell bimetallic
nanoparticle synthesized in ferritin exhibits a 2.5 fold higher catalytic activity than the Pd
nanoparticle in ferritin[62].

Hydrogenase enzymes mimic catalysts that can produce hydrogen gas from protons have
been prepared by using protein cages[70, 87]. Platinum (Pt0) formed within the interior
cavity of the protein works as an active site to reduce protons to hydrogen gas analogously
to the unique biologically active metal clusters found in hydrogenase enzymes. Detailed
analysis of Pt0 nanocluster size and hydrogen production efficiency relation revealed that
there is a size dependent threshold of Pt0 cluster to produce hydrogen gas[70].

Ferritin protein cages have also been exploited as scaffold proteins to design artificial
organometalloenzymes[88-90]. For example, it has been demonstrated that organometallic a
Rh(nbd) (nbd = norbornadiene) complex is immobilized at specific sites of a ferritin[88].
The Rh(nbd) loaded ferritin can catalyze polymerization of phenylacetylene within the cage
(Figure 6)[88]. The molecular weight distribution of the polymer prepared in the ferritin
cage is narrower that that obtained by [Ru(nbd)Cl]2 in the absence of ferritin. It was also
reported that a Pd(allyl) complex coordinates as a dinuclear complex in ferritin through
addition of [Pd(allyl)Cl]2[89]. The obtained material can catalyze the Suzuki-Miyaura
coupling reaction of 4-iodoaniline and phenylboronic acid to afford 4-phenyl. Substituting a
Pd-coordinated His residue to an Ala residue altered the catalytic activity. Together, these
results suggest that highly effective “artificial metalloenzymes” could be developed by
rational design of a metal coordination site within the ferritin protein cage.

Electronic and magnetic application
Protein cages also have great potential as useful building blocks in the fabrication of
electronic devices[91]. Rapid progress in circuit miniaturization achieved by sophistication
of top-down approaches, such as photolithography, has allowed for doubling of chip
performance every two years for the past fifty years[91]. However, the conventional
methods used to fabricate electronic devices are reaching theoretical limits. The combination
of a bottom-up approach with the current top-down process is expected to provide a break-
through allowing for further miniaturization of electronic devices. Protein cages are ideal
nano-building blocks for the fabrication of nano-device by bottom-up approach since they
have excellent homogeneity in size, even at an atomic level, and the versatility to impart
functionality by design. Yamashita and his co-workers have utilized ferritin and Dps-
templated metal oxide nanoparticles as building units and developed what has been called
the bio-nano process (BNP) for the fabrication of metal-oxide-semiconductors (MOS) such
as a floating nanodot gate memory device or low-temperature polycrystalline silicon thin
film transistor flash memory[91-95]. The performance and characteristics of the MOS
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devices depend upon size, shape, and density of nanodot array. In a recent paper, it was
demonstrated that BNP has an advantage in control of these parameters[96]. Fabrication of a
two-dimensional array of protein cage-templated nanoparticles is critical in preparation of
these devices. They have tested two techniques to make two-dimensional arrays of
nanoparticles. One uses electrostatic interaction between the protein cages and substrate [94,
97, 98]. The exterior surface of ferritin and Dps, and the Si substrate are all negatively
charged near neutral pH. Therefore, the cages can electrostatically adsorb on a designed area
of a Si substrate modified to have a positively charged surface (Figure 7)[97]. The other
method utilizes a specific peptide discovered by a phage display technique, which exhibits
specific binding to a targeted substrate[99-102]. A titanium binding peptide (RKLPDA) or
gold binding peptide (LKAHLPPSRLPS) was introduced to the exterior surface of ferritin,
and it was demonstrated that the engineered ferritin can selectively adhere to titanium or
gold on the substrate[100-102].

The ability to control the magnetic properties of synthesized nanoparticles is important in
magnetic device applications. Protein cages, like ferritin, provide both a size and shape
constrained reaction environment which allows us to tailor magnetic properties of the
synthesized magnetic nanoparticles. For example, size dependent magnetic property control
has been demonstrated either by changing the size of template protein cages or by changing
the loading factor of a metal oxide precursor [85, 103]. More interestingly, magnetic
exchange bias behavior, which is of considerable interest for technological applications such
as high-density recoding and sensors, was observed if ferrimagnetic CoxFe3-xO4 and
antiferromagnetic Co3O4 nanoparticles were formed together inside of a single ferritin
cage[104] (Figure 8). These findings indicate the potential of the biomimetic approach using
protein cages as templates for making magnetic nanoparticles.

Nanoparticle Assembly (growth), Protein Cage Assembly and Janus-like
Protein Cages
Monitoring cluster growth in Dps and Ferritin by mass spectrometry

Although the ferritin and Dps protein cages have been widely and successfully used as
templates for nanomaterials syntheses, the processes of metal ion accumulation and
nanoparticle formation within the protein cages are still poorly understood processes. This is
mainly due to the lack of appropriate analytical tools with sufficient resolution and accuracy
to detect multiple transient state species simultaneously.

Mass spectrometry (MS) has become a central part of chemistry and biological research
since the inventions of electrospray ionization (ESI)[105] and matrix-assisted laser
desorption ionization (MALDI)[106]. Both ESI-MS and MALD-MS essentially provide
molecular mass information for large proteins in complex biological samples with high
speed, accuracy and sensitivity. In biological research, mass spectrometry has mainly been
used to identify unknown components of samples and detect post-translational modifications
by molecular mass. Combination of ESI and time-of-flight (TOF) mass analyzer make it
possible to measure the mass of large non-covalent macromolecular complexes as well as
individual protein components of complexes. In addition to protein only macromolecular
complexes, it has been demonstrated that interactions between protein macromolecules and
metal ions or nanoclusters can be preserved, allowing metal deposition to be monitored by
tracking mass increases.[68, 70] Mass spectrometry has sufficient mass accuracy and
resolution to discriminate two to three metal ions depending on the atomic masses of metal
ions. Therefore, it is possible to concurrently detect multiple populations distributed within
an ensemble and monitor their changes individually instead of averaging over all signals.
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Dps protein cages are excellent model systems to investigate the process of biomimetic
nanomaterials syntheses because they have an intrinsic biomineralizing capability and
robustness at high temperature, as well as a small number of subunits.[34, 66, 67]
Additionally, the defined small cavity size of Dps[34] allows for the synthesis of extremely
small nanomaterials[66-68, 70].

Listeria innocua Dps (LiDps) biomineralizes Fe as a nanoparticle of amorphous ferric
oxyhydroxide under physiological conditions. However, treatment of the LiDps at pH 8.5
and 65 °C with 400 Fe2+ per cage and substoichiometric amounts of H2O2 (2:1, Fe:H2O2)
results in the formation of maghemite (γ-Fe2O3).[67, 68] This biomimetic synthesis allows
for the formation of well-defined crystalline nanoparticles with a narrow size distribution
within the LiDps cages. This mineralization process within LiDps can be monitored using
novel mass spectrometric methods.

Different sizes of maghemite were mineralized within LiDps by loading various amounts of
Fe2+. These mineralized samples were then subjected to mass spectrometric analyses (Figure
9). ESI generally produces a series of multiply charged ions and the charges (z) are
generally distributed as a continuous series with a Gaussian intensity distribution (… z−2, z
−1, z, z+1, z+2…).

If there are multiple species in a mass spectrum, multiple Gaussian charge distributions can
be detected and the molecular masses of each species can be determined from the charges
and the observed mass-to-charge (m/z) ratio values.

Charge state distributions of Fe mineralized LiDps shifted to higher m/z according to the
increase of initial Fe2+ ion loadings representing particle growth (Figure 9). Mass spectra of
Fe mineralized LiDps exhibited the presence of more than one mass distribution and high
mass resolution make it possible to determine exact amounts of Fe mineralized at each step
(Figure 9). This capability of detecting multiple species simultaneously also allowed for the
detection of long-lived Fe accumulating intermediate (12 Fe bound LiDps) state in all
samples as well as individual species within the ensemble population. By comparison with a
ferroxidase center knock-out mutant of LiDps, which lacks Fe binding and mineralization, it
was confirmed that this early 12 Fe accumulating stage is indeed necessary for successful
maghemite nanoparticle formation within protein cages[68]. A two-stage growth process
model was established based on mass spectrometric data and verified with a simple kinetic
model.

Pt0 nanoparticles are known to be excellent catalysts for proton reduction and hydrogen
production.[70, 87, 107] To elucidate the relationship between platinum (Pt) nanocluster
sizes and catalytic activity of hydrogen production, similar mass spectrometric approaches
were performed. For the controlled synthesis of Pt nanoclusters, the interior surface of
LiDps was modified both genetically and chemically to have metal binding ligands
(phenanthroline). Pt2+ ion binding to LiDps and the Pt0 nanocluster growth within modified
LiDps (phen-LiDps) were independently monitored by mass spectrometry[70]. Charge state
distributions of both Pt2+ ion bound (black) and Pt0 nanoclustered phen-LiDps (red) were
shifted to higher m/z in accordance with the increasing numbers of Pt2+ ions loaded with
different degrees (Figure 10). Only one population was observed at each Pt2+ ion loading
(Figure 10) implying that binding or nanocluster formation events occur homogeneously
throughout the cage population rather than in an all-or-nothing manner. Mass analyses
demonstrate that the introduced Pt2+ ions first enter the cages and bind to the covalently
attached phenanthroline moeity and that free Pt2+ ions inside are recruited by the pre-bound
Pt2+ ions upon photoreduction to form the Pt0 nanoclusters. These approaches allowed the
transition from metal binding to nucleation and nanocluster formation to be followed
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precisely. The hydrogen production catalytic activity of Pt mineralized LiDps was
determined and correlated with nanocluster sizes. While the phen-LiDps samples with equal
to or less than 45 Pt0 produced hydrogen near baseline levels, the 75 Pt0 containing phen-
LiDps generated approximately four times more hydrogen than the background level[70].
These data suggested that 75 Pt atoms form a sufficiently large nanocluster for hydrogen
production compared to the multiple nanoclusters within phen-LiDps. In contrast, the cages
containing 45 Pt or lower Pt atoms appear to have failed to form a sufficiently large cluster
to catalyze hydrogen production.

Chimeric assembly of protein cages from differently modified subunits
Many cellular activities are achieved by the formation of non-covalent macromolecular
complexes. Association/dissociation reactions are intimately involved in recognition
phenomena, such as enzyme-substrate interaction and assembly of oligomeric proteins, and
these processes are tightly controlled by precise recognition and conformational adaptation
upon contact. One of the most fundamental but challenging subjects of protein engineering
is to understand the protein-protein interactions in macromolecular complexes and
manipulate these systems at the molecular level.

Ferritin is a naturally chimeric protein cage, which regulates its iron forming activity
through different hetero-forms. In mammalian cells, ferritin is composed of two iso-forms of
subunits, H and L, with ratios varying from species to species and from tissue to tissue. The
subunits, H and L, have complementary functions in iron oxide formations. While the H
chain has a ferroxidase center where oxidation of iron is initiated, the L chain has acidic
residues where nucleation and growth of iron oxide cores occurs. The activity of ferritin
relies on the ratio of H and L chains and each species or tissue has its own hetero-forms to
adjust to its unique needs.[13]

A mimic of the precisely controlled macromolecular self-assembly has been attempted
through genetic and chemical modifications.[108, 109] However, it is still challenging to
manipulate subunit self-assembly in a controlled way and to analyze assembled products
precisely at the molecular level.[110]

By combining genetic and chemical modifications, bifunctional Dps chimeric cages having
metal binding ligands (phenanthroline) inside and fluorophores (flouresceine) outside were
constructed in a controlled manner similar to the mammalian ferritin chimera.[110] Two
different functional groups were individually attached to either the inside (phen-LiDps) or
outside (F5M-LiDps) of the cage. Each internally and externally functionalized LiDps
protein cage was dissociated into subunits by lowering the pH (Figure 11).[110] Analytical
ultra-centrifugation and mass spectrometry data revealed that both dissociated phen- and
F5M-LiDps subunits exist predominantly as monomers in solution at pH 2.0. Bifunctional
chimeric LiDps protein cages were constructed by mixing individually modified and
dissociated subunits in various desired ratios and reassembled by slowly raising the pH to 7
(Figure 11). Mass spectrometric analyses of reassembled cages demonstrated that an
increased ratio of F5M subunits, the heavier subunit, resulted in shifts of charge state
distribution to higher m/z (Figure 11) clearly demonstrating mixed incorporation of both
phen and F5M LiDps subunits into a reassembled cage. A binomial distribution model[111]
fitting the experimental mass spectra revealed that the formation of chimeric cages can be
well described by a simple binomial distribution in which the assembly unit is a monomer
that obeys the initial mixing ratios instead of forming two individual cage populations
(Figure 11).

Ferritin and Dps protein cages have a similar monomeric fold, four helix bundle structure,
and a helix swapping between bacterioferritin (BFR) and Dps from E. coli has been
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attempted to control nanoarchitectures of the protein cages.[109] While many of the helix
swapped BFR do not self-assemble, those of Dps form larger protein cages containing the
same 12 subunits.[109]

Preparation of Janus like protein cages
Protein cages have been widely used as nanoscale building blocks for fabricating higher
order nanostructures, such as ordered planar arrays,[112-114] nanowires,[115, 116]
nanoelectronic devices,[94, 117, 118] and layer-by-layer (LbL) assemblies,[119-125] either
by using the endogenous self-assembly properties of the proteins[113] or by modifying the
surfaces of the cages to accomplish directed assembly.[119-125] Genetic and chemical
modification of the exterior surface of protein cage architectures allows site specific
attachment and presentation of various types of molecules including affinity tags, antibodies,
fluorophores, carbohydrates, nucleic acids, and targeting peptides.[85, 108, 110, 126-134]
Multi-ligand presentation on a single protein cage surface has been achieved by labeling
with two different reagents either simultaneously or sequentially[85, 126-134] or by
assembly of pre-functionalized subunits in controlled ratios[108, 110]. While the highly
symmetric nature of protein cages is advantageous for the formation of isotropic hierarchal
structures, it is necessary to break the functional symmetry of the cage to achieve
topological control for applications such as directed molecular recognition, controlled
anisotropic hierarchal assembly, and polarized multi-component presentation.[135-137]
However, symmetry of protein cages presents a formidable challenge in controlling the
spatial location of functional groups to achieve toposelectivity.

To generate Janus-like protein cages, which are cages with dual architectures and purposes,
the exterior surfaces of LiDps cages were toposelectively modified with two different
functionalities, the fluorophore - fluorescein and the affinity tag – biotin, using a masking/
unmasking method on solid supports (Figure 12).[138] One side of the symmetric LiDps
was protected from labeling through binding to a solid support and exposed side was
modified with maleimide-PEG2-biotin (MPB) on solid beads (Figure 12). Subsequently, the
MPB-reacted LiDps cages were eluted from the beads by reduction and the free cysteine
residues on subunits, which were previously masked by disulfide formation with the beads,
were labeled with fluorescein-5-maleimide (F5M) in solution (Figure 12). The extent of
modifications at each step was evaluated by measuring subunit and whole cage masses. The
degree of distributions of the two functionalities could be controlled using different solid
supporting materials. Their localized distributions were confirmed by controlled layer-by-
layer (LbL) formation using realtime quartz-crystal microbalance (QCM) measurement and
atomic force microscopy (AFM)[138]. Spatially controlled surface presentation of multiple
functional groups on a protein cage enables the cages to be used as polarized nanoscale
building blocks for directed hierarchal assembly, as well as for fabricating nanoscale cargoes
with distinct functional groups on each hemisphere.

With respect to biomedical applications of engineered systems, toposelective modification
of multifunctional nanoplatforms promises realization of sophisticated designs for targeting
cells with drugs and imaging agents. Janus-like protein cages were used as new types of
targeting nanoplatforms by docking the universal coupling protein, streptavidin (StAv).[137]
Modular asymmetric functionalization with an antibody provides a method to easily adapt a
multifunctional nanoplatform for targeting a diverse set of cell epitopes and the targeting
and detecting capability of the microbial pathogen, Staphylococcus aureus, were
demonstrated by coupling with biotinylated monoclonal antibody (mAb) against S. aureus.
[137] The asymmetrical positioning of the StAv coupling protein provides an opportunity
for realizing imaging or drug delivery strategies that rely on a polarized orientation of
targeted functional groups with respect to the cell surface.
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Summary
In conclusion, the ferritin superfamily of proteins has proved to be a rich and productive set
of biomolecular templates for directed materials synthesis. This has included both the
nucleation and growth of inorganic nanoparticles as well as the chemical and genetic
manipulation of the protein to yield materials with applications from medicine to electronics.
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Fig. 1.
Ribbon diagrams of exterior surface view and interior cavity of (A) Human heavy-chain
ferritin and (B) Listeria innocua Dps.
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Fig. 2.
Schematic illustration of the three interfaces of a protein cages that can be exploited to
impart designed functionalities.
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Fig. 3.
Schematic illustration of the ion distribution at a charged surface according to Gouy-
Chapman theory. The electronic double layer is formed nearby the charged surface through
Coulombic interactions.
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Fig. 4.
In vivo MRI of carotid arteries in (A) ligated mouse and (B) sham operated mouse;
comparison of pre-injection, 24h and 48h post-injection of the mineralized HFn [80]. An
atherosclerotic lesion was formed in left common carotid artery (LCCA) due to ligation of
the artery but not formed either right common carotid artery (RCAA) of the same mouse or
those arteries of the sham operated mouse. In the ligated mouse, concentric signal loss was
observed around the LCCA lumen at 24 and 48 h post-injection of the mineralized HFn in
comparison with pre-injection, but not the RCCA. No change was seen in either the LCCA
or RCCA of sham operated mouse.
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Fig. 5.
Fluorescence-activated cell sorting analysis of THP-1 cells incubated with fluorescently
labeled RGD4C-Fn [86]. The data are plotted as histograms with their corresponding
geometric (geo.) mean fluorescence values. Although the non-targeted protein cage (HFn)
showed some interaction with the cells, the targeted cages (RGD4C-Fn) exhibit significantly
increased interaction with the cells comparable to the positive control, anti-integrin αvβ3.
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Fig. 6.
Schematic illustration of immobilization of [Ru(nbd)Cl]2 complex into apo-Fn cage
followed by polymerization of phenylacetylene catalyzed by the Fn [88]. The
polymerization reaction occurs site-specifically inside of the Fn cage.
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Fig. 7.
(A) Schematic illustration of ferritin adsorption onto a positively charged 3-
aminopropyltriethoxysilane (APTES) nanodisc formed on a negatively charged SiO2
substrate by an electrostatic interaction in solution under, (a) a short Debye length, λ, (b) a
medium Debye length, and (c) a long Debye length. With a short λ, no selective adsorption
onto the APTES area can be achieved because of short range interactions such as van der
Waals force or hydrophobic interaction. With a long λ, ferritins can not reach to the APTES
area due to the repulsive potential from the SiO2 substrate. With an optimized λ, ferritins
can be adsorbed only on the APTES area. (B) Single ferritin placement on APTES nanodisc
patterns formed on an oxidized Si substrate. APTES disks of 15 nm diameter are prepared at
100 nm intervals on the substrate. Each APTES disk generally has one ferritin molecule.
[97].
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Fig. 8.
Hysteresis loops measured at 2 K for field-cooled (8T) mixed oxide material with nominal
composition of 66% Fe3O4 and 33% Co3O4 prepared by slow (30 min) or fast (5 min)
synthesis [104]. The offset between the two hysteresis loops is the exchange bias. The fast
synthesis leads to Co incorporation as ferrimagnetic CoxFe3−xO4 whereas slow synthesis
results in a larger fraction of Co in antiferromagnetic Co3O4 which is available to bias the
ferrimagnetic Fe3O4 present.
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Fig. 9.
(A) Mass spectra of Fe-mineralized wild type LiDps at various loading factors of Fe(II).
Charged peaks are indicated in the bottom spectrum [68]. (B) Fit (red line) of 22+ peaks of
Fe-mineralized wt LiDps at lower loadings either with one or two Gaussians (green line).
The peaks shift to higher m/z according to the increase of Fe2+ loading per cage indicates
Fe2O3 particle growth in the cages. Fit of peaks demonstrates the presence of more than one
mass distribution of the cages. The results allow us to establish a two-stage Fe2O3 particle
growth process model[68].
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Fig. 10.
Overlaid mass spectra of the Pt2+ ion bound (black) and Pt0 mineralized (red) phen-S138C
LisDps cages at various loading ratios of Pt2+ per cage. The charged peaks of 23+ of the
cages are indicated [70]. The peaks shifted to higher m/z in accordance with increasing the
number of Pt2+ ions loaded per cage.
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Fig. 11.
(A) Schematic representation of chimeric cage construction scheme. Two types of
differentially modified S13C LiDps cages are disassembled to subunits at pH 2.
Subsequently, the two types of subunits are mixed together with various ratios followed by
reassembly to cages at pH 7. (B) Mass spectra of reassembled whole cages [110]. The peaks
shift to higher m/z with increasing heavier subunit (blue subunits) ratio of the reassembled
cages.
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Fig. 12.
Schematic illustration of a Janus-like LiDps cage preparation scheme though a masking/
unmasking technique on a solid bead support [138]. The protein cages are first immobilized
on beads through disulfide bonds. The exposed sides of the protein cages are modified with
maleimide-PEG2-Biotin, which can selectively bind with streptavidin. Subsequently, the
modified LiDps cages are eluted from the beads by reduction and the free cysteine residues
on the cages are labeled with fluorescein-5-maleimide.
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