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Abstract
Ferritins, highly symmetrical protein nanocages, are reactors for Fe2+ and dioxygen or hydrogen
peroxide that are found in all kingdoms of life and in many different cells of multicellular
organisms. They synthesize iron concentrates required for cells to make cofactors of iron proteins
(heme, FeS, mono and diiron). The caged ferritin biominerals, Fe2O3•H2O are also antioxidants,
acting as sinks for iron and oxidants scavenged from damaged proteins; genetic regulation of
ferritin biosynthesis is sensitive to both iron and oxidants. Here, the emphasis here is ferritin
oxidoreductase chemistry, ferritin ion channels for Fe 2+ transit into and out of the protein cage
and Fe 3+ O mineral nucleation, and uses of ferritin cages in nanocatalysis and nanomaterial
synthesis. The Fe2+ and O ferritin protein reactors, likely critical in the transition from anaerobic
to aerobic life on earth, play central, contemporary roles that balance iron and oxygen chemistry in
biology and have emerging roles in nanotechnology.

Keywords
ferritin; iron biomineral; oxidoreductase; ion channel; nanomaterial; diiron oxygenase

1. Introduction
Ferritins are natural reactors for iron and oxygen chemistry that control the biosynthesis and
dissolution of caged hydrated ferric oxides [1, 2]. Caged ferritin minerals can have diameters
as large as 8 nm, with thousands of iron and oxygen atoms. The minerals have various
amounts of phosphate (P) that reflect local phosphate concentrations; phosphate is low in
animal ferritin iron minerals (Fe: P=8:1) and high in plants or microorganisms (Fe: P=1:1)
where the ferritin minerals are largely amorphous [1]. Control of ferritin mineral order in
animals, where a range of crystallinity occurs [3], depends on the number of protein-based
mineral nuclei. The combinatorial structure of hybrid cages assembled from of two types of
ferritin gene products, H (catalytically active) and L (catalytically inactive) protein subunits,
controls the number of protein-based mineral nuclei [1]. Plant ferritins are localized in
plastids; the microbial origin of plastids likely relates to the high phosphate content of plant
ferritin minerals. Nevertheless, the plant ferritin protein cage sequence, encoded in the
nucleus, is more closely related to animals (55% sequence identity). Ferritins are required to
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concentrate iron to match requirements for synthesis of proteins with iron cofactors (Fe-
porphyrin, Fe-S, and Fe); they also are antioxidants and retrieve iron released from proteins,
damaged by oxidation, for future cellular use.

Ferritin protein cages self-assemble into highly symmetrical cages, from polypeptides, after
spontaneous folding of each polypeptide into bundles of 4 α helices. Variations are observed
in the N-terminal extensions of microbial and eukaryotic ferritins, the location of the active
sites, the ferrous oxidants, and the number of ion channels. A central, mineral growth cavity
accounts for ~ 60% of the volume of ferritin protein cages (Figure 1). Animal ferritins
contrast with all other ferritins (Archaeal, bacterial, and plant) in forming cages from tissue -
specific combinations of different H and L subunits; plant ferritin cages are hybrids of
different H subunits. Microbes assemble cages that are have identical subunits; the different
ferritin gene products are synthesized at different times and assemble into cages containing
only one type of subunit (homopolymers) [4].

The multiple, natural, iron-protein interactions occurring within ferritin protein cages
throughout the entire length of each subunit: di-Fe2+ sites within each polypeptide where
oxidant (O2 or H2O2) produces di-Fe mineral precursors, Fe2+ entry/exit channels formed by
three subunits at the 3-fold cage symmetry axes, that feed multiple di-iron catalytic sites,
and, specific to animal ferritins, nucleation channels that can enhance mineral order and exit
at the 4-fold symmetry axes of the cage [1, 5]; the rates may differ widely as in msec
dispersal from single channels to multiple catalytic sites or slow (hours) helix-helix changes
as ferric oxo nuclei move through nucleation channels. While localized metal-protein
interactions occur throughout individual ferritin polypeptides, cooperative effects on metal
ion distribution occur throughout the protein cage [6–8]. Here, we focus in section 2 on
oxidoreductase chemistry, in section 3 on Fe 2+ transit into and out of the protein cage, Fe 3+

O mineral nucleation and in section 4 on uses of ferritin cages in nanocatalysis and
nanomaterial synthesis. The ancient and widespread occurrence of ferritins Fe2+ and O
biological reactors suggests a role in the transition from anaerobic to aerobic life on earth as
well as the critical contemporary roles of balancing iron and oxygen chemistry in heath and
disease and in emerging roles for nano technology.

2. Oxidoreductase chemistry
The ferritins oxidize Fe2+ and reduce either dioxygen or hydrogen peroxide to synthesize the
Fe2O3• H2O, protein-caged biomineral iron concentrates. Active site ligands among the
ferritins are diverse and mechanisms vary. The most extensively studied group in the ferritin
family is the maxi-ferritin of eukaryotes. In the 24-subunit cages, subunits with active sites
use Fe 2+ and dioxygen as substrates; all subunits are catalytically active except in animals
where L catalytically inactive subunits, co-assemble with the H active subunits to alter
mineral nucleation and crystal order; see section 3.2 and [1]. In microorganisms, there are
several types of ferritins; i) bacterial and archaea maxi-ferritins, which are similar to
eukaryotic ferritins in terms of the 3D structure [9–11], albeit with low sequence similarity
to eukaryotic ferritins. ii) Bacterioferritins (BFRs), which contain heme and are widespread
in bacteria; BFR have not been detected in archaea. The 24 subunits of the BFR protein cage
contain one b-type heme between dimer pairs [12–14]. iii) Mini-ferritins, called Dps (DNA
binding proteins from starved cells) proteins, self-assembled from 12-subunits [15]. Dps
proteins like many other ferritins protect cells from oxidant damage by removing iron and
oxygen, which in mini-ferritins is predominantly hydrogen peroxide rather than diioxygen,
from the cytoplasm and converting into iron biomineral. Ferritin proteins are encoded in
genes sensitive to cellular oxidant status. The shared properties of all ferritins are hollow,
nanoproteins, of multiple α-helices, containing iron channels and sites for catalytic reactions
between two ferrous and oxygen atoms to synthesize caged iron biominerals.
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Eukaryotic ferritins catalyze the oxidoreduction reaction for Fe2+ and O2 at the multiple
diiron binding sites embedded in the center of a 4-α-helix bundle. Although ferritins utilize
Fe2+ as a substrate, the ferritin diiron site shares the structural and functional characteristics
with the diiron cofactor site in diiron enzymes. Such diiron cofactor enzymes include
methane monooxygenase, ribonucleotide reductase, and Δ9-fatty acid desaturase [16–21].
The first detectable reaction intermediate for the oxidoreduction reaction is a diferric peroxo
(DFP) species, which is also detected in the diiron containing enzymes. DFP formation in
ferritin has been extensively characterized by kinetics [1, 2] and multiple spectroscopies
(UV/vis, resonance Raman, Mössbauer, and EXAFS) [22–24]. DFP decays to Fe3+ oxo or
hydroxo dimers or multimers with concomitant production of H2O2; peroxide production is
stoichiometric with DFP decay at subsaturating concentrations of Fe2+ [25]. The DFP
products move to the central cavity and grow into bulk ferric oxide minerals. The ferritin
oxidoreduction reaction at the diiron site is shown in Scheme 1.

[Scheme 1]

The mechanism of oxidoreduction reaction in ferritin has been most extensively studied in
frog M ferritin, a cage composed of 24 catalytically active (H-type) with favorable kinetics,
good yield, and high solubility. The Fe2+ -bound ferritin structure has been elusive because
of the millisecond time scale of the reaction. Much structural information on ferritin diiron
sites has been obtained by: studying proteins after insertional and deletional site directed
mutagenesis [26, 27]. Physical methods used in recent studies of ferritin diiron sites include
variable temperature and magnetic field magnetic circular dichroism/circular dichroism
(VTVH MCD/CD)[6] and X-ray crystallography of co-crystals with Fe2+ analogues [21,
28]. The structure of the diiron substrate binding site in eukaryotic ferritin is shown in
Figure 2, contrasted with sites in diiron oxygenase enzymes where the iron is a cofactor. The
O-O bridge is preserved during decay of the diferric peroxo intermediate in ferritin, when
there are fewer than one turnover/site on average based on the appearance of H2O2 with 1–
1.5 Fe2+/diiron site [25]. Whether the O-O bond in ferritin diferric peroxo is cleaved when
there are multiple turnovers, as it is during catalysis by the di-iron oxygenases, is unknown.

One of the iron sites in the ferritin oxidoreductase centers of ferritin, Fe1, has similar
coordination structure to the Fe at each dioxygenase site: E, ExxH. However, a distinct
feature of the ferritin diiron site, except in BFR [4], is the weaker Fe2+ ligands in Fe2 site,
compared with the diiron cofactor sites. The Fe2+ ligands for diiron enzymes are Glu, Glu-x-
x-His, but the Fe2 site residues in ferritin are Glu103, Gln137-x-x-Asp140. (The residue at
position 140 is not fully conserved in ferritins. For example, frog H and mitochondrial
ferritins have Ser, and human H ferritin has Ala at that position). It is noteworthy that
anaerobic VTVH MCD/CD revealed cooperative binding of Fe2+ to the ferritin diiron sites,
with a Hill coefficient ~3 that was iron independent, and because of the anaerobic
conditions, oxygen independent. Rather, the observation reflects cooperative interactions
among a subset of 24 subunits, indicating that the ferritin function is regulated by
communication among subunits [6].

The importance of the ferritin-specific Fe2 site residues in the oxidoreduction reactions of
eukaryotic ferritins, was demonstrated by the substitution of the ferritin Fe2 site residues
with the corresponding residues in the diiron enzymes [29]. The substitution of Gln137 with
Glu changed the reaction pathway: DFP was absent and a different ferric intermediate
formed, yet to be identified. When Fe3+ was measured at a nonspecific absorption band for
the mixture of DFP, DFP decay products and mineral, the oxidation rate of the Gln137Glu
ferritin was similar to wild-type protein, but only reached an absorbance value 50% of the
wild type. The substitution of Asp 140 by His, by contrast, inhibited any Fe2+ oxidation,
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even though in natural, active ferritins residue 140 can vary among Asp, Ser or Ala;
variation among Asp or Ala or Ser only impacts kinetic parameters, Kapp and Vmax [29].
These results indicate that the Fe-2 site, which is ferritin- specific and has weaker iron
ligands than in diiron oxygenase proteins such as methane monooxygenase, ribonucleotide
reductase, and fatty acid desaturase, control the iron mineralization pathway.

The use of Co2+ in protein cocrystals revealed multiple ligand conformations, especially
around the Fe2 site, even when crystals were studied at cryogenic temperatures [28]. Co2+,
which is not oxidized in ferritin, inhibits the Fe2+/O2 oxidoreduction reaction by ~70%; the
Co2+ sites likely trace transient Fe (II) binding sites and outline a reasonable Fe2+ binding
pathway from inner cavity surface to the diiron site. The pivotal role of flexibility at the Fe2
site in ferritin diiron sites for Fe 2+ binding and catalysis is illustrated by the effect of
insertion, at the ferritin-specific Fe2 site, of histidine at position 140 and Glu at position 137,
creating the diiron oxygenase enzyme sites. In the variant ferritin all Fe2+/O2 oxidoreduction
activity was eliminated, and flexibility of the diiron site was lost; only one conformation was
present at the diiron site in Co2+-protein crystals of the variant ferritin [28]. These
observations indicate the dynamic site properties conferred by weaker Fe2 ligands in ferritin,
which complement the changes in Fe-Fe distance from 2.5 to 3.4 Å and the contribution of
Fe-protein site flexibility during ferritin catalysis [24] that contrasts with diiron oxygenase
enzymes.

The location of oxidoreductase sites in microbial ferritins can differ from animal and plant
ferritins. While metal binding sites in microbial ferritins closely resemble those of plant and
animal ferritins [9–11] in general, and exception is the Fe2 site ligands at one site. In
microbial ferritins there is always Glu at the position equivalent to the variable of Asp/Ala/
Ser in eukaryotic ferritins (Figure 2) where the variations impact oxidoreductase kinetics in
a biologically significant (tissue-specific) manner. In addition, microbial ferritins have a
third iron binding site, called Site C, which is located close to the diiron site (Figure 2). In
the microbial ferritin BFR the diiron site is symmetric and has the same ligands as diiron
enzyme cofactors (Figure 2): E, ExxH and E, ExxH. The retention of iron at BFR diiron
sites during turnover and the absence of the DFP intermediate further emphasize the
distinctions between eukaryotic (Scheme 1) and BFR oxidoreductase mechanisms [4, 12,
14]. Dps miniferritins oxidize Fe2+ to form bio-mineral, preferentially using H2O2 rather
than O2 as a second substrate [15]. The Fe2+ oxidation sites are usually between two
subunits on the inner surface of the cage and the order of binding can be different. In several
Dps mini-ferritins, only one Fe2+ binds in the absence of H2O2 oxidant, observed by Trp
quenching in Listeria Dps [30] or by VTVH MCD in B. anthracis, whether the oxidant was
O2 (Dps 1) or H2O2 (Dps2) [31] (Figure 2). Further mechanistic studies on these microbial
ferritins will provide more insights into the iron and oxygen chemistry among members of
the ferritin family.

3. Iron transit-Ion channels
Ferritin protein cages move iron around between the multiple Fe-protein interactions sites.
Fe2+ entry/exit channels are used for the exchange of iron to and from the caged ferritin iron
biomineral and the cytoplasm. In eukaryotic ferritins, at least, the Fe2+entry channels are
related to membrane ion channels with cytoplasmic N-terminal gating [32]. Eukaryotic
ferritins also contain Fe3+ nucleation channels that connect the oxidoreductase sites in each
subunit to the mineral growth cavity.

3.1 Fe2+ entry
The ferritin function of concentrating iron for synthesizing proteins with iron cofactor
requires transfer of Fe2+ from the cellular cytoplasm to the ferritin oxidoreductase sites in
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the protein cage. In addition, after catalysis, Fe3+O catalytic products are transferred through
the ferritin protein cage to the mineral growth cavity.

Fe2+ enters the ferritin proteins cages through pores in the external surface of the proteins
cage. Fe2+ entry channels are ~ 15Å length. The pores on the external cage surface are gated
by extensions of the four-helix bundle subunits. The internal exits of the Fe2+ ion channels
are pores on the internal cage surface, which are about 15–20Å away, from oxidoreductase
site residues. A set of conserved carboxylate residues in the channels create an ion gradient
that directs the Fe2+ ions toward the internal pores [8, 15]; the internal channel exits can
accommodate three metal ions [28]. Fe2+ exiting the ion channels on the inner surface of the
cage are destined for one of three different catalytic sites, which are either buried in the
middle of the helix bundles of each subunit (eukaryotic and some microbial ferritins), near
the inner cage surface (BFR) or on the inner cage surface of microbial miniferritins (Dps
proteins). The channel carboxylates in 24 subunit ferritins selectively control Fe2+ entry [8],
contrasting with channels in the 12 subunit mini-ferritins where the same carboxylate groups
control both Fe2+ entry and Fe2+ exit [33].

Carboxylate residues in each subunit near the channel exits direct the exiting Fe2+ to each
oxidoreductase site (R.K. Behera and E.C. Theil, to be published). How the distribution of
Fe2+ from one channel among the three di-iron sites is determined, remains unknown.
However, a protein :protein dependent Hill coefficient of 3 has been observed for Fe2+

binding at the oxidoreductase sites [6] that may relate to cooperative distributions of Fe2+

from the channels to insure filing of all vacant, diiron, oxidoreductase sites.

3.2 Fe3+ nucleation
Iron, during ferritin mineral formation, moves through several reasonably well characterized
pathways: i.Fe2+ entry into and through the channels, ii. Transit to the oxidoreductase sites.
iii. Reaction at the active sites with dioxygen or hydrogen peroxide (12 subunit ferritins) to
synthesize Fe3+O multimers. In the case of eukaryotic ferritins, the first reaction
intermediate characterized is a diferric peroxo intermediate followed by diferric oxo product
[1]. Variations in microorganisms include retention of diiron as a cofactor and involvement
of a third iron site as in E. coli bacterioferritin and other microbial ferritins, and binding of
hydrogen peroxide before binding of the second Fe2+ [4, 12, 15, 34].

A long, 20Å channel connects the oxidoreductase sites to the mineral growth cavity. The
channel, which was unpredicted from protein crystal structures, was detected using the
paramagnetic effects of Fe3+ on 13C NMR spectra of ferritin [7]. As (Fe3+)2O moves
through the nucleation channels, the diferric oxo products of multiple catalytic turnovers
interact to form tetramers inside the channels [7]. Interestingly, in an older study, diferric
peroxo intermediates were observed to decay to diferric oxo and multiferric (N>2) oxo
species in ferritin by Mössbauer spectroscopy [25]. The multimers may relate to the
tetrameric Fe3+O species observed by magnetic susceptibility measurements after two
additions of saturating amounts of Fe (2 Fe/site for the 24 sites) [7].

Ferritin Fe3+O nucleation channels open onto the internal surfaces of ferritin protein cages
at the four fold symmetry axes of the ferritin protein cage. Thus, mineral nuclei of 16 Fe3+O
can form, oriented by four nucleation channels in close proximity, leading to highly ordered
ferritin mineral. Such minerals are observed in human tissues like the heart [3]. In plants
ferritin mineral order is disrupted by phosphate. In animals, ferritin mineral disorder can be
introduced into ferritin minerals by the coassembly of large numbers of catalytically inactive
subunits (L subunits) only found in animals. The catalytically inactive L subunits
coassemble with catalytically active H subunits. L subunits constitute a large fraction of the
ferritin cage in liver ferritin, which synthesizes a much more disordered mineral than heart
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ferritin [1, 3]; heart ferritin cages contain a large fraction of the H subunits with catalytic
sites and nucleation channels.

3.3 Fe2+ exit
The role of the Fe2+ ion channel in iron exit is detected by measuring rates of formation of
Fe2+-bipyridyl from ferritin minerals in wild type and variant proteins cages. The Fe2+-
bipyridyl is outside the protein cage when measured. Dissolution of the caged, solid iron-
oxy ferritin mineral is, as for all minerals, surface limited. The dissolution of the ferritin
mineral under aqueous, physiological conditions, requires reductants such as physiological
NADH/FMN or chemical dithionite. Typical chelators used are bipyridyl, or desferioximine,
a therapeutically used chelator in humans; since the reactions are usually run in air it is the
Fe3+desferioxamiine complex that is measured.

When ferritin mineral dissolution is studied under physiological conditions, many properties
of the complex reaction remain unknown. Such unknowns include the location of electron
transfer that reduces the ferric mineral (direct or through the protein), how rehydrating water
reaches Fe2+ on the surface of the caged mineral, and where the chelators bind the Fe2+

(outside the protein or in the channels/cage). What is clear, however is that the ferritin
protein pores are mostly closed to minimize uncontrolled reactions between the ferric
ferritin mineral and external, cytoplasmic reductants. Manipulation of a specific, group of
conserved channel amino acids increases unfolding of the channel or gate structures and
selectively increases mineral dissolution and Fe2+ exit with no or small effects on Fe2+entry
[32, 35] (Figure 1D).

The ferritin pore region is differentially sensitive to environmental changes. Pore/channel
opening occurs at low temperatures far below cage unfolding, at physiological (mM)
concentrations of urea [26] and to stoichiometric concentrations of highly selected peptides
[26, 36]. The channel amino acid that control folding of ferritin cage pores and channels are
both hydrophobic and hydrophilic residues, based on the higher Fe2+ exit rates/mineral
dissolution, both in solution (Figure 1D) and in cultured human cells [37] when the amino
acids are changed. Unfolding is also observed by protein crystallography of the variant
proteins [32, 35]. Such observations suggest that Fe2+ exit, and possibly Fe2+ delivery and
entry, are regulated by external cellular molecules that change the rate of pore folding in
ferritin protein cages.

4. Ferritin in Nanochemistry and Technology
The hollow, ferritin nanocages, which have 12/8 and 8/5 nm external/internal diameters
respectively[1, 4, 38, 39] are used as templating and restricting devices in nanocatalysis of
polymers and nanomaterials [40]. Ferritin nanocages are water soluble and at neutral pH, the
external surface has a net negative charge with inner and outer surfaces that may be
modified for different applications. The symmetrically placed, hydrophilic (3-fold) ion
channels, the hollow nanocavities of different sizes, the sequence variations among the
ferritin protein cages from different organisms, and the different thermal and chemical
stabilites of ferritin protein cages are all features of ferritin nanocages to be used in
nanochemistry and technology. During the last several decades ferritin nanocages have been
used in number applications, briefly summarized here; detailed descriptions are in [41–44].
The first use of ferritin cages was as templates for nanoparticles/materials synthesis [45–47].
Other uses include the synthesis and delivery of magnetic resonance imaging (MRI) contrast
agents [48–52], drug delivery and catalysis [44, 53–56].

Ferritin cages from both mesophilic and thermophilic bacteria are stable to relatively harsh
conditions[57]. In aqueous solution, ferritin cages remain intact at least up to 80°C, 6 M urea
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or guanidine (at pH 7.0, room temperature), or 1% sodium dodecyl sulfate (SDS)[38], as
neutral values of pH. The ferritin cage can be stabilized in organic solvents, such as
dichloromethane, ethyl acetate and toluene, with long chain hydrocarbons (C9, C12, C14)
by derivatizing carboxylates on the external surface of the cage [58–63]. The disassembly/
assembly of ferritin in aqueous solution at low pH/ high pH has produced different sized
nanoparticles (<8nm) entrapped inside ferritin cages [64].

The natural metal binding sites present throughout ferritin protein cages can be used for
nanomaterial synthesis and metallocatalysts. In the past many studies used commercially-
available ferritin from horse spleen is used [55]. Such ferritins have many fewer functional
iron binding sites because they lack oxidoreductase centers and mineral nucleation channels
that guide the growth of the natural iron biominerals [7]. Using H ferritins with such
channels could be exploited in extruding materials for growth in the cavity under controlled
conditions. New functional iron-binding sites are being discovered in ferritin [7, 8]; they
remain to be explored as the potential sites of metal binding for catalysis and protein-
controlled nanoparticle synthesis.

4.1 Nanoparticle and Nanomaterial Synthesis
Inside the cell, ferritin nanocages selectively uptake the Fe2+ and forms ferric oxide nano
mineral cores inside the nanocavity[38]. However, in vitro, purified ferritin cages can
incorporate a variety of metal ions (Fe, Au, Pd, Rh, Pt, Ni, Cr, Cd, Ti, Tb, Co, Cu and Zn),
most likely through hydrophilic 3-fold ion channel [28, 43, 47] discussed in section 3. When
ferritin protein cages are used as a template, the uniform nanoparticles are limited by the
interior cavity of the protein cage. Uniform nanoparticle sizes, with diameters < 8 nm, are
produced with maxi-ferritin cages and < 5 nm in diameter with mini-ferritin cages as
templates. Therefore, ferritin provides a platform for constrained size and shape
nanomaterial synthesis. Thus in addition to the narrow size distribution conferred, the
protein cage stabilize the nanoparticles for some applications [65].

The caged hydrated ferric oxide minerals synthesized by adding solutions of Fe2+ to
solutions of ferritin protein are similar to the iron oxide core formed naturally in ferritin[66].
Use of natural ferritin nanocages as templates has produced CdS (semiconductors) and
uniform FeO (MRI) nanoparticles [67, 68]. A series of metallic nanoparticles such as gold,
silver, lead, copper and nickel also have been prepared by introducing these metal ions
inside the cavity followed by reducing them with external reductants [43]. The creation of
additional metal binding sites has depended on protein engineering of ferritin protein
cages(Figure 3B), where the introduction of more negatively charged amino acid residues on
internal surfaces enhanced silver and gold nanoparticle templating [69]. To achieve a
smaller size nanoparticle, the 12 subunit mini-ferritins (Dps proteins) can be used,
exemplified by Listeria innocua Dps protein [43, 70]. The ferritin from thermophilic
organisms has been used for high temperature syntheses exemplified by the production of
magnetite in ferritin from the archaeon, Pyrococus furious [43]. The variety of different
amino acid sequences among ferritin nanocages, which can differ by 80%, different ferritin
cage sizes (12 and 24 subunits) and continually emerging natural iron-ferritin interactions all
show that the application of ferritin cages to nanopartcles syntheses has barely scratched the
surface of possibilities.

4.2 Targeted Drug Delivery
The large cavity (30% of the cage volume) interface provides the potential to differentially
access and exploit the inner and outer surfaces. The use of the internal cavity to trap various
chemicals, such as hydrophilic drugs, imaging agents (MRI and fluorophores) [51, 71, 72]
(Figure 3) radionuclides or nuclear medicines[44] such as 177Lu3+, 90Y3+, and anti-tumor
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drugs [54, 73] like deoxyrubicin, cis-platin, carboplatin and ozaloplatin are just early
examples. Highly sensitive DNA probes or probes for bioassay and immunoassay have also
been entrapped inside ferritin protein cages [44]. The attachment of cell specific ligands/
peptides the ferritin external surface, genetically and/or chemically, has great potential for
the targeted delivery of these drugs and imaging agents. The design of cell -specific ligands/
peptides on the ferritin outer surface (Figure 3B) rests on the many high resolution of ferritin
cage structures. The introduction of imaging agents and drugs can use normal diffusion with
disassembly of ferritin nanocage at low pH and reassembly at neutral pH (Figure 3A).
Recently a magnetite nanocomposite was prepared inside a ferritin nanocage engineered
with a peptide RGD-4C (CDCRGDCFC) that is known to bind cell integrins αvβ3 and αvβ5
[51, 71]. The RGD-4C modified ferritins, have been used for imaging vascular inflammation
and angiogenesis and influencing metabolism in C32 human melanoma cells providing a
dramatic illustration of the potential of ferritin protein nanocages in drug delivery.

The natural ability of living cells to selectively recognize and incorporate exogenous ferritin
by ferritin receptors reflect the intrinsic and complex surfaces of ferritin protein cages,
understanding is in its infancy [74–77]. The use of selective modifications of ferritin protein
cages to attack specific cells in disease cells is a largely untapped source of innovation for
nanomedicine.

4.3 Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) has been used to quantify iron levels in different human
tissues[50]. It is an indirect measure of tissue iron concentrations that monitors the effect of
paramagnetic iron on the proton resonance behavior of the water in tissues. The longitudinal
(R1) and transverse (R2) nuclear magnetic relaxation rates are increased when tissue iron
interacts with water protons. Increases in the proton relaxation rate can be related to the iron
concentration and magnetic properties. The superparamagnetism of ferritin biominerals can
be used as an endogenous R2 enhanced MRI contrast agent. The endogenous ferritin is a
reporter, in the iron overload associated with hypertranfusion treatments of sickle cell
anemia, thalassemia, and in hemochromatosis and Alzheimer disease, to estimate the
amount of iron in human tissues such as liver, spleen and brain by MRI [50]. Similar MRI
approaches have monitored transgene expression [78]. Ferritin use is limited by the low
relaxivity compared to commercially available iron oxide MRI contrasting agents, such as
small super paramagnetic iron oxide (SPIO) and ultra small super paramagnetic iron oxide
(USPIO)[51, 65]. However, by increasing the ferritin mineral size with iron added in
solution (~4000/cage) or by entrapment of superparamagnetic, synthetic magnetite,
nanoparticles with higher relaxivity, improved MRI contrasting abilities with ferritin are
being achieved [49, 51, 65]. Other contrast agents, trapped inside the ferritin protein cage,
by cage disassembly/reassembly, include the fluorescen label Cy5.5 or magnetic
nanoparticles. The modified ferritins, used to image vascular macrophages, by MRI or
fluorescence and to improve understanding of atherosclerotic plaques and heart disease, are
a “proof of principle” for the use of ferritin protein cages in many other imaging
applications.

4.4 Nanocatalysis and Nanoelectronics
The inner surfaces of the ferritin nanocages have been used as sites for organometallic
catalysts to produce polymers of defined molecular weight, with a narrow size distribution
[45, 46, 56]. When palladium and rhuthenium metalloorganic complexes are incubated with
ferritin protein, the metal complexes enter the ferritin cavity, possibly during pore unfolding,
and bind to specific amino acid ligands such as histidine. The ferritin proteins cages
constrain the polymer size and dispersity. In contrast, T synthesis of polymers without
protein nanocages, by contrast, leads to polymers with high polydispersity that limits uses in
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number of applications. Recently, ferritin bound catalysts has also been shown to
hydrogenate smaller olefins size selectively. The catalytic activity per cage can be
modulated by introducing additional metal binding amino acid residues at the inner surface
of the ferritin nanocage and manipulating the ion channels[43]. Ferritin cages as novel
templates for iron oxide nanoparticles used in the sustainable productions of olefins using
processes such as the Fiescher-Tropsch synthesis [79], remain for future experiments.

Ferritin cages, both 12 and 24 subunit sizes, have been used as templates for metal oxide
nanoparticles and metal oxide semiconductors, and also to produce building blocks for the
fabrication of electronic devices such as floating nanodot memory device or thin film
transistor flash memory[42, 43].

5. Conclusions and Perspective
Ferritins, the complex, highly symmetric, cage structures that synthesize ferric oxo
biominerals as metabolic iron concentrates and antioxidants, are found in all kingdoms of
life. They share self-assemblying protein cages composed of multiple polypeptides (4-α
helix bundles), with multiple embedded oxidoreductase sites, iron entry/exit channels, and a
very large (60% by volume) central mineral growth cavity. Ferritins vary in the number of
subunits (24 or 12) and size, number of channels, location of the active sites, oxidant (O2 or
H2O2), mineral phosphate content and order, and presence or absence of protein-based
nucleation channels that guide mineral order.

The enormous progress made in understanding ferritin protein cages has, nevertheless,
revealed a number of complex problems that remain to be solved such as: 1. Cytoplamsic
delivery and removal of ferritin iron, i.e. identifying ferritin binding partners. 2.
Understanding ferritin pore folding and unfolding rates. 3. Mechanisms of diferric oxo
release from oxidoreductase sites: the role of protein protonation, O-O bond splitting, etc. 4.
Electron transfer and hydration paths during ferritin mineral dissolution. 5. Contributions of
ferritin mineral surface area and order to mineral reduction, dissolution. 6. The transit paths
between Fe2+ reduced and dissolved from ferritin minerals and the ion channels. 7. Protein
based control of mineral crystallinity. 8. Mechanism(s) of movement of Fe3+ O multimers
through α-helical bundles of ferritin protein cages

What purposes will be served by solving the many remaining problems in ferritin structure /
function? First, fundamental understanding of highly evolved protein cage function will be
obtained that is also important in virus protein cage formation and supramolecular protein
assembly in general. Second iron chelation therapies will be improved since the iron is
ferritin iron biominerals; disease targets include iron overload in transfusional treatments for
Sickle Cell disease and Thalassemia and hereditary hemochromatosis and nervous system
diseases such as Friedreich’s ataxia. Finally, the ability to manipulate ferritin protein cages
more completely in nanotechnology such as the use of both inner and outer surfaces of the
ferritin nanocages as templates in homogeneous nanomaterial synthesis, nanocatalysts for
sustainable of hydrocarbons, carrier in targeted drug delivery, synthesis and encapsulation of
imaging agents, nanocatalysis and nanoelectronics, and possibly will be enhanced by the
ability to admit lager catalytic centers, control nanomaterial order for new applications.
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HIGHLIGHTS

• Ferritins synthesize of caged hydrated ferric oxide nanominerals as metabolic
iron concentrates and antioxidants, trapping Fe from damaged proteins O.

• Multiple (24 or 12 polypeptides), folded in 4-α-helix bundles, self -assemble to
form ferritin cages.

• Fe2+ enters and exit water soluble ferritin through ion channels, similar to
membrane ion channels,

• Fe2+ and O react at diiron oxidoreductase sites to initiate mineral synthesis with
diferric oxo complexes and in some ferritins larger, protein-based, ferric
multimers.

• Ferrtin proteins cages care are being developed for nanomatierals, nanocatalysts,
nanodevices and tissue imaging
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Figure 1. Eukaryotic ferritin
A. The protein cage. B. Outline of one of the eight Fe2+ entry and exit ion channels showing
the N-terminal gate (Black) and mid channel constriction [28, 32]. Downward arrows show
the direction of Fe2+ transit and distributions to multiple oxidoreductase sites; the upward
show Fe2+ leaving the cage after mineral dissolution by external reductant. C. A cross-
section of the ferritin protein cage showing a full Fe2O3• H2O mineral; in nature the average
filling of the cage is 1000–2000 Fe atoms but the range form a given tissue an be from < 1
iron to 4000 Fe/cage. Helices are shown in yellow; the channels form from helical segments
of three polypeptide subunits around the three fold axes of the cage. D. Fe2+ exit increases in
ferritin variants with amino acid substitutions at conserved Fe2+ ion channel residues. The
figure is constructed from the author’s work in [1] [28], [32]
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Figure 2. Diiron site structures of different types of ferritins and related diiron protein
(a) Frog M ferritin based on the spectroscopic analysis and Mg-bound structure (1MFR), (b)
Ribonucleotide reductase (1PFR), (c) Microbial ferritin from Pyrococcus furiosus (2JD7),
(d) E. coli bacterioferritin (3E1M), (e) Dps1 from Bacillus anthracis (1JI5), and (f) Co2+-
bound frog M ferritin (3KA4). Four Co2+ were observed around oxidoreductase site. Several
residues near Fe2 site showed two conformations.
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Figure 3. Synthesis and incorporation of nanomaterials/nanoparticles inside the multi-subunit
ferritin nano cavity for catalysis and targeted drug delivery
A. The smaller chemicals, preferably positive charged metal complexes easily diffuse in to
the ferritin nanocavity through the 3-fold ion channels by incubation with the intact ferritin
cage and nanoparticle synthesis takes place inside the cavity. Bigger nanoparticles (< 8 nm)
encapsulated by disassembling/reassembling of multi-subunit ferritin nanocage. B. Both
external and internal ferritin cage surfaces modified either by genetically/or chemically to
use ferritin nanocage containing nanomaterial for the targeted delivery and to improve
catalysis/synthesis. Purple-ferritin polypeptide subunits.
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