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Nanoparticles of iron phosphate, iron arsenate, iron molybdate, and iron vanadate were synthesized within the 8
nm interior of ferritin. The synthesis involved reacting Fe(II) with ferritin in a buffered solution at pH 7.4 in the
presence of phosphate, arsenate, vanadate, or molybdate. O2 was used as the oxidant to deposit the Fe(III) mineral
inside ferritin. The rate of iron incorporation into ferritin was stimulated when oxo-anions were present. The
simultaneous deposition of both iron and the oxo-anion was confirmed by elemental analysis and energy-dispersive
X-ray analysis. The ferritin samples containing iron and one of the oxo-anions possessed different UV/vis spectra
depending on the anion used during mineral formation. TEM analysis showed mineral cores with ∼8 nm mineral
particles consistent with the formation of mineral phases inside ferritin.

Introduction

The ferritin protein functions in biological systems to
sequester and store excess iron. These iron reserves can be
accessed when the organism is exposed to iron-limiting
growth conditions.1 Ferritin is composed of 24 similar
subunits that interact to form a spherical protein complex
with a hollow interior.2 The protein shell functions as an
insulator to protect other cellular components from biologi-
cally dangerous reactions catalyzed by iron. The iron enters
and leaves the ferritin protein through channels that form at
subunit interfaces or through pores in the folds of the
individual protein subunits.2,3 The interior cavity of ferritin
is ∼8 nm in diameter and has an interior volume that can
store up to 4500 iron atoms as an iron oxide-hydroxide
mineral.2 Along with iron, ferritin also accumulates phosphate
within the ferritin mineral core.4,5 The phosphate content
associated with the iron mineral core differs depending on
the type of cells used as the source of the ferritin. As isolated,
mammalian ferritin contains approximately 10 iron atoms/

phosphate group,6 whereas the phosphate content of plant7

and bacterial ferritin8-12 is much higher with an iron-to-
phosphate ratio approaching a 1:1 ratio in bacterial ferritin.
In mammalian ferritin, phosphate appears to be primarily
bound on the iron mineral surface and has been shown to
provide binding sites for incoming iron atoms.5,8,13Another
role for phosphate is to catalyze the oxidation of Fe2+ ions
on the mineral core surface of ferritin.14

The ∼8 nm diameter cavity of ferritin and the ability to
bind large numbers of iron atoms make ferritin a target of
study for encapsulating alternate metal minerals into ferritin
for nanomaterial applications (see below). Furthermore,
ferritin possesses other properties that make it useful for the
synthesis of materials. Ferritin is stable over a large pH range
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(2-10) and is stable at temperatures up to 70°C.15 Ferritin
forms 2-dimensional crystals on surfaces forming ordered
patterns.16 The ordered arrangement of ferritin molecules
leads to the concomitant deposition of the metal cores in an
ordered 2-dimensional array. High temperatures (400-500
°C) can be used to pyrolize the protein shell leaving the metal
core deposited on the indicated substrates. These properties
of ferritin can be used to template the ferritin protein in
ordered arrays to align metal particles for materials applica-
tions.

Previous efforts to prepare ferritin samples substituted with
nonnative metal cores have been successful. These synthetic
procedures include the preparation of ferritins containing
cobalt,15,17 manganese,18 iron sulfide,19 cadmium sulfide,20

uranium,21,22cobalt and platinum,23-25 nickel,26 chromium,26

and magnetite.20 Uses for ferritin with such synthetic cores
include medical imaging, radiopharmaceuticals, quantum dots
and nanobatteries, photocatalysts, and magnetic memory
devices.

The goals of the present work were 2-fold. The entry
pathway for phosphate into ferritin is unknown; therefore,
the first goal was to design experiments that might provide
insight about the process of phosphate entry into ferritin.
The second goal was to determine if phosphate analogues
could be incorporated into ferritin. The second goal, if
successful, will provide a new synthetic method for preparing
iron/oxo-anion nanomaterials in ferritin. The catalytic prop-
erties of bulk iron/oxo-anion complexes of iron phosphate,
iron vanadate, and iron molybdate have been documented.27-31

The synthesis of these iron/oxo-anion complexes in ferritin,
followed by depositing ferritin arrays on silica, gold, or other
surfaces, can be used to prepare and template nanocatalysts
of these materials. This paper reports the successful synthesis
and initial characterization of iron arsenate, iron vanadate,
and iron molybdate cores inside the ferritin protein.

Experimental Section

Iron Incorporation. Apo-horse spleen ferritin was purchased
from Sigma. Ferritin samples were reconstituted with iron or were
reconstituted with iron in the presence of one of the oxo-anions,
phosphate, arsenate, vanadate, or molybdate, using the following
procedure. An apo-ferritin solution (0.25µM, 2.5 mL) was prepared
in 0.1 M Mops buffer pH 7.4, 0.05 M NaCl. The indicated oxo-
anion (phosphate, arsenate, vanadate, or molybdate) was added to
the apo-ferritin solution for a final oxo-anion concentration of 1.0
mM. This solution was stirred aerobically in a cuvette in an Ocean
Optics Chem 2000 UV/vis spectrophotometer, and Fe2+ ions were
added from either a 0.010 M FeSO4 or 0.010 M FeCl2 stock solution
to a final concentration of 50µM (∼200 Fe2+/ferritin). The iron
loading into ferritin was monitored spectrophotometrically at 350
nm versus time. A control sample with no oxo-anion added was
prepared using the identical procedure described above except an
equal volume of buffer was added in place of the phosphate
analogue to prepare the control sample under the identical volume
as the other samples. After the first addition of Fe2+ ions was
monitored spectrophotometrically, the sample was removed from
the spectrophotometer and stirred aerobically while 9 more additions
of Fe2+ ions were added at 15 min intervals for a theoretical loading
of 2000 Fe/ferritin. Another control was performed to determine
the quantity of phosphate, arsenate, molybdate, or vanadate that
bound to ferritin in the absence of added Fe2+ ions. Control samples
were prepared identically to the above samples; only buffer was
added in place of Fe2+ ions.

After the addition of iron and the indicated oxo-anion, the
samples were centrifuged to remove any precipitated protein or
small iron/oxo-anion complexes that may have formed during the
incubation (complexes of Fe2+ and Fe3+ with the oxo-anions used
are insoluble). The samples were then passed over a Sephadex G-25
column (1× 20 cm) to separate any unbound iron or oxo-anions.
A second, independent method to remove unbound ions was also
employed. Unbound metals were removed using Amicon Ultra
centrifugal filter devices with either a 30 000 or 100 000 molecular
weight cutoff. The samples were concentrated to 200µL and diluted
with 5 mL 0.1 M Mops buffer pH 7.4 containing no iron or oxo-
anions. The process of concentrating the protein to 200µL and
dilution was repeated 4 times to remove all unbound ions. Both
methods used to remove unbound metals gave identical results.
Protein concentrations were determined using the Lowry method.32

Elemental Analysis and UV/Vis Spectra. After unbound iron
and oxo-anions were removed from the ferritin sample, the iron
and oxo-anion concentrations of the samples were measured by
inductively coupled plasma emission spectroscopy (ICP). The
samples for ICP were prepared by removing an aliquot of each
sample and denaturing the protein in 4% HNO3. The ICP analysis
was performed using the Perkin-Elmer Optima 3000 ICP spec-
trometer. Using the elemental analysis, the iron concentration of
each sample was set at 0.25 mM Fe and the spectrum of each
sample was recorded. Extinction coefficients were determined at
350 nm by taking the absorbance of each sample and dividing by
the iron concentration of 0.25 mM Fe.

Iron Oxidation State and Mineral Release from Ferritin. The
oxidation state of the iron in the new minerals was tested by treating
the samples withR,R′-bipyridine to complex Fe2+ ion. Four aliquots
were taken from each sample 15 min after the final addition of
Fe2+ ions and reacted withR,R′-bipyridine. The first aliquot was
analyzed spectrophotometrically, and the absorbance at 520 nm was
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used to detect the amount of Fe2+ ion present (ε520 ) 8400 M-1

cm-1). The other three aliquots were incubated for 1 h at 4, 23,
and 37°C to determine if Fe2+ ion release from the new mineral
was slow or temperature dependent. After 1 h the samples were
read at 520 nm to determine the amount of Fe2+ ion released.
Finally, the samples were treated with dithionite to reduce the iron
in the mineral core so the complete iron content could be analyzed.

Electron Microscopy. Transmission electron microscopy samples
were prepared on SPI holey carbon coated Cu grids and were
imaged using a JEOL-Jem 2010 electron microscope at 40, 50, and
120 keV using an Oxford ISIS energy-dispersive X-ray analysis
system. Samples were prepared by applying an aqueous ferritin
solution onto a 200-mesh carbon-coated Cu TEM grid followed
by air-drying the sample.

Results

Iron Incorporation. The kinetics of iron incorporation
into ferritin has been studied previously using spectropho-
tometric methods by monitoring the absorbance change at
several wavelengths between 310 and 420 nm.33-39 This
change in absorbance has been attributed to the formation
of the Fe(III) oxide hydroxide mineral core in ferritin. Using
these established methods, the incorporation of iron into
ferritin was monitored in the absence and presence of the
indicated oxo-anions.

Figure 1 shows data for the addition of 200 Fe2+ ions/
apo-ferritin in the presence and absence of various oxo-
anions. Several interesting differences are observed between
the kinetic curves. The first difference is that the initial rate
of iron binding and oxidation is slowest in the control sample
containing no oxo-anions. The sample prepared in the

absence of a phosphate analogue has a sigmoidal curve. The
sigmoidal progression of iron loading into ferritin has been
observed previously35 and an explanation for this observed
behavior proposed by ref 40. The presence of an oxo-anion
produces a faster initial rate in each case and changes the
shape of the curve from sigmoidal to hyperbolic (Figure 1).
Further analysis of Figure 1 shows that the final absorbance
of the various samples is different from the iron-only control
although 200 Fe2+ ions/ferritin were added to each instance.
Data in Table 1 indicate that the different final absorbance
in each sample is due to the formation of different iron oxo-
anion minerals in ferritin that possess different extinction
coefficients.

After the samples shown in Figure 1 were treated with 9
more additions of iron, the unbound ions were separated from
the protein by gel-filtration chromatography or centrifugal
filter separation techniques, and elemental analysis was
performed to determine the extent of iron and oxo-anion
loading into ferritin samples. Significant quantities of oxo-
anions were associated with the ferritin cores (Table 1). An
interesting observation is that all of the oxo-anions studied
were incorporated into ferritin at higher ratios than the native
phosphate. Molybdate and arsenate were incorporated into
ferritin at approximately 2 Fe/oxo-anion, whereas vanadate
was found at a higher ratio than iron (1 Fe/1.3 V). Control
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Figure 1. Change in absorbance at 350 nm was monitored vs time for a
stirred solution of ferritin containing (O) no oxo-anion (iron-only control),
(4) 1.0 mM phosphate, (0) 1.0 mM arsenate, (b) 1.0 mM molybdate, or
(2) 1.0 mM vanadate prepared in a spectrophotometer. The arrow indicates
the addition of 200 Fe2+ ions/ferritin from a 0.01 M FeSO4 stock solution.

Figure 2. Spectra of ferritin samples loaded with 2000 iron atoms/ferritin
with (O) no oxo-anion present (iron-only control), (2) 1.0 mM phosphate,
(0) 1.0 mM arsenate, (b) 1.0 mM molybdate, or (4) 1.0 mM vanadate.
Unbound ions were separated from ferritin by gel filtration chromatography.
The samples were adjusted to the same iron concentration (0.25 mM), and
the spectrum of each sample was recorded on an Agilent 8453 diode array
spectrophotometer. The line at 350 nm indicates the wavelength used to
monitor iron loading in Figure 1.

Table 1. Elemental Analysis of Ferritin Samplesa

sample Fe/HoSF anion/HoSF
Fe/oxo-
anion ε350nm

apo-HoSF+ PO4
3- 6 ( 1 11( 1 NA NA

apo-HoSF+ AsO4
3- 5 ( 1 23( 4 NA NA

apo-HoSF+ VO4
3- 4 ( 2 ND NA NA

apo-HoSF+ MoO2
2- 6 ( 1 16( 1 NA NA

apo-HoSF+ Fe2+ ions 2098( 17 ND NA 2325
apo-HoSF+ PO4

3- + Fe2+ 1491( 160 319( 14 4.7:1 1783
apo-HoSF+ AsO4

3- + Fe2+ 1697( 103 761( 47 2.2:1 2053
apo-HoSF+ VO4

3 + Fe2+ 1685( 156 2255( 74 1:1.3 3659
apo-HoSF+ MoO2

2 + Fe2+ 1934( 41 1261( 90 1.5:1 2148

a Samples were prepared as described in the Experimental Section. The
ε350nmvalues were calculated by preparing all samples at 0.25 mM Fe and
recording the absorbance at 350 nm. The abbreviations are as follows:
HoSF, horse spleen ferritin; ND, not detected; NA, not applicable.
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experiments indicate that less than 24 oxo-anions (∼1/
subunit) bind to apo-ferritin in the absence of added iron,
showing that the incorporation of oxo-anion requires both
iron and oxo-anion. This observation is consistent with the
observations for phosphate binding to apo-bacterial ferritin
where only 6 phosphate ions were reported to bind to apo-
bacterial ferritin.39 Table 1 also shows the extinction coef-
ficients for the oxo-anion-containing samples at 350 nm.

Electron Microscopy. Transmission electron microscopy
was used to evaluate the loading of the iron and oxo-anions
and to confirm that the minerals formed inside the ferritin
interior (Figure 3). Analysis of ferritin loaded with each of
the oxo-anions (Figure 3B-E) revealed electron dense
mineral cores consistent with the∼8 nm interior of ferritin
and comparable to the sample loaded with iron in the absence
of oxo-anions (Figure 3A). Ferritin samples containing oxo-

Figure 3. Transmission electron micrographs of ferritin containing (A) only iron (40 keV), (B) iron and phosphate (40 keV), (C) iron and arsenate (120
keV), (D) iron and vanadate (40 keV), and (E) iron and molybdate (50 keV). The inset in each sample shows the energy-dispersive X-ray analysis (edxa)
data indicating the presence of iron and the appropriate element for the indicated oxo-anion; Cu is also shown in the edxa data due to the Cu sample holder.
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anions in the mineral cores showed no electron diffraction
from these cores suggesting that the material was amorphous.
This result is consistent with previous observations for ferritin
samples containing high phosphate content.8,10,41 Energy-
dispersive X-ray analysis of the cores provided a qualitative
comparison to the ICP data indicating the presence of iron
and the oxo-anion loaded at similar ratios observed in Table
1. The presence of Cu from the TEM grids was also
observed. TEM data establish that the iron and the oxo-anions
are sequestered inside ferritin and form cores similar to that
of native ferritin.

UV/Vis Spectra. The samples shown in Table 1 were
prepared at an iron concentration of 0.25 mM, and the
spectrum of each sample was recorded. The results are shown
in Figure 2. As expected from Figure 1, the sample
containing only iron has a higher absorbance at 350 nm than
the samples containing phosphate, arsenate, and molybdate.
Note that the samples here were loaded with∼2000
Fe/ferritin in the presence of 1.0 mM concentrations of the
indicated oxo-anions. The data in Figure 1 are the rate of
iron loading during the first addition of the 10 additions that
produced the sample analyzed in Figure 2. The sample
containing vanadate has the highest absorbance through the
range from 250 to 550 nm. Since each sample contains the
same iron concentration, the extinction coefficient for the
absorbance of the iron oxo-anion complex of each sample
could be determined at 350 nm, and the results are shown
in Table 1. Since the extinction coefficients are different for
each iron oxo-anion complex, we conclude that a different
iron oxo-anion mineral forms in each ferritin sample.

Mineral Release from Ferritin. After the preparation of
a new mineral core containing 1000 Fe/ferritin in the
presence of phosphate, arsenate, vanadate, or molybdate, the
samples were treated withR,R′-bipyridyl to determine the
oxidation state of the iron. The addition ofR,R′-bipyridyl
15 min after the last addition of iron did not produce the
Fe(bipy)32+ complex (observed at 520 nm). This observation
indicates that no Fe2+ ions were present in solution.
Furthermore, it indicates that no Fe2+ ions were available to
be chelated from the interior of ferritin. Each sample was
incubated at 4, 25, or 37°C for 1 h and measured again for
the formation of the Fe(bipy)3

2+ complex. No increase in
the Fe(bipy)32+ complex was observed after this treatment.
Finally, sodium dithionite was added to chemically reduce
the iron in the mineral core and the Fe(bipy)3

2+ complex
formed rapidly. These studies indicate that the oxidation state
of the iron in each of the oxo-anion complexes was Fe(III).
The concentration of iron matched the total iron added and
confirms that all of the iron was released from ferritin by
dithionite and bipyridyl treatment.

Discussion

The results presented are consistent with the interpretation
that phosphate and the analogues of phosphate used in this

study stimulate the rate of iron loading into ferritin and
become incorporated into the resulting mineral core. These
results have implications toward many aspects of ferritin
research. Since phosphate occurs naturally in cells, the
observation that phosphate stimulates the rate of iron loading
into ferritin may be physiologically relevant to properly
understand the iron loading process in vivo. Furthermore, V
and Mo have biological roles as catalysts in the active sites
of some enzymes42-44 and the incorporation of anions of
these metals into ferritin indicates the possibility that these
metals may be stored in ferritin in vivo. Finally, the 8 nm
interior diameter of ferritin has previously been used as a
constrained reaction environment for the synthesis of nano-
materials. The use of oxo-anions may provide a new synthetic
route to prepare nanomaterials in the core of ferritin. These
issues will be discussed in the context of the results presented
above.

In Figure 1, the iron loading curves suggest that the oxo-
anions stimulate the rate of iron loading into ferritin. The
loading in the presence of oxo-anions produces a hyperbolic
kinetic curve compared to the sigmoidal curve in the control
without oxo-anions. The sigmoidal shape of the curve can
be explained using a two-step model for iron loading. The
early, slower section of the curve has been attributed to iron
oxidation at the ferroxidase center.40 The effect of iron
binding and oxidation at the ferroxidase site occurs with less
than 50 Fe/ferritin.40 As the mineral core begins to form,
iron oxidation begins to occur at the mineral core surface.35,40

The observed behavior is understandable if the oxidation of
iron on the mineral core surface is faster than the oxidation
occurring at the ferroxidase center. Therefore, the sigmoidal
curve for the iron only sample is the expected result for 200
Fe2+ ions added/ferritin. The presence of oxo-anions appar-
ently alters this mechanism. Several factors could be involved
in this change in the iron loading process. Cheng et al.
proposed that phosphate could bind at the ferroxidase site
and shift the redox potential to a more negative value
increasing the rate of iron oxidation.45 Similarly, Aitken-
Rogers et al. suggested that phosphate may bridge the iron
atoms bound at the ferroxidase site but proposed that the
most likely mechanism was probably a remote interaction
near the ferroxidase site.39 Cheng et al. further identified a
role for phosphate in stimulating the rate of iron migration
from the ferroxidase site to the interior of the ferritin.45 Huang
et al. and Johnson et al. demonstrated that phosphate
promotes iron binding to the mineral core surface and causes
a stimulation in the rate of oxidation of the Fe2+ ion bound
on mineral core surface.13,46 It is possible that the presence
of oxo-anions during the nascent formation of the mineral
core allows the surface oxidation reaction to occur at a much
lower iron loading than in the absence of oxo-anions. If this
is the case, the observed stimulation of the rate of iron
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1987, 198, 405-416.

(42) Slebodnick, C.; Hamstra, B. J.; Pecoraro, V. L.Met. Sites Proteins
Models1997, 89, 51-108.

(43) Chasteen, N. D.Met. Ions Biol. Syst.1995, 31, 231-47.
(44) Hille, R. Chem. ReV. 1996, 96, 2757-2816.
(45) Cheng, Y. G.; Chasteen, N. D.Biochemistry1991, 30, 2947-2953.
(46) Johnson, J. L.; Cannon, M.; Watt, R. K.; Frankel, R. B.; Watt, G. D.

Biochemistry1999, 38, 6706-6713.

Nanophase Iron Minerals

Inorganic Chemistry, Vol. 44, No. 9, 2005 3207



incorporation into ferritin may be a combined effect of the
oxo-anions stimulating the rate of iron transport across the
protein shell into the interior of ferritin followed by a
stimulated rate of iron oxidation on the mineral core surface.
This suggests that a small iron phosphate (or iron oxo-anion)
complex located at the nucleation site at the interior of ferritin
will bind and oxidize Fe2+ earlier in the mineralization
process than an iron mineral lacking an oxo-anion. Further
experiments are required to provide more mechanistic
information regarding the iron loading process in the presence
of oxo-anions. It is interesting to note that Paques et al.
reported a hyperbolic iron-loading curve when performing
iron incorporation experiments using the buffer dimethyl
arsenate, an analogue of arsenate used in this study.35

Many factors may influence the formation of these new
iron/oxo-anion mineral cores. These include oxo-anions size,
charge, geometry, and protonation state. Each of these anions
is tetrahedral in geometry with the exception of certain
species of V and Mo, which may exist as polymers (see
below). The size increases with the ionic radius of each anion
as follows: PO4

3- ) 210 pm, AsO4
3- ) 234 pm, VO4

3- )
258 pm, and MoO42- ) 264 pm (calculated from Pauling
ionic radius tables). Crystallographic analysis of the 4-fold
channel of ferritin suggest that a 200 pm diameter molecule
could diffuse through this channel making these anions
slightly too large for entry through this pore.47 Similar
calculations can be made for diffusion through the 3-fold
channel since Ca2+ was observed in the crystal structure and
is coordinated by 6 oxygen ligands from carboxylate groups.
With a Pauling ionic radius of 99 pm, the diameter of Ca2+

is 198 pm indicating that this channel is also too small to
accommodate the oxo-anions without invoking a breathing
motion to allow these anions to pass through the channel.
Since the largest anion, molybdate, was incorporated at a
higher ratio than the smallest anion, phosphate, we postulate
that the increased anion size does not have sufficient steric
effects to be inhibitory toward the normal mechanism of
anion entry into ferritin.

The mechanism for anions entering the interior of ferritin
is difficult to understand. Molecular diffusion experiments
of small nitroxide spin probe radicals (7-9 Å) showed that
positively charged species entered the ferritin core but
negatively charged species did not enter ferritin.48 Calcula-
tions of electrostatic gradients of the ferritin protein surface
show that the 3-fold channels are negatively charged and
promote the entry of cations but the large negative potentials
at the 3-fold and 4-fold channels should repel the oxo-
anions.3 Additional electrostatic gradient calculations and
examination of alternate entry sites are underway to deter-
mine how anions enter and leave the interior of ferritin.

The speciation state of each anion in solution is another
property that may affect iron loading into ferritin. At pH
7.4 the predominant protonation state of the phosphate and

arsenate anions will be∼70% HPO4
2- and HAsO4

2- ions
with the other species H2PO4

- and H2AsO4
- present at about

30%. Vanadate will exist as H2VO4
- or may form VO3

-. It
is possible that changing the shape and charge and proto-
nation state to VO3- could significantly increase the rate of
iron incorporation into ferritin. Control experiments with the
analogue NO3- (data not shown) showed no change in iron
incorporation into ferritin compared to the iron only control
suggesting that the VO3- species was not responsible for
the increased rate of vanadate loading into ferritin (data not
shown). At higher concentrations vanadate may exist as
V3O9

3- or V4O12
4- 49 and molybdate polymers (Mo2O7

2-) also
exist at intermediate pH.50 It is assumed that the larger size
of polymers would have difficulty passing through the
channels of ferritin and are not further considered. The effect
of charge may alter the effectiveness of incorporating the
anions into ferritin. Assuming the major species at pH 7.4
are HPO4

2-, HAsO4
2-, and H2VO4

- or VO3
-, a slight deficit

in charge is found for vanadate. Molybdate as MoO4
2- has

charge similar to those of HPO42- and HAsO4
2- but has a

different protonation state. The data in Table 1 show no
obvious trend for the effect of charge of the anions used.

Figure 1, Figure 2, and Table 1 all show that the presence
of the oxo-anions alter the absorbance properties of the
resulting mineral formed in ferritin. One explanation for the
lower final absorbance of the phosphate, arsenate, and
molybdate samples in Figure 1 is that some of the added
Fe2+ ions could have precipitated in solution by forming
insoluble iron oxo-anion complexes. Fe2+ and Fe3+ oxo-anion
complexes are quite insoluble (Fe2(PO4)2 Ksp ) 1 × 10-36,
FePO4 Ksp ) 4.0 × 10-27, Fe3(AsO4)2 Ksp ) 1.8 × 10-41,
FeAsO4 Ksp ) 1.26× 10-21, Fe(VO3)2 Ksp ) 1.6 × 10-18,
FeMoO4 Ksp ) 1.7× 10-9).51,52The elemental analysis shows
that the phosphate, arsenate, vanadate, and molybdate
samples loaded 71%, 80%, 80%, and 92% of the theoretical
loading of the iron only sample. Although these data suggest
that a portion of the iron did precipitate under these
experimental conditions, they also demonstrate the remark-
able iron sequestering ability of ferritin to internalize a 200-
fold excess of iron in a 1.0 mM oxo-anion solution
considering the solubility product data reported above. In
fact, control experiments without ferritin form insoluble
precipitates immediately upon the addition of iron to the
solutions, demonstrating the ability of ferritin to direct added
iron into its interior despite the competing low solubility of
nonspecific iron/oxo-anion mineral formation reactions. The
altered absorbance properties of ferritin were confirmed by
preparing the samples at a constant iron concentration and
demonstrating that a new iron/oxo-anion mineral is formed
in the presence of each oxo-anion and that these new mineral
phases each have a different extinction coefficient. Decreased

(47) Hempstead, P. D.; Yewdall, S. J.; Fernie, A. R.; Lawson, D. M.;
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extinction coefficients have been reported for iron cores
prepared in the presence of phosphate during iron loading
experiments.5,39

The electron micrograph (EM) data confirm that the iron
oxo-anion complexs form discrete mineral particles of a size
consistent with the interior dimensions of ferritin suggesting
that the mineral is sequestered inside the protein shell of
ferritin. This interpretation could be inferred from the
elemental analysis data due to the extremely large number
of ions associated with the ferritin, but the EM data confirm
this interpretation of the data. The cores formed with the
phosphate analogues all lacked electron diffraction properties
indicating that they are similar in nature to the amorphous
iron phosphate cores previously studied.8,10,41

The incorporation of molybdate and vanadate into ferritin
is interesting because each of these metals has biological
function at the active sites of enzymes.42-44 Furthermore,
vanadium has been reported to be a native component of
horse spleen ferritin at levels of 5-10 V/ferritin.53 Analysis
of native holo-horse spleen ferritin samples (containing
∼1500 Fe/ferritin) obtained directly from Sigma showed that
20 atoms of V and 10 atoms of Mo were present. We propose
that ferritin may act as a storage site for these metals in
biological systems as well as for iron.

The incorporation of Mo and V into ferritin in the presence
of iron also introduces the concept of co-incorporating
multiple transition metal ions into ferritin for materials
synthesis applications. Ferritin samples have been prepared

containing many interesting nonnative metal cores such as
Co,15 Mn,18 CdS,20 FeS,19 CoPt,23 and U.21,22 The cominer-
alization of metal ions with phosphate analogues may present
a new and novel synthetic route to preparing protein-
encapsulated nanomaterials with new and interesting proper-
ties.

Conclusions

The data presented demonstrate that the oxo-anions
arsenate, molybdate, and vanadate are sequestered along with
iron inside the protein shell of ferritin in a fashion similar
to that of the native phosphate anion. The incorporation of
these anions resulted in an increased rate of iron oxidation
as well as an altered final absorbance of the resulting mineral
cores (Figure 1). Elemental analysis confirms that large
quantities of iron and the oxo-anions migrate with the ferritin
protein through gel filtration chromatography suggesting that
the mineral phase is sequestered inside the ferritin protein
shell. TEM results confirm that an amorphous mineral phase
is present in discrete 8 nm particles consistent with the
formation of iron mineral cores inside the 8 nm interior of
the ferritin protein. Taken together, these data demonstrate
that the oxo-anions arsenate, vanadate, and molybdate are
readily incorporated into ferritin during iron loading in the
same manner as the native phosphate anion.
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