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Horse spleen ferritin is a naturally occurring iron storage protein, consisting of a protein shell encapsulating a
hydrous ferric oxide core about 8 nm in diameter. It is known from prior work that the protein can be adsorbed
onto the surface of tin-doped indium oxide (ITO) electrodes, where it undergoes voltammetric reduction at
about —0.6 V vs. Ag/AgCl. This is accompanied by dissolution of Fe?* through channels in the protein shell. In
the present work, it is demonstrated that a pre-wave at about —0.4 V vs Ag/AgCl is due to the reduction of
FePO, also present inside the protein shell.

In order to prove that the pre-wave was due to the reduction of FePQy, it was first necessary to prepare 8§ nm
diameter hydrous ferric oxide nanoparticles without protein shells, adsorb them onto ITO electrodes, and then
study their electrochemistry. Having achieved that, it was then necessary to establish that their behaviour was
analogous to that of ferritin. This was achieved in several ways, but principally by noting that the same
electrochemical reduction reactions occurred at negative potentials, accompanied by the dissolution of Fe(ir).

Finally, by switching to aqueous phosphate buffer, the pre-wave could be unambiguously identified as the
reduction of FePO, present as a thin layer on the hydrous ferric oxide nanoparticle surfaces.

Although the bare and protein-coated hydrous ferric oxide nanoparticles were found to behave identically
toward electrochemical reduction, they nevertheless reacted very differently towards H>O,. The bare
nanoparticles acted as potent electrocatalysts for both the oxidation and the reduction of H,O,, whereas the
horse spleen ferritin had a much lesser effect. It seems likely therefore that the protein shell in ferritin blocks the
formation of key intermediates in hydrogen peroxide decomposition.

Introduction

One third of all proteins are metalloproteins. Ferritins' are a
special type of metalloprotein that play a key role in iron
metabolism in animals, plants, fungi and bacteria. They have
the capacity to remove ferrous ions (Fe’") from solution,
oxidize them, and store the resulting ferric ions (Fe* ") in their
interior.>

All ferritins are composed of 24 protein sub-units arranged
in the 432 point group.! That is, all ferritins share the same
tertiary structure, with four 3-fold axes of symmetry arranged
along the major diagonals of an imaginary cube, and three 4-
fold axes of symmetry passing between opposite faces of the
same cube. Their molecular weight is circa 460 kDa. When
assembled, the 24 protein sub-units form a hollow, roughly
spherical, shell with an outside diameter of 10-12.5 nm
(depending upon the species), and an inside diameter of 8.0
nm. In mammals, two types of protein sub-unit have been
identified.* The first is called the heavy (H) sub-unit and has a
molecular weight of 21 kDa. This contains a ferroxidase site
where the oxidation of Fe?™ likely takes place. The second
sub-unit is called the light (L) sub-unit and has a molecular
weight of 19 kDa. Regardless of sub-unit composition, iron is
always stored as an inorganic compound: predominantly
hydrous ferric oxide (HFO) in animals, and possibly as a
hydrous ferric phosphate (HFP) in bacteria.

Outside the central cavity, the 24 protein sub-units pack
seemlessly together, except at the six 4-fold junctions and eight
3-fold junctions, where multiple sub-units meet. At those
points, special channels exist. The 4-fold channels, which are
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lined with leucine residues, are hydrophobic. By contrast, the
3-fold channels, which are lined with glutamate and aspartate
residues, are hydrophilic. The details of the Fe>" ion transport
and oxidation processes inside ferritin are not settled, but it
seems likely that soluble Fe’" ions enter the protein shell
through the hydrophilic 3-fold channels, and are oxidized to
insoluble Fe** ions in the protein interior.> (Non-complexed
Fe** ions are of course immobile at physiological pH, due to
their insolubility.)

Little is known about the crystal structure of the hydrous
ferric oxide (HFO) that is formed in the protein interior,
because the particle size is too small to yield highly resolved X-
ray diffractograms. In the literature the crystal structure of the
particles is often said to be that of ferrihydrite, but con-
firmatory data are lacking.® The situation is complicated by
the fact that all hydrous ferric oxides are built up from
Fe(O,0H)q octahedra, and differ only in the ways that the
octahedra are linked; via corners, edges or faces. This makes
them difficult to distinguish—and also makes them prone to
form mixed intergrowths. In addition, Fe atoms at surfaces or
defects tend to be octahedrally coordinated to H,O ligands,
which creates compositional uncertainty. For large particles,
this might not be a significant problem, but for 8 nm particles,
fully one third of the iron atoms are surface atoms.

Besides the above difficulties, it is known that phosphate
anions also play a complicating role.® It is a commonplace
observation of mineral chemistry that phosphate anions have a
strong affinity for hydrous ferric oxide. Moreover, inside fer-
ritin, the HFO particle must contain less than 4500 Fe(O,0H)¢
octahedra in order to fit inside the 8 nm cavity. This means,
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that the ratio of phosphate to iron for mammalian ferritin can
reach 10%, with phosphate possibly adsorbed on the surface
of the HFO. In bacteria the ratio of phosphate to iron can
reach 50%, suggesting even more complex chemistry. An
important question is therefore: what is the role of phosphate
in the redox chemistry of ferritin?

To answer this question, we compare the electrochemical
behaviour of two types of hydrous ferric oxide nanoparticle,
protein-coated and ‘bare’, in phosphate buffer solutions. This
is made possible by the fact that both types of nanoparticle
readily adsorb onto tin-doped indium oxide (ITO) electrode
surfaces. The adsorption of protein-coated HFO (ferritin) on
ITO has been reported by Zapiens and coworkers.” ' How-
ever, so far as we are aware, the adsorption of bare HFO on
ITO is new. As we shall see, the comparison is fascinating. We
find that almost identical voltammograms are observed in both
cases, despite the presence of the protein shell surrounding the
HFO in the ferritin core. How electrons tunnel through this
shell and into the core is a mystery. However, it appears that
the protein shell remains intact, because the rate of oxidation
of hydrogen peroxide remains much less on adsorbed ferritin
than on adsorbed HFO.

Experimental

Reagents

Chemical reagents FeCly;, FeCl,-4H,O (Avocado), HNO;
(Aldrich), K,HPO,, KH,PO, (BDH), and H,O, (27.5 wt%,
Aldrich) were obtained commercially and used without further
purification. Demineralized and filtered water was taken from
an Elga water purification system (Elga, High Wycombe, UK)
and had a resistivity of not less than 18 MQ cm. Phosphate
buffer solutions (hereafter referred to as PBS) were prepared as
mixtures of K;HPO4 and KH,PO,, and the pH adjusted by
addition of KOH.

Hydrous ferric oxide (HFO) was prepared by Sorum’s
method.'"'? A solution of 0.02 M FeCl; in 50 cm® water was
added slowly to 450 cm?® boiling water (2 drops per second).
Upon completion, the mixture was allowed to cool to room
temperature and then dialyzed against HCIO, (pH 3.5) for 48
h. The resulting deep orange sol of HFO was decanted and
used immediately. Transmission electron microscopy (TEM)
images revealed uniform nanoparticles of HFO about § nm
diameter (Fig. 1).

133 nm
«———»

Fig. 1 TEM image of hydrous ferric oxide (HFO) nanoparticles.
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Some care was needed to ensure that the sol did not
recrystallize to goethite, a-FeOOH, or hematite, a-Fe,05.13
Goethite, the most common iron oxide in soils, is well known
to form by ferrihydrite dissolution and re-precipitation, while
hematite forms from ferrihydrite by internal aggregation and
rearrangement.'* Recrystallization rates are affected by many
factors, but most particularly pH and temperature. Schwert-
mann and Murad'® reported that half conversion of ferri-
hydrite to goethite at 25 °C at pH 12 occurred in < 4 days,
while half conversion to hematite and goethite at pH 7 took
> 100 days. Heating also hastens ferrihydrite recrystallization.
For these reasons, we carried out all experiments within in few
days of HFO preparation, at room temperature.

Horse spleen ferritin (Type I, 69 mg cm ™ in 0.15 M NaCl,
Sigma) was purified prior to use by size exclusion chromato-
graphy through a column (25 mm x 100 mm) packed and
equilibrated with Sephadex-100 (Sigma) in 0.1 M PBS (pH 7)
orin 1.0 M PBS (pH 7).

Apparatus

For voltammetric studies, an Autolab PGSTAT 30 potentio-
stat system (EcoChemie, Netherlands) was employed with a Pt
mesh counter electrode, a BAS Ag/AgCl (3 M NaCl) reference
electrode, and a conical glass cell. Tin-doped indium oxide
electrodes (Image Optics Components Ltd., Basildon, UK)
were 7 mm X 10 mm in area. Transmission electron micro-
scopy (TEM) images were obtained on a Jeol JEM100CX
system operating at 100 kV. Experiments were conducted after
deoxygenating with high purity argon (BOC) for at least 15 min
prior to experiments. The temperature was 22 + 2 °C.

Results and discussion

Voltammetry of the Fe3*/2*

buffer solution

redox couple in phosphate

Fig. 2(a)-(c) shows cyclic voltammograms of 1 mM Fe**
dissolved in 0.1 M phosphate buffer solution at pH 7. The
shapes of the voltammograms are as expected for the reaction

Fe*™ (aq) + HPO,*~ (aq) — FePOy (solid) + H™ (aq) + e~
)]

and the nucleation of FePO, (solid) is visible as the rapid rise
in current on the positive scans. Such voltammograms are
consistent with the fact that although Fe’' is soluble in
phosphate buffer, Fe** is not. This difference in solubility is
particularly apparent when Fe?" solutions are exposed to air:
the rapid oxidation of Fe*" to Fe’* at pH 7 causes a white
precipitate of FePO,4 to form within a few seconds. (The latter
is X-ray amorphous, and may be hydrated.)

Inspection of the potential scale in Fig. 2(a)—(c) also reveals
that, in the presence of phosphate, the equilibrium potential of
the Fe3 /2" couple is shifted by ca. 0.6 V to negative values
when compared to the aqueous Fe’/?" system in hydro-
chloric acid.'® The same shift is evident in the peak potentials
for oxidation and reduction, which are E,”* = —0.27 V versus
Ag/AgCl and E,"! = —0.55 V versus Ag/AgCl, respectively.
This indicates that the negatively-charged phosphate ions
stabilize Fe>* more than Fe**.

Fig. 2(d)—(f) illustrate what happens when the Fe** ions are
removed from the electrolyte solution. The ITO electrode
retains a small but detectable voltammetric response centered
at —0.23 V versus Ag/AgCl. Since the voltammogram is
almost symmetric, and the peak heights increase linearly with
scan rate, this response can only be due to the redox cycling of
a strongly adsorbed monolayer of iron ions. In confirmatory
experiments, we found that the same monolayer could be
formed from 40 mM Fe*' in 0.1 M HNO;, and that it
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Fig. 2 (a)—(c) Cyclic voltammograms of I mM Fe?* ata 10 mm x 7
mm ITO electrode immersed in 0.1 M phosphate buffer solution
(pH 7), at scan rates of (a) 0.1, (b) 0.2, and (c) 0.5 V s, (d)~(f) Cyclic
voltammograms of strongly adsorbed Fe**/?* (adsorbed from a so-
lution of 40 mM FeCl; in 0.1 M HNOj3) on a 10 mm x 7 mm ITO
electrode immersed in 0.1 M phosphate buffer solution (pH 7), at scan
rates (d) 0.1, (¢) 0.2, and (f) 0.5 V s~

remained intact even after exhaustive reduction at —1.0 V vs.
Ag/AgCl in 0.1 M PBS, where soluble Fe>* might otherwise
have been expected to form.

Voltammetry of the insoluble HFO nanoparticles in phosphate
buffer solution

Having considered the voltammetry of soluble Fe3 /2" we

now consider the voltammetry of insoluble HFO nanoparticles.
To obtain this, it was first necessary to dip ITO electrodes in
the deep orange sol of hydrous ferric oxide prepared by Sor-
um’s method (2 mM based on Fe). After rinsing with copious
amounts of deionized water, it was found that the electrode
surface was coated with an adherent layer of HFO nano-
particles. This coated electrode was sufficiently robust to be
transferred to an electrochemical cell containing 0.1 M phos-
phate buffer solution. Fig. 3 shows some typical results. On the
first voltammetric cycle, two reduction peaks are seen, having
E,' = —0.33 V versus Ag/AgCl and E,"' = —0.51 V versus
Ag/AgCl. On the second voltammetric cycle, only one reduc-
tion peak is seen, having EPl = —0.35 V versus Ag/AgCl. We
attribute peak I to the reduction of Fe’" in the FePO,, and
peak II to the reduction of Fe** in the HFO nanoparticles.

HFO (solid) + e~ — Fe?" (aq) + OH™ + H,O 2)

It is clear that peak I’ is the re-nucleation of FePO4 on the
electrode surface.

Quite different results are obtained in the presence of 10 mM
EDTA [Fig. 3(d)]. On the first voltammetric cycle, only one
reduction peak is seen, having EpII = —0.50 V versus Ag/AgCl.
This is doubtless due to the reduction of HFO and the formation
of an Fe(1i1) EDTA complex. This is so soluble that on the second
voltammetric cycle no reactant is left on the electrode.
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Fig. 3 Cyclic voltammograms of bare HFO adsorbed on a 10 mm x
7 mm ITO electrode, at a scan rate of 0.1 V s~!. The solution was 0.1
M phosphate buffer, pH 7. (a) Background, (b) first cycle, (c) second
cycle, and (d) first and second cycle in the presence of 10 mM EDTA.

Voltammetry of horse spleen ferritin in phosphate
buffer solution

Horse spleen ferritin readily adsorbs onto ITO electrodes and
is known to give voltammetric responses associated with the
reduction of its HFO core. Voltammograms of ferritin
adsorbed from a 0.1 M phosphate buffer solution (pH 7) are
shown in Fig. 4. On the first voltammetric cycle, two reduction
peaks are seen, having EpI = —0.41 V versus Ag/AgCl and EpII
= —0.64 V versus Ag/AgCl. On the second voltammetric cycle,
only one reduction peak is seen, having EpI = —0.32 V versus
Ag/AgCl. The similarity of these voltammetric features to
those of bare HFO (Fig. 3) is remarkable. There seems little
doubt that we are observing the same electrochemistry as in
the bare HFO case, despite the presence of the protein shell in
the ferritin case. We are therefore seeing the reduction of
FePQOy4 within the ferritin core.

Parallel results to the bare HFO case are also observed when
EDTA is added. A well-defined reduction peak with EpII =
—0.52 V versus Ag/AgCl is observed on the first voltammetric
cycle, which disappears on the second voltammetric cycle.
Presumably an Fe(n)EDTA complex is formed here too, but
whether this escapes the protein shell is not known. Wherever
the complex finally resides, the redox reaction ““switches off”’.

Fig. 5 shows a cartoon of the overall reaction scheme during
the first voltammetric cycle, in the absence of EDTA. Ferric
phosphate is reduced first, and hydrous ferric oxide (HFO)
second. Upon re-oxidation, ferric phosphate nucleates on the
electrode surface.

Voltammetry in the presence of hydrogen peroxide

The striking similarity between the voltammograms of bare
HFO and ferritin prompts the question: does the protein shell
of ferritin survive the adsorption process on ITO surfaces? To
answer this, it is sufficient to summarise our experiments on a
new phenomenon, discovered during the course of this work,
namely the catalysis of hydrogen peroxide reduction by
adsorbed HFO.
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Fig. 4 Cyclic voltammograms of ferritin adsorbed on a 10 mm x 7
mm ITO electrode, at a scan rate of 0.1 V s~ The solution was 0.1 M
phosphate buffer, pH 7. (a) Background, (b) first cycle, (c) second
cycle, and (d) first and second cycle in the presence of 10 mM EDTA.

Fe 2+

Fig. 5 The three stages of the electrochemical ferritin reduction
process. (A) Reductive dissolution of ferric phosphate, (B) reductive
dissolution of hydrous ferric oxide, and (C) re-oxidation, leading to
ferric phosphate nucleation on the electrode surface.
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Fig. 6 Cyclic voltammograms of hydrogen peroxide at a 10 mm x 7
mm ITO electrode. In each case, the solution was 3 mM H>0, in 0.1 M
phosphate buffer solution at pH 7. Scan rate 0.1 V s '. (a) ITO
without H,O,, (b) ITO with H,O,, (c) ITO with H,O, and ferritin, (d)
ITO with H,O, and HFO.

Fig. 6 shows a series of voltammograms for the oxidation
and reduction of 3 mM hydrogen peroxide in aqueous 0.1 M
phosphate buffer solution on different electrode surfaces.
Trace (a) is the background current in the absence of H,0,,
(b) is the normal voltammogram of H,O,, (c) shows the effect
of pre-adsorbing ferritin on the electrode surface, and (d)
shows the effect of pre-adsorbing HFO on the electrode sur-
face. Looking at these voltammograms, it is obvious that a
large electrocatalytic effect is caused by the pre-adsorbed
HFO, whereas no such effect is associated with the pre-
adsorbed ferritin. It is likely that the catalysis of the H,O,
oxidation process involves coordination to Fe*" sites. How-
ever, more experimental work will be required for mechanistic
details to be resolved.

Based on the above results, we can be reasonably confident
that the protein shell in ferritin remains intact during the
adsorption process, because it blocks the formation of key
intermediates during hydrogen peroxide decomposition.

Conclusions

It has been shown that both horse spleen ferritin and hydrous
ferric oxide (HFO) nanoparticles can be adsorbed on the
surface of ITO electrodes, and their direct electrochemistry
observed. Remarkably, they exhibit very similar voltammetric
characteristics, which means that (i) the voltammetric detec-
tion of FePQy inside ferritin is possible, and (ii) the HFO core
of ferritin is somehow electrically connected to the electrode
surface. The pathway of this connection is unknown. A pos-
sible alternative explanation, namely that the protein shell of
ferritin is lost upon adsorption, can be discounted, because the
protein shell continues to block the redox electrochemistry of
hydrogen peroxide.
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