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Metal Oxide Synthesis within a Protein Cage Ferritin

The de ned architecture of the metalloprotein ferritin, a natural complex of iron
oxide, is found in almost all domains of life and has been used as a constrained
reaction vessel for the synthesis of a number of non-natural metal oxides [28, 34].
The protein ferritin consists of 24 subunits that self-assemble into a cage, con-
sisting of a threefold hydrophilic channel coordinated to a fourfold hydrophobic
channel [20, 28]. In biology, Fe(ll) is introduced into the core of the apoprotein
through its hydrophilic channels; where the ferrous ion is catalytically oxidized
to a less-soluble ferric ion, Fe(lll) [20]. The ferric ion then undergoes a series
of hydrolytic polymerizations to form the insoluble ferric oxyhydroxide mineral
(ferrihydrite), which is physically constrained by the size of the protein cage (12nm
outer diameter, 8nm inner diameter) [35]. The enzyme ferrous oxidase is coordi-
nated within the protein cage, the interior and exterior of which is electrostatically
dissimilar, to produce spatially de ned minerals.

1.4.5.1 Mineralization of NonNatural Metal Oxides Using Ferritin

The photoinduced mineralization of iron, titanium and europium oxyhydroxide
nanoparticles has been successfully achieved using the protein cage, ferritin [35].
This photochemical reduction closely resembles the Fe(l11) to Fe(ll) reduction of
marine siderophores with a citrate background [35]. In this synthesis, a known
concentration of metal ion was loaded into a 12 mM solution of citrate and ferritin,
and illuminated with a xenon arc lamp (320 750 nm) for over 2 h. The citrate solu-
tion induced an electrostatic environment that was essential for discrete nanopar-
ticle synthesis in the reaction, without which the bulk precipitation was illuminated.
After a 2h reaction time, the high oxidation state metal ions were photoreduced,
whereas in the presence of air the lower state underwent reoxidation to the nal,
oxyhydroxide state. All products were characterized using dynamic light scattering
(DLS) and found to have similar sizes (12 + 1nm). Samples stained with uranyl
acetate were analyzed with TEM, while the intact protein cage was visible, forming
an outer diameter around the metal oxide cores of 5.7 = 1nm.

1.4.5.2 Mixed Mineralization Using Ferritin
Oxidation of the iron core in ferritin was used and applied to the mixed mineral-
ization reactions of cobalt and iron. It is understood that, if synthesized correctly,
this composite material would have tailored magnetic properties, inducing the
exchange coupling of ferro/anti-ferromagnetic properties; wherein, the exchange
bias is self-manifested and de ned by a unidirectional hysteresis loop. Control
over the magnetic behavior of a nanoparticle could, potentially, lead to additional
magnetic anisotropy effects for use as magnetic storage and recording devices.
Klem and coworkers have demonstrated the constrained synthesis of Co,Fe;,O,
with an exchange bias by means of an enhanced magnetic response [28].

For this synthesis, a deaerated solution of iron [(NH,),Fe(SO,)*6H,0], cobalt
[Co(NO,),*6H,0] and H,0, was added to apoferritin in NaCl (pH 8.5, 65 C, under
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Recently, synthetic or natural polypeptides have been created or medi‘to
serve as silica condensation templates. Examples of these include the poly(amino
acids) [79], the diatorderived R5-peptide [66], chimeric polypeptid¢s4, 67],
block copolypeptideg71, 72, 75, 80], lanreotidg3] and even the naturally occur-
ring protamine [65]. These polypeptides have been used to produce a variety of
silica shapes and sizes, which can be tuned to perform a variety of applications,
including transport and the separation of encapsulated materials [62], or poten-
tially for drug delivery[73].

1.5.3.2.1 Block Copolypeptides Block copolypeptides, which have been used as
templates for controlled silica formatiorf71, 72, 75, 80], consist of covalently linked
domains (domains) of hydrophilic and hydrophobic polypeptides. Due to their
unique polarities, these block segments induce an amphiphilic character, resulting
in self-assembled vesicles in aqueous solutirb]. For example, a copolypeptide
consisting of polymers of linked lysine and glycine residues (l-gsGly), was used
as a silica template in the presence of orthosilicic acid and phosphate buffer at pH
7.2 [72]. Different methods of silica precipitation were tested by changing the
amount of silica precursor or the amount of phosphate present during precipita-
tion. In Method I, 6 mmol of silica precursor was used, while in Methods Il and
I1 30 mmol was used. In addition, Method Il included 7.5nmol more phosphate
buffer than the other two methods (0.M). An increase in phosphate buffer
(Method I11) resulted in a spherical morphology (40.120 nm diameter), while the
other two methods produced mostly platelets for the LsGly block copolypep-
tides (Tablel.1).

The formation of platelets or spheres with the LysGly copolypeptide suggested
that there was a morphological dependence on the phosphate concentration and
solubility of the hydrophobic block. As the relative hydrophobicity was increased
though the addition of Gly residues, substitution of the Gly block with the more
hydrophobic Ala block, or the loss of Lys residues, the solubility of the copolypep-
tide was decreased, making it more susceptible to phase separation. The hydro-
phobic block was more energetically stable when it was associated, rather than by

Table 1.1 Silica morphology for each copolypeptide at different synthesis conditions.

Co-polypeptide Morphology (Methods I, 11) Morphology (Method III)
LySoob-Glyso Platelets Spheres
Lyss0h-Glyss Platelets Spheres
Lysi10h-Glyss Spheres and platelets Spheres
Lys,0h-Glyiso Platelets Spheres
Lysipoh-Alagg Spheres Spheres
Lysgob-Alass Spheres Spheres
LySiso Platelets Platelets

Reproduced with permission from Ref. [72]; © 2007, Wiley-VCH Verlag GmbH &
Co. KGaA.
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Figure 1.22 Diameter and dispersity of silica particles formed
in aqueous PEI solutions at 0.08 primary-amine
concentration and M silicic acid in a 4 : 1 volume ratio at pH
9, 10 and 11. SEM images of the nanoparticles are provided
as inserts, and the silica formed in pH 7 and pH 8 is shown
on the left. Reproduced with permission from Ref. [73];

© Wiley-VCH Verlag GmbH & Co. KGaA.

quickly through fusion and redispersion processes (106108 Ml ). Consequently,
PEIs reacted with silicic acid from detramethylorthosilicate (TMOS) precursor
produced silica nanoparticles with a size and structure control that was dependent
on the size of the RM73]. Before testing silica precipitation in the RM, condensa-
tion of silica was investigated at a variety of pH values (6.21.2) in water. An
instantaneous precipitation occurred at basic pH (911), a slow deposition of
amorphous silica matrix at neaneutral pH, and no precipitation occurred for
acidic pH (Figure1.22).

Consequently, it was expected that PEI would provoke a similar pH dependence
when reacted with the RM. However, when PEI and silicic acid were incorporated
into the RMs prepared in iseoctane, the initial pH of the amine solution was
negligible in terms of controlled silica growth. The pH of the AOT was confhed
with 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS); it was determined that the
local pH remained consistent (9), independent of the pH of the inserted PEI. In
addition, changes in the size of the water pool {w 5...40, where w [H,O]/[AOT])
led to the production of a variety of particle sizes. The smallest RMg &w5) fash-
ioned very small amounts of silica due to the tight interactions between the water
molecules, the anionic sulfonate groups of the AOT, and cationic sodium ions.
However, larger RMs (w= 10) resulted in hollow silica shells with diameters on
the order of Jum. In this case, the RM remained stable during the reaction, and
the silica units only interacted by micellar exchange. For the largest RM sizes (w

20), destabilization of the RM occurred due to the addition of additional water



