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Biological macromolecules, such as protein cages and viruses, have been shown to serve as excellent
templates for the synthesis of nanoscale particles of inorganic materials that give rise to homogeneous
properties. However, a limitation in using these molecules in these synthetic reactions has been the
temperature stability of the biological template. It is hypothesized that the use of thermally stable proteins
isolated from hyperthermophilic bacteria and archaea will overcome this limitation and expand the list
of materials with interesting properties that are amenable to biomimetic synthesis. This study reports the
synthesis of maghemite (y-Fe,>Os) at elevated temperatures using a ferritin with extraordinary temperature
stability from the hyperthermophilic archaeon Pyrococcus furiosus. Protein—mineral composites were
characterized by dynamic light scattering, size exclusion chromatography, and transmission electron
microscopy, which confirmed the successful encapsulation of the iron oxide particle in the interior of the
ferritin. Magnetic characterization revealed saturation of the v-Fe,O3 nanoparticles at significantly lower
field strengths than previously seen with mammalian ferritin—mineral composites. The observed behavior
suggests the formation of well ordered, single domain particles within the archaeal ferritin. Electrostatic
surface comparisons of the interior surface of human, horse spleen, and P. furiosus ferritins revealed a
significant difference in the charge density between the mammalian and archaeal proteins which may
influence the crystal structure of the material formed. These results demonstrate the utility of temperature
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stable protein cages as templates in the syntheses of desirable inorganic nanomaterials.

Introduction

Biomineralization, the formation of solids in biological
systems, has provided the inspiration for the controlled
formation of a range of novel inorganic materials.'™'? In
biomineralization, self-organization of organic based tem-
plates provides a scaffolding for the assembly of inorganic
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materials.”'*'* For example, the iron storage protein ferritin
naturally self-assembles into a hollow cage-like architecture
that acts to direct the mineralization of iron oxides in vivo,
sequestering excess iron ions in the soluble protein container
and preventing the iron dependent radical-producing reactions
that are lethal to the cell.'”>~'” Such activity can also be
utilized in vitro in the synthesis of materials with novel or
interesting magnetic,'®?° catalytic,?! or semiconducting
properties.?>?* Ferritins have been used as templates in the
synthesis of magnetite nanoparticles for potential magnetic
resonance imaging (MRI) applications®* and of CdSe and
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ZnSe nanoparticles for potential quantum dot applications.?>>’

Other protein cages, such as viruses, also assemble from
individual subunits into well-defined architectures and can
be used for the size dependent synthesis of non-native
nanomaterials.?>° Viral particles, devoid of their nucleic
acids, such as Cowpea chlorotic mottle virus have been used
in the syntheses of iron oxide and polyoxometalate nano-
particles or as a scaffolding for the assembly of composite
materials.?®°*! The bacteriophage M13 has been genetically
engineered to produce peptides that, through a screening
process, can be selected for the ability to specifically direct
the synthesis of a variety of materials, such as Au or
Au—Co30, nanowires, to serve as electrodes for the develop-
ment of small flexible Li-ion batteries,’ magnetic CoPt/FePt
nanowires, or ZnSe filaments.****? These biomimetic syn-
theses are possible as a result of the complementary
interactions between the organic protein template and the
synthetic inorganic materials.

While biological macromolecules are responsible for the
synthesis of several materials that are necessary for life, their
use in material synthesis is often limited by their relatively
low thermal stability compared with other synthetic methods.
Many nanomaterial products require synthesis temperatures
higher than most proteins can tolerate.***® Isolation of the
protein templates from the thermophilic and hyperthermo-
philic organisms may be one approach to ease this limitation.
The recent isolation of a number of thermally stable protein
cages, such as ferritins,?”-*® heat shock proteins (Hsp),?”*
and DNA-binding proteins from stressed cells,*"** from
hyperthermophilic archaea significantly expands the tem-
perature range of in vivo biomineralization and the potential
for high temperature in vitro biomimetic syntheses. A small
heat shock protein (sHsp) from Methanococcus jannaschii,
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reported to be stable to 70 °C, has been used to synthesize
L1y CoPt nanoparticles with novel magnetic properties and
platinum nanoparticles for the biocatalytic production of
H,.>* These illustrate the use of thermally stable proteins
as templates for materials synthesis at elevated temperatures.
As the number of protein cages isolated from hyperthermo-
philic organisms increases so too will the variety and size
of the materials that can be synthesized using a biomimetic
approach.

Recently, a ferritin was isolated from Pyrococcus furiosus,
a marine anaerobe that lives in thermal springs where
temperatures can reach 120 °C.*” The protein was cloned
from its native host and was found to be easily overexpressed
in Escherichia coli.*’ The recombinant Pyrococcus ferritin
(PfFn) was subjected to incubation at temperatures up to 120
°C and was shown to retain the iron sequestering capabilities
for over 0.5 h at these extremely high temperatures.>’ The
structure of this protein has been solved to 2.75 A and has
been shown to be homologous to other ferritins from different
taxa.***> The temperature stability of this protein opens
up the possibility for syntheses of inorganic materials at
temperatures previously unattainable with other biomolecular
templates.

This study reports the use of PfFn in the biomimetic
synthesis of maghemite (y-Fe,O3) nanoparticles at elevated
temperatures. This material was selected because (1) mag-
netic iron oxide particles have potential applications in MR
imaging, cancer treatment, and memory storage and (2) the
material has been previously synthesized and characterized
magnetically with mammalian ferritin templates; thus, data
is available for comparison. The PfFn templated syntheses
were performed at 65 and 85 °C with two theoretical loading
factors of 1000 Fe/cage or 2000 Fe/cage. The reactions
attempted at temperatures higher than 85 °C resulted in bulk
iron oxide formation. The PfFn—mineral composites were
characterized, and their magnetic properties were compared
to previously synthesized y-Fe,O; particles in mammalian
ferritins. The results show that PfFn can successfully template
these particles, which show enhanced magnetic properties
previously unobserved in other ferritin—y-Fe,O3; composites.

Experimental Section

Details on cloning, expression, and purification of PfFn are
provided as Supporting Information.

Temperature Stability Analysis of apo-PfFn. The apo-PfFn
(3.36 mg/mL, 0.5 mL, 50 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES), 100 mM NaCl, pH 7.0) was incubated at
110 and 120 °C in an oil bath for 20 min. The protein solution was
allowed to cool before being cleared by centrifugation (10 min at
12 100 x g). The cage assembly was assessed by dynamic light
scattering (DLS, Brookhaven 90Plus Particle Size Analyzer)
measured at 90° with a 661 nm diode laser, and the correlation
function was fit using a non-negatively constrained least-squares
analysis. The particle size and the amount of assembled protein,
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relative to an unheated sample, were independently estimated by
chromatography on a Superose 6 size exclusion column run on an
Amersham/Pharmacia Akta FPLC (GE Healthcare, Piscataway, NJ)
equilibrated with 50 mM HEPES and 100 mM NaCl buffer at pH
7.0. The flow rate was 0.5 mL min~', and the elution of the protein
was monitored at 260, 280, and 410 nm.

PfFn y-Fe;04 Mineralization. For reactions performed at 65
°C, 10 mL of a deaerated solution of 100 mM NaCl and 5 mg of
PfFn protein (1.0 x 107> mmol) were added to an N-flushed
jacketed glass centrifuge tube sealed with a rubber septum. For
reactions performed at 85 °C, the volume of the deaerated salt
solution was increased to 15 mL. The temperature of the reaction
was maintained by circulating water through the jacket flask, and
the reaction was brought to pH 8.5 using 50 mM sodium hydroxide
(NaOH) with an automatic titrator (Brinkmann 718 AutoTitrator).
Deaerated solutions of (NHy4),Fe(SOy)+6H,0 (12.5 mM, 0.821 mL)
and H,0, (2.5 mM, 0.821 mL) were added simultaneously and at
a constant rate (0.055 mL min~') using a syringe pump (Kd
Scientific, New Hope, PA). For an iron loading factor of 1000 Fe/
cage, approximately 1.0 x 10~ mmol of Fe*" was added for 5
mg of the protein. For an iron loading factor of 2000 Fe/cage,
approximately 2.1 x 1072 mmol of Fe** was added for 5 mg of
the protein. Solutions of H,O, were freshly prepared, and the stock
H,0, concentration was determined spectrophotometrically.*® The
H™ generated during the reaction was titrated dynamically with a
Brinkmann 718 automatic titrator using 50 mM NaOH to maintain
a constant pH of 8.5. Metal ion and oxidant solutions were added
over 15 min during a 1000 Fe loading reaction, and the reaction
was considered complete 15 min later. For a 2000 Fe loading
reaction, the metal ion and oxidant solutions were added over 7.5
min to minimize bulk precipitate formation, and the reaction was
considered complete 22 min later. After completion, the reaction
was cooled on ice, and 1 mL of 0.3 M sodium citrate was added to
chelate any free iron species. The reaction solution was then allowed
to dialyze against 100 mM NaCl overnight.

Particle Characterization. DLS and Superose 6 size exclusion
chromatography (SEC) were performed before and after mineraliza-
tion to confirm the protein assembly and particle size as in the
temperature stability analysis section. Protein particle size was also
confirmed by transmission electron microscopy (TEM, Leo 912AB
TEM, Oberkochen, Germany) operating at 100 keV with 2% uranyl
acetate staining. y-Fe,O; particle size and electron diffraction data
were collected on unstained mineralized PfFn samples, and d
spacings calculated from the diffraction patterns were compared
to the International Centre for Diffraction Data powder diffraction
files for Fe;04 (19-0629) and y-Fe,03 (39-1346) after calibration
of the microscope with a Au standard. The samples were lyophilized
to produce dehydrated particles for magnetic characterization.
Alternating current magnetic susceptibility (ACMS) measurements
were performed on the pellet using the alternating current magnetic
susceptometer option of the Quantum Design Physical Properties
Measurement System. The magnetic susceptibility was monitored
at 100, 500, 1000, 5000, and 10000 Hz with an oscillation
amplitude of 10 G while being cooled from 125 K to 4 K. The
average superparamagnetic blocking temperature (7;) was deter-
mined at each frequency. These data were fit to the Néel—Arrhenius
equation to determine the interaction behavior of the particles.*’
The magnetic response of the particles to an applied magnetic field
was probed using vibrating sample magnetometry (VSM). Hyster-
esis of the particles was collected from 6 to —6 T at 5 K, and the
coercive field (H.) was extracted from the resulting loops.
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Electrostatic Surface Calculation. The Protein Databank (PDB)
structure files for horse spleen L-chain ferritin (IDAT), human
H-chain ferritin (2FHA), and P. furiosus ferritin (2JD6) were
obtained from the Protein Databank (www.rcsb.org/pdb/). Molecular
images of the dimers of each ferritin as well as the P. furiosus
half-cage were created from the PDB files using Chimera (Uni-
versity of California—San Francisco) and were saved as PDB
files.*® The electrostatic surface potential was calculated using
Graphical Representation and Analysis of Structural Properties
(GRASP) software installed on an SGI system.*? The exterior and
interior dielectric constants were set to 80.0 and 2.0, respectively.

Results and Discussion

PfFn has been shown to be stable at temperatures
significantly higher than previously attainable with ferritins
from a diverse spectrum of organisms.?’ The innate stability
of PfFn makes it an excellent candidate for investigations
of biological, chemical, and synthetic reactions at elevated
temperatures. Here, the results of a synthetic investigation
of y-Fe,05 synthesized at 65 and 85 °C using PfFn as a
constrained biotemplate are reported. The physical and
magnetic characteristics of the y-Fe,O; nanoparticles syn-
thesized at 65 or 85 °C using this hyperthermophilic archaeal
ferritin are compared to those previously seen with horse
spleen (HsFn) and a mutant of human H-chain ferritin
(referred to here as HFn).'®2*° Significantly, y-Fe,O3
nanoparticles synthesized in PfFn exhibit a rapid magnetic
saturation which occurs at a much lower field strength as
compared to that of previously reported particles synthesized
using HsFn or HFn (approximately 55% less for 1000 Fe/
cage reaction products), suggesting that the PfFn derived
particles are composed of single magnetic domains and
exhibit square hysteresis reminiscent of thin films.

PfFn was heterologously expressed to high levels in E.
coli, and upward of 90 mg of protein were obtained from
purification of 4 L of liquid E. coli cultures. A 90 °C heat
denaturation step followed by a rapid pH change from 7.0
to 4.0 and back by dialysis removed most of the E. coli
proteins and cellular debris. SEC (Superose 6) yielded pure
protein as confirmed by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) analysis and mass
spectrometry (Supporting Information Figure S1). The puri-
fied protein was compared to HsFn by SEC, DLS, and TEM
analysis (Supporting Information Figure S2). Electron mi-
crographs revealed that PfFn adopts the characteristic spheri-
cal cage-like architecture of ferritins with a diameter of
approximately 12 nm, consistent with the crystal structure
of PfFn and other ferritins (PfFn = 12 + 0.97 nm, HsFn =
12 £+ 1.2 nm).***>351:52 DLS analysis confirmed the PfFn
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Figure 1. Temperature stability of PfFn. (A) Unheated control, (B) 110
°C, and (C) 120 °C incubated samples were analyzed by DLS and SEC to
determine the remaining amount of protein and the state of assembly. The
incubated samples remained assembled with the correct cage diameter, and
most of the protein remained soluble as indicated by the integrated peak
areas from SEC. The narrower DLS distribution of B is a result of the
error of the analytical technique (£2% signal intensity).

diameter (mean = 12 £ 1.1 nm) in comparison to that of
HsFn (mean = 12 £ 1.2 nm) as well as revealed that the
cages are monodisperse in solution. A similar retention on
SEC confirmed that the PfFn and HsFn are approximately
the same size (HsFn = 15.64 mL, PfFn = 15.86 mL).

The temperature range in which PfFn remained stable and
assembled was determined to optimize the desired y-Fe,Os
synthesis. The protein was verified to be stable to temper-
atures up to 120 °C by heating the purified PfFn to 110 or
120 °C for 20 min in a Parr bomb. The resulting solution
was analyzed by DLS and SEC for cage assembly and
aggregation (Figure 1). DLS revealed that PfFn remained
assembled and monodisperse (unheated sample diam = 12
4+ 1.1 nm, 110 °C sample = 12 + 0.04 nm, 120 °C sample
= 11 %+ 0.66 nm). The integration of the elution profile from
the SEC (Superose 6) was used to quantitate the amount of
PfFn that remained intact. The elution profiles showed near
identical retention (unheated sample = 15.10 mL, 110 °C
sample = 15.12 mL, 120 °C sample = 15.10 mL; Figure
1), and integrating the peaks revealed that 96% of the total
protein remained in solution after 110 °C incubation with
91% remaining intact as an assembled cage. After 120 °C
incubation, 91% of the total protein remained soluble, with
73% remaining intact as an assembled cage. These data
confirmed the potential utility of PfFn as a template for high
temperature inorganic synthesis of y-Fe,Os.

The synthesis of ferrimagnetic y-Fe,Os templated by the
apo-PfFn and HsFn cages was performed under conditions
of elevated pH, temperature, and controlled oxidation. The
reactions were performed using two stoichiometric loading
factors of 1000 or 2000 Fe/cage. All reactions yielded
homogeneous brown solutions. The incorporation of iron into
the cage could be easily distinguished from the bulk
precipitation by light scattering and centrifugation, and
reactions run in the absence of ferritin cages resulted in the
precipitation of bulk iron oxide from solution as reported
previously.?*>* As previously described, HsFn successfully
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Figure 2. Unstained TEM images of PfFn-encapsulated y-Fe;O3 nanopar-
ticles synthesized under different temperatures and different Fe>* loading
factors. (A) 65 °C, 1000 Fe/cage; (B) 85 °C, 1000 Fe/cage; (C) 65 °C,
2000 Fe/cage; and (D) 85 °C, 2000 Fe/cage.

Table 1. Measured Physical and Magnetic Characteristics of
PfFn-Encapsulated y-Fe;O3; Nanoparticles and Previously Reported
Characteristics of HFn- and HsFn-Encapsulated y-Fe;03
Nanoparticles®**’

PfFn-Encapsulated y-Fe,O3

TEM particle DLS cage
diameter (nm) diameter (nm) Ty (K) H. (G)
65 °C, 1000 Fe/Cage
45+13 12 £0.68 10 £ 0.04 126.17 £7.03
85 °C, 1000 Fe/Cage
40+ 1.1 12+1.6 8.7+0.22 60.95 £+ 0.47
65 °C, 2000 Fe/Cage
69112 12+14 34+ 0.14 249.95 + 1.10
85 °C, 2000 Fe/Cage
5.8+1.2 13 £2.8 36 + 0.09 259.83 £27.4

Mammalian Ferritin-Encapsulated y-Fe,O3

TEM particle

sample diameter (nm) Ty (K) H. (G)
HsFn, 65 °C, 1000 Fe/cage 59+1.3 17.5 176.90 4+ 4.44
HFn, 65 °C, 1000 Fe/cage 3.8+0.7 11 754.99 + 4.76
HFn, 65 °C, 3000 Fe/cage 55+09 27 567.71 £ 11.8
HFn, 65 °C, 5000 Fe/cage 6.0+0.9 36 65095 £ 11.7

formed protein encapsulated minerals at temperatures up to
65 °C, but introduction of HsFn to an 85 °C vessel resulted
in the precipitation of the protein from the solution and the
formation of bulk iron oxide (data not shown). In contrast,
PfFn was able to successfully template the reaction under
both 1000 Fe/cage and 2000 Fe/cage loading factor condi-
tions at both 65 and 85 °C. Reactions performed at
temperatures higher than 85 °C resulted in the formation
of bulk iron oxides (data not shown), possibly as a result of
the heterogeneous nucleation on the small amount of
denatured protein.

Physical characterization of the reaction products by TEM,
SEC, and DLS revealed significant differences between the
65 and 85 °C y-Fe,Os; nanoparticles. Observation of the
reaction product by TEM showed electron-dense nanopar-
ticles (Figure 2) with particle size differences that were
sensitive to both the loading factor and the temperature
(Table 1). In general, y-Fe,Os particles synthesized at 85
°C had smaller average particle diameters that those seen at
65 °C, and reactions performed under the 2000 Fe/cage
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Figure 3. SEC of PfFn after y-Fe,O3 synthesis. (A) 65 °C synthesis with
a 1000 Fe/cage loading factor, (B) 85 °C synthesis with a 1000 Fe/cage
loading factor, (C) 65 °C synthesis with a 2000 Fe/cage loading factor, and
(D) 85 °C synthesis with a 2000 Fe/cage loading factor. Monitoring elution
at both 280 and 410 nm shows coelution of the PfFn with the synthesized
mineral (central peak), which was easily isolated from the bulk material
(early peak) and the degradation products (late peak).

loading conditions yielded larger particles than those under
the 1000 Fe/cage conditions. Negatively stained samples (2%
uranyl acetate) revealed the intact protein cage, with y-Fe,Os
formation having occurred inside the cages (Supporting
Information Figure S3). Electron diffraction resulted in a
pattern consistent with y-Fe,Os (Supporting Information
Figure S4). DLS showed that the PfFn particles remained
intact with diameters as indicated in Table 1. SEC of the
protein monitored at 280 nm (protein absorbance) and 410
nm (mineral absorbance) showed coelution of the mineral
with the protein cage, confirming that the mineral nucleated
and grew on the inside of the ferritin cages (Figure 3). These
data show that the protein mediated synthesis of y-Fe,Os
nanoparticles is spatially confined to the interior of the ferritin
protein cage.

Magnetic characterization of the PfFn-encapsulated y-
Fe,O; nanoparticles revealed a significant enhancement of
the magnetic hysteresis as compared to that of previously
synthesized particles with protein cage templates.'®* The
PfFn-templated particles displayed a rapid magnetic satura-
tion at low magnetic field strengths (2.0-4.4 T). The response
of the particles to a magnetic field was probed at 5 K by
reversibly scanning from 6 to —6 T to generate the hysteresis
loops shown in Figure 4. The loops exhibited square
hysteresis with small coercive fields (H.) reminiscent of
ordered magnetite thin film behavior in that these materials
saturated at lower magnetic field strengths (<2 T). This
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behavior is very different from previous observations of
y-Fe,Os synthesized in HsFn and HFn, which showed
saturation at fields of 6 T or greater.'®** A comparison of
the hysteresis loops of y-Fe,Os3 synthesized in HsFn, HFn,
and PfFn is shown in Figure 4. This behavior was observed
under all loading conditions and synthetic temperatures. The
saturation behavior of the PfFn-encapsulated nanoparticles
is consistent with a single magnetic domain particle, whereas
the HsFn and HFn derived particles behave like multidomain
particles or single domains of varying size and strength.
While each HsFn- or HFn-derived particle is a single domain,
the ensemble is composed of various sized magnetic
domains. In contrast, a single domain particle of y-Fe,O3 in
PfFn exhibited a characteristic field strength at which the
spins flip in a concerted manner, resulting in the sharper
transition.

The VSM studies also revealed significant differences in
the coercive fields (H.) for the PfFn-encapsulated magnetite
nanoparticles as compared to HsFn and HFn. H. of the PfFn-
derived particles shows the expected size dependent behav-
ioral response to an external magnetic field (Table 1).
y-Fe,O3 particles synthesized in PfFn under the 1000 Fe/
cage conditions showed variability dependent on the syn-
thesis temperature (65 °C reaction product = 126.17 G vs
85 °C reaction product = 60.95 G) and displayed less than
half the field strength of that of the particles synthesized
under the 2000 Fe/cage conditions. In contrast, the variability
of H. in the 2000 Fe/cage PfFn was lower (65 °C, 249.95
G; 85 °C, 259.83 G). The differences between H. for loading
conditions at both 65 and 85 °C followed the expected size
effects: smaller particles have a smaller H.. Comparing the
1000 Fe/cage PfFn, HsFn, and HFn encapsulated y-Fe,Os
particles revealed that the H, for the PfFn-derived particles
was significantly smaller than for either HsFn or HFn
(Table 1).

Further magnetic characterization of the PfFn-encapsulated
y-Fe,O3 nanoparticles by ACMS revealed properties nearly
identical to those seen with other ferritins. The mineralized
cages were analyzed over a temperature range of 4-125 K
under a 10 G oscillating magnetic field to analyze the
ferrimagnetic blocking temperature (75) of the protein—mineral
composites.>® The T, was observed to be strongly dependent

— HFn, 65°C, 3000 Fe/cage
—— HFn, 65°C, 5000 Fe/cage
— PfFn, 65°C, 2000 Fe/cage

B 1.0 —— PfFn, 85°C, 2000 Fe/cage
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N

Figure 4. Comparison of hysteresis loops of PfFn-, HFn-, and HsFn-encapsulated y-Fe,O3 nanoparticles. (A) Loops for 1000 Fe/cage loading of all three
different ferritins. The PfFn-encapsulated particles show a significant decrease of field strength required to saturate the particles and are reminiscent of
magnetic thin films. (B) Loops for higher loading factors for PfFn and HsFn. The rapid saturation of the PfFn-encapsulated nanoparticles is markedly

apparent.



1546  Chem. Mater., Vol. 20, No. 4, 2008

A =x1'o B = 0 —+— 65°C, 1000 Felcage
- 0.8 G -2 —* 65°C, 2000 Felcage
fo6 S 4
© o
= 04 g -6
2 0.2 % -8

0.0 1 T L} a7 _-10 T T L]

0 40 80 120 0.00 0.05
Temperature (K) (1T YK

10 = 07 - 85°C, 1000 Fefcage
508 & 2 = 85°C, 2000 Felcage
No6 S 4
804 8 5
E . E -
§ 0.2 :E, -8

0.0 10

"0.00 0.04 0.08 0.12
(1T K-

0 40 80 120
Temperature (K)

Figure 5. (A) ACMS measurements of mineralized PfFn at 1000 Hz under a
10 G magnetic field under the two loading factors tested. (B) Néel—Arrhenius
fits of the ACMS data. The linearity of the data indicates that the particles are
not interacting.*’

on the particle size of the encapsulated y-Fe,Os. For the 1000
Fe/cage PfFn, the T, varied between 7-13 K whereas for
the 2000 Fe/cage products it varied between 30-35 K (Figure
5, Table 1). No significant enhancements of 7;, were observed
for reactions performed at 85 °C at either loading factor when
compared to the 65 °C syntheses with PfFn, HsFn, and
HFn.?**” The magnetic susceptibility of the minerals was
probed at different frequencies, and In(1/f) versus 1/T;, was
plotted, where f'is the measurement frequency. The data were
then fit according to the Néel—Arrhenius equation (eq 1) to
analyze the interactions between the particles.*’

Parker et al.
In(1/f) = In(7,) + (Ea/kB)(l/Tb) (1)

All synthesized materials exhibited linear Néel—Arrhenius
relationships, indicating that the particles are magnetically
isolated and noninteracting presumably as a result of the
separation afforded by the protein coat around each particle.*’

The magnetic behavior observed for the PfFn templated
y-Fe,O; was significantly different from the syntheses
performed within HsFn and HFn but not significantly affected
by the reaction temperature up to 85 °C. Therefore, the
unusual magnetic behavior may be due to some intrinsic
feature of the protein template itself. It is possible that PfFn
exhibits different biochemical properties of the interior of
the cage, compared to HsFn and HFn, that are responsible
for the properties of the synthetic y-Fe,Os;. We compared
the protein crystal structures of P. furiosus (PDB: 2JD6),
horse spleen L-chain (PDB: 1DAT), and human H-chain
(PDB: 2FHA) ferritin, specifically at the purported nucleation
sites located at the 2-fold axis on the interior surface of the
cage. Mapping out the acidic residues exposed on the interior
surface showed a significant difference in the nucleation sites
between the archaeal and the mammalian ferritins. Previous
studies have shown that the residues Glu53, Glu56, Glu57,
and Glu60 (horse spleen L-chain) and Glu61 and Glu64
(human H-chain) are responsible for the nucleation of the
iron oxide mineral.>® These residues are clustered in a small
patch on the 2-fold axis in a semicircular area (Figure 6).
However, the structure of the interior of the P. furiosus
ferritin is significantly different. The partially resolved
hydrophobic C-terminal ends of the PfFn subunits cross over
the 2-fold axis above the surface where the mammalian
nucleation sites would be located. An acidic patch is located

0.000

Figure 6. Colored visualization of the electrostatic potentials of HsFn, HFn, and PfFn. Red indicates negative charge, blue indicates positive charge, and
white indicates charge neutral areas. The hydrophobic C-terminus of the PfFn lies over the identified nucleation sites in other ferritins, possibly limiting
nucleation on the interior cage surface.
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away from the 2-fold axis and could provide a site for the
nucleation to occur. However, this acidic patch contains
fewer acidic amino acid residues as compared to the
mammalian ferritins. Furthermore, it is possible that the
C-terminus is quite floppy and may block these potential
nucleation sites. We speculate therefore that if fewer
nucleation sites in PfFn are exposed, the single domain
y-Fe, O3 particles could be formed from a single nucleation
event occurring in the hollow space inside the PfFn cage
without any protein scaffold to direct the mineral formation.
Exposed nucleation sites would produce multiple nucleation
events, and the growth of these distinct crystals into a single
particle could result in the formation of multiple domain
y-Fe,O3 particles.

Conclusions

In this study, we highlighted the use of a thermostable
ferritin from the hyperthermophilic archaeon P. furiosus in
the synthesis of maghemite nanoparticles with potential
applications in MRI, hyperthermia treatment, and magnetic
memory storage. The protein cage template was shown to
be stable at temperatures up to 120 °C. PfFn was able to
successfully template the nanoparticles while maintaining its
cage-like architecture. The particles exhibited distinctly
different magnetic saturation from those seen in mammalian
ferritin—mineral composites. In investigating reasons for this
difference, we discovered that the electrostatic potential of
the interior of the P. furiosus ferritin is markedly different
from that of the mammalian ferritins and may be responsible
for the differences in iron oxide nucleation, which has a
significant effect on the observed magnetic properties.
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This study confirms the utility of using thermostable
protein templates for high temperature inorganic synthetic
reactions. Thermostable enzymes (such as taq polymerase)
have already revolutionized the field of biotechnology, so it
is likely that templates with the same robustness will also
lead to innovations in material science and materials
engineering. Materials exhibit novel and interesting properties
when synthesized on the nanoscale, but these syntheses
usually have been restricted to solvent based methods of
synthesis because of the instability of the biological tem-
plates. The use of temperature stable biological templates
will add distinct advantages to the utility of these materials
in industry and medicine. Biomolecular templates are
potentially available in a variety of shapes and sizes, and
the ability also to modify the template interfaces and exterior
surfaces can be used to introduce targeting for delivery or
scaffolding for higher structure synthesis. As such, PfFn
highlights one of a possible variety of temperature stable
templates that will potentially revolutionize materials syn-
thesis and science.
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