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Protein cages such as ferritins and virus capsids have been used as containers to synthesize a wide
variety of protein-templated inorganic nanoparticles. While identification of the inorganic crystal
phase has been successful in some cases, very little is known about the detailed nanoscale structure of
the inorganic component. We have used pair distribution function analysis of total X-ray scattering
to measure the crystalline domain size in nanoparticles of ferrihydrite, y-Fe,O3, Mn;0,4, CoPt, and
FePt grown inside 24-meric ferritin cages from H. sapiens and P. furiosus. The material properties of
these protein-templated nanoparticles are influenced by processes at a variety of length scales: the
chemistry of the material determines the precise arrangement of atoms at very short distances, while
the interior volume of the protein cage constrains the maximum nanoparticle size attainable. At
intermediate length scales, the size of coherent crystalline domains appears to be constrained by the
arrangement of crystal nucleation sites on the interior of the cage. On the basis of these observations,
some potential synthetic strategies for the control of crystalline domain size in protein-templated

nanoparticles are suggested.
Introduction

In recent years, bioinspired chemistry has attracted
increasing attention as a paradigm for the synthesis of
functional nanomaterials.'? In particular, multimeric
protein cages such as virus capsids,> > ferritins,* ! and
Dps proteins'>~'* have been used as reaction vessels for
the synthesis of protein-templated inorganic nanoparticles
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and soft branched-polymer structures,'” mimicking the

biomolecule-controlled mineralization and hierarchical as-
sembly processes in biomaterials. These protein-templated
nanoparticles have several advantages over traditional
synthesis methods, particularly the potential for further
functionalization through genetic or chemical modifica-
tions of the protein cage. Although chemical removal of
the protein cage is possible, many desirable features of
protein-inorganic nanocomposites depend on leaving it
intact and the protein shells were not removed from
materials in this study. The protein coating helps passivate
particle surfaces and can impart enhanced biocompatibility
that makes these materials ideal for in vivo applications,'®'®
and the ability to generate nanomaterials in aqueous solvent
under ambient conditions is an important step forward in the
development of green chemistry.

Many of the unique properties of nanomaterials arise
from their high surface/volume ratio; as a result, many
catalytic nanomaterials show strong size dependence.
Catalysis often arises from surface defect sites, and small
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particles will exhibit a large number of such surface
defects, relative to their size. In addition, properties
such as magnetic response or bandgap energy are often
dependent on the crystalline domain size of a sample. In
protein-templated nanoparticle synthesis, the size of na-
noparticles can often be controlled by tuning the metal
ion/protein cage ratio; this results in a fairly narrow
distribution of sizes with a mean value that can be easily
controlled during synthesis.'” The feasibility of techno-
logical applications of protein-templated nanoparticles
will depend largely on our ability to exert synthetic
control over material properties beyond the average
particle size, such as the typical crystalline domain size
within a nanoparticle. Our results indicate that, in addi-
tion to effects arising from the intrinsic material proper-
ties of the inorganic phase, the crystalline domain struc-
ture of protein-templated nanoparticles is strongly influ-
enced by both the size of the protein cage and (perhaps
more importantly) the arrangement of crystal nucleation
sites on the cage interior.

As a step toward understanding the role of crystalline
domain size in protein-templated nanoparticles, this
study uses pair distribution function (PDF) analysis of
total X-ray scattering to examine the effects of size and
crystallinity in a wide range of protein-templated inor-
ganic materials. Unlike traditional crystallography,
which ignores the diffuse (non-Bragg) scattering that
contains information about defects and local interac-
tions, PDF analysis involves a Fourier transform of the
total scattering over a given range in Q-space, including
both the diffuse and Bragg scattering. The pair distribu-
tion function, G(r), is effectively a measure of the prob-
ability that an observer, located on an average atom
within the material, will find another atom located at a
displacement of r. G(r) will contain peaks for well-defined
atom—atom distances where a neighboring atom is very
likely to be found and troughs at intermediate distances
where no atom is likely to be found. At distances longer
than the average crystalline domain size, G(r) will average
out to zero, since it is impossible to find well-defined
atom—atom correlations at distances where the lattice
periodicity breaks down because of limited crystallinity.
The result is that the PDF of nanomaterials tapers off
toward zero at a rate that is related to the crystalline
domain size; this finite-size effect can be quantified by
convoluting the PDF calculated for an ideal infinite
lattice with a spherical shape function;?*~>* the diameter
of this shape function is a fitting parameter that can be
tuned to give optimal agreement between the experimental
and calculated G(r). Although the materials under consid-
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eration vary in chemical composition and crystal struc-
ture, they exhibit common features that can be linked to
the process of crystallization in a confined protein cage
environment.

Materials and Methods

Ferrihydrite Nanoparticle Synthesis. Recombinant Pyrococ-
cus furiosus ferritin was expressed in Escherichia coli BL21 and
isolated as described previously.?® The protein cages and all
protein-inorganic composites described below were character-
ized with size-exclusion chromatography (SEC) and transmis-
sion electron microscopy (TEM; LEO 912AB at 100 keV).
To synthesize ferrihydrite (Fhyd) nanoparticles, P. furiosus
ferritin was diluted to 0.33 mg/mL in 100 mM MOPS,
37.5 mM Na,SOy, pH 6.8. A deacrated solution of 12.5 mM
(NHy),Fe(SOy4), was added at a rate of 5 Fe atoms per ferritin
24-mer per minute using a syringe pump (KD Scientific, Hollis-
ton, MA) until the desired loading ratio was reached. The
reaction vessel was stirred and left open to the air; no additional
oxidant was added. Ferritin-Fhyd composites were synthesized
with loading ratios of 250, 500, 750, 1000, 1250, 1500, 1750,
2000, and 2500 Fe/cage. After synthesis, the reaction mixture
was concentrated to ~5 mg/mL and purified by SEC on a
Superose 6 column. The elution volume of the protein-mineral
composite was identical to the elution volume of the empty
cages, indicating that mineralization was localized to the inside
of the protein cage. As a comparison, native horse spleen ferritin
(Calzyme Laboratories), which contains a larger Fhyd core, was
also purified by SEC and used for PDF analysis.

Maghemite Nanoparticle Synthesis. y-Fe,O; nanoparticles
were synthesized in recombinant H. sapiens ferritin as described
previously.'®!” Typically, protein was diluted to a concentration
of 1 mg/mL in deaerated 100 mM NaCl. A deaerated 12.5 mM
solution of (NHy),Fe(SO4), and a 4.17 mM solution of H,O, were
separately added to the reaction vessel at a rate of 158 uL/min
(100 Fe/protein cage - min) using a syringe pump. The reaction
vessel was maintained at a temperature of 65 °C using a water
jacket, stirred constantly, and kept under a continuous N,
flow. A pH of 8.5 was maintained using an autotitrator setup
(STAT Titrino, Metrohm) in which 100 mM NaOH was added
to counteract the release of protons during the hydrolysis of
Fe*. After the reaction mixture had cooled, the mineral-loaded
cages were purified by size exclusion chromatography as de-
scribed above. Ferritin-y-Fe,O3; nanocomposites were synthe-
sized with loading ratios of 200, 400, 1000, 2000, 3000, and 5000
Fe/cage. For comparison, y-Fe,O; was also synthesized in a
protein-free solution under the same temperature and pH condi-
tions; this formed a dark brown precipitate that was strongly
attracted to a magnet. Note that y-Fe,O5; (maghemite) and Fe;O4
(magnetite) have nearly identical X-ray PDFs and could not be
distinguished in our experiments; we will refer to the protein-
templated materials as y-Fe,Os, although the possibility of Fe;O4
cannot be excluded.

Mn Oxide Nanoparticle Synthesis. The synthesis of Mn;s-
04 nanoparticles was essentially the same as the y-Fe,O3 nano-
particles described above, except that 12.5 mM MnCl, was used
in place of (NHy),Fe(SOy),, with a loading ratio of 1000 Mn/
cage. Our procedure differs from the Mn-ferritin syntheses

described elsewhere,”?® in which Mn oxyhydroxide cores were
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Figure 1. TEM images of CoPt-ferritin nanocomposites, with (left) and
without (right) uranyl acetate staining. The stained image shows the
protein cages, while only the inorganic nanoparticles can be seen in the
unstained image.

formed in demineralized horse spleen ferritin by air oxidation
at room temperature. A protein-free Mn3O,4 precipitate was
formed in the absence of protein; this was lighter in color than
the Fe oxide precipitate and lacked magnetic response.

CoPt Nanoparticle Synthesis. Ferritin-CoPt nanocompo-
sites were synthesized by a method similar to that described
previously for CoPt nanoparticles in demineralized horse
spleen ferritin®’?® and in the small heat shock protein from
M. jannaschii.*® Recombinant P. furiosus ferritin was diluted to
1 mg/mL in a buffer containing 50 mM NaCl and 50 mM Tris at
pH 8. The temperature in the reaction vessel was maintained
at 65 °C by flowing water through a jacketed flask. Deaerated
6.25 mM solutions of Co(NO3),-6H,O and K,PtCl, were added
ata rate of 0.057 mL/min using a syringe pump until the desired
loading of 500 metal atoms/cage was obtained. To reduce Co>"
and Pt** to CoPt, 53 mM NaBH, was added to the reaction
mixture at the same rate; TEM images of stained and unstained
CoPt-ferritin nanocomposites are shown in Figure 1; represen-
tative images for the other samples can be found in the Support-
ing Information accompanying this article.

FePt Nanoparticle Synthesis. The synthesis of FePt in ferritin
was essentially identical to CoPt, except for the substitution of
(NH4)2FC(SO4)2 for CO(NO3)2' 6H20

Pair Distribution Function (PDF) Analysis. Total X-ray scat-
tering was used to determine the crystalline domain size of
the ferritin-y-Fe,Os5, ferritin-Fhyd, native horse spleen ferritin,
ferritin-Mn30y, ferritin-CoPt, and ferritin-FePt nanocomposites.
Protein samples were dialyzed against several changes of de-
ionized H,O over a period of several days to remove salt from
the buffer solution and dried to powder using a vacuum lyo-
philizer (Labconco). X-ray scattering from powdered samples in
a cylindrical Kapton capillary (Cole-Parmer) was collected on
beamline 11-ID-B at the Advanced Photon Source at Argonne
National Laboratories, using a wavelength of 0.2128 A. Powder
diffraction patterns were collected using a Perkin-Elmer amor-
phous Si area detector and assembled by averaging 1 s expo-
sures, with a total collection time of 2 h for each sample; the
Fit2D software package® was used for diffraction image pro-
cessing. A 1-D trace of the total scattering was obtained by
radial integration of the diffraction patterns. The radial pair
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distribution function G(r) was obtained via a Fourier transform
of the corrected X-ray structure factor S(Q); calculation of S(Q)
and G(r) used the PDFGetX2 software package’! with a Opax
of 24 A~ The bulk structural model for Fhyd was based on the
structure of bulk Fhyd previously determined by PDF
analysis,32 and the bulk structure of all other materials were
obtained from the MINCRYST web server®® or the Inorganic
Crystal Structure Database (ICSD).>* Crystal models were fit to
the experimental G(r) using the PDFgui software package.*
Uncertainties for fitted parameters (e.g., crystalline domain
sizes) were estimated by manually varying the parameter while
allowing all others to relax during fitting, and determining the
parameter range over which the change in the R-value for the fit
was <5%. This approach yields error estimates that are influ-
enced both by the noise in the data and by parameter correlation
during fitting. To accurately determine the crystalline domain
size, the instrumental damping factor (which causes tapering of
G(r) at larger distances than those considered here) was deter-
mined using a crystalline Si standard. The determination of
crystalline nanodomains by PDF analysis will often give domain
sizes that are smaller than the particle sizes seen by electron
microscopy, because crystalline nanoparticles are often sur-
rounded by an amorphous boundary phase which does not
contribute to the coherent scattering seen in the PDF.® Because
the present work deals with a comparison of domain sizes from
different materials all obtained using the same fitting procedure,
systematic differences from other methods will not affect the
results.

Results

Crystalline Domain Size Determination from PDF. For
each PDF collected, the domain size was determined by
fitting a spherical form factor to the amplitude decay of
the PDF arising from finite particle size effects. The fitting
process assumes spherical domains and, while this as-
sumption is unlikely to be rigorously correct, reliable fits
to the experimental G(r) traces were obtained for each
sample. Representative G(r) with fits are shown in Figure 2;
the complete set of experimental G(r) is available in the
online Supporting Information.

Figure 3 shows the variation of the observed domain
size with metal/cage loading ratio. Several things are
immediately apparent from the plotted data. One is that
ferritin-y-Fe,O5 synthesis and characterization was possible
over a broader range of Fe loading ratios than ferritin-Fhyd
synthesis: at very low Fe loadings the scattering from
ferritin-Fhyd was so weak that domain sizes could not be
assigned reliably, while at high Fe loadings the ferritin-Fhyd
composites aggregated during synthesis and size-exclusion
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Figure 2. Representative PDFs with theoretical fits. Note the more rapid
tapering of G(r) in the less-crystalline samples (especially Fhyd) relative to
the more-crystalline y-Fe;O3 and Mn30,. Most samples show protein
scattering peaks at ~1.5 A and ~2.5 A that are not reproduced in the
model fits; their absence in FePt and CoPt can be attributed to the very
strong X-ray scattering from electron-rich Pt that completely overwhelms
the protein scattering.

chromatography showed a particle size different from the
empty ferritin cages. In the range where their sizes are com-
parable, however, the y-Fe,O; samples show larger domain
sizes than the Fhyd samples, although even their domain
sizes are smaller than y-Fe,O5 synthesized under identical,
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Figure 3. Domain sizes in ferritin-templated inorganic nanoparticles.
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calculated PDF from ferrihydrite and shows a domain size similar to
much smaller ferrihydrite particles. The error bar for Mn;Oy is off the
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Figure 4. Comparison of measured and theoretical (single-crystal) do-
main sizes in ferritin-Fe;O4 nanoparticles. Note the transition between the
regime of very small domains (at 200 and 400-Fe loadings) and the regime
where the observed domain size is roughly proportional to the theoretical
maximum domain size (= 1000 Fe/cage).

protein-free conditions (5.4 nm). If the observed do-
main size is compared to a theoretical maximum particle
size based on the loading ratio (Figure 4), one can see a
transition between a regime with very small domains
(loading <1000 Fe/cage) and a regime where the crystal-
line domains maintain a roughly constant fraction of the
theoretical maximum. This suggests that, for nanoparti-
cles larger than 1000 Fe/cage, crystalline domains grow at
a roughly uniform rate.

The nearly constant 2 nm size of the Fhyd domains
indicates that the domain size of protein-templated Fhyd
is unlikely to grow beyond this point, regardless of the
overall particle size. This value is also in good agreement
with the domain sizes found in native horse spleen ferritin,
which has a Fe loading ratio far higher that what was
observed in the protein-templated samples, possibly as
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high as 4500 Fe/cage.’” Fhyd synthesized at room tem-
perature has also been shown to have a coherent scatter-
ing domain size of around 2 nm;***® the formation of
larger particles requires higher-temperature conditions.
Mineral Phase Identification for Mn Oxide, CoPt, and
FePt. The Mn oxide nanoparticle PDF data were fit by
model PDFs for a variety of Mn oxide phases, including
akhtenskite, hausmannite, manganosite, and ramsedellite.
The only acceptable fit to the data came from hausmannite
(Mn30y), a distorted spinel with a structure similar to
magnetite/maghemite. This structural similarity is consis-
tent with the similarity in synthesis conditions between the
two materials. A small scattering contribution from bulk
NaCl (present in the synthesis buffer and not entirely re-
moved during dialysis) was required to correctly reproduce
the PDF at high r, and a crystalline domain size of about
35 A was obtained, somewhat larger than the crystalline
domains observed in ferritin-y-Fe,O; composites. The pre-
sence of bulk NaCl meant that scattering at high » was
dominated by halite peaks; these tended to mask the high-r
tail of the Mn;0O, signal, resulting in an unusually high
uncertainty for the particle size: increasing the domain size
t0 86 A increased the R-value for the fit by only 5%. Despite
this difference in the fitting procedure, the larger domain
size in Min30y relative to y-Fe,O; is supported by compar-
ison with the corresponding protein-free materials, in which
Mn;0,4 shows larger nanocrystalline domains of about
17.5 nm, compared to the 5.4 nm observed for y-Fe,Os.
The measured PDF for the FePt/ferritin sample fit to a
face-centered cubic (fcc) structure (ICSD #42589). FePt
can exist either as a compositionally disordered fcc phase
in which each site is occupied by Fe or Pt with 50% proba-
bility, or an ordered face-centered tetragonal (fct) struc-
ture, known as the L1, phase, which contains alternating
layers of Fe and Pt. Although the peak locations in the
PDFs of these two materials are identical, the relative
amplitudes of different peaks in the PDF will differ
because of the different scattering lengths of Fe and Pt.
The experimental PDF was fit using a model with partial
compositional disorder, in which alternating layers con-
tain either Fe with an occupancy of 1 — x and Pt with an
occupancy of x or vice versa; x = | corresponds to the
perfectly ordered case and x = 0.5 to the fully disordered
case. Fitting in PDFgui converged on an optimal value of
x = 0.82, suggesting the presence of chemical short-range
order.*” Tt should be noted, however, that setting x to 0.5
or 1.0 increased the R-value of the fit by less than 5% the
X-ray PDF results were insufficient to quantify chemical
short-range order at a corresponding level of confidence.
Significantly, the 2.0 A peak arising from Fe—O nearest
neighbors in Fe oxides is not visible in the FePt struc-
ture, indicating that any contamination of FePt by Fe
oxide phases (which are commonly produced under mild
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biomimetic conditions) is negligible. The crystalline domain
size fit to the FePt data is similar to the domain sizes seen in
other ferritin-templated nanoparticles, about 23.5 A.

The G(r) obtained from the CoPt/ferritin sample gave
an excellent fit to a face-centered cubic structure (ICSD
#102621). As with FePt, fitting with variable Co/Pt
occupancies was used and gave an order parameter of
0.91, but a =5% increase in the R-value was obtained for
order parameters ranging from 0.62 to 1.0, so the level of
short-range order may in fact be quite modest. Protein-
templated CoPt nanoparticles in the L1, phase have pre-
viously been synthesized either by thermal annealing®’®
(which carbonizes the protein coating) or by the usage of a
phage display peptide with an affinity for L1, CoPt;*’
neither method was employed in the present study, and it
is not clear to what degree the partial ordering observed
was a result of the protein-templated nanoparticle for-
mation. A crystalline domain size of 23.2 A was observed,
similar to FePt.

Relative Contributions of Protein and Inorganic Scatter-
ing. Close examination of the PDF fits shown in Figure 2
reveals that most protein-inorganic composites include
two peaks at short r that are never present in the PDFs
calculated from model structures—one peak at about
1.5 A attributable to the covalent bonds within the pro-
tein molecule, and another at 2.5 A corresponding to
second-nearest neighbors either along the peptide back-
bone or within aliphatic side chains. These distances can
clearly be observed in crystal structures of ferritin;***!
strong 1.5 and 2.5 A peaks were observed in PDF mea-
surements of lyophilized protein and PDFs calculated
from protein crystal structures (see Supporting Infor-
mation). As expected, the amplitudes of these protein
scattering peaks relative to those arising from the inor-
ganic phase were inversely related to the metalion loading
ratio used during nanoparticle synthesis.

Discussion

There are two major elements at play determining the
crystal domain size of protein-encapsulated inorganic
minerals. The first is the intrinsic properties of the mate-
rials themselves. For example, while the y-Fe,O5; and
Fhyd materials grown within ferritin cages are chemically
similar, there are important differences in the outcomes of
their crystal growth. These are largely foreshadowed by
differences in the behavior of the bulk minerals: maghe-
mite can form macroscopic crystals, while Fhyd always
exhibits a grain size of 2—6 nm.** Mn30, is formed under
the same conditions as y-Fe,Os, but shows a significantly
larger crystalline domain size, in agreement with the
larger domain sizes of Mns;O4 suspensions formed in a

(40) Langlois d’Estaintot, B.; Santambrogio, P.; Granier, T.; Gallois,
B.; Chevalier, J. M.; Precigoux, G.; Levi, S.; Arosio, P. J. Mol. Biol.
2004, 340(2), 277-293.

(41) Tatur,J.; Hagen, W. R.; Matias, P. M. J Biol. Inorg. Chem.2007, 12
(5), 615-630.

(42) Michel, F. M.; Ehm, L.; Liu, G.; Han, W. Q.; Antao, S. M.;
Chupas, P.J.; Lee, P. L.; Knorr, K.; Eulert, H.; Kim, J.; Grey, C. P.;
Celestian, A. J.; Gillow, J.; Schoonen, M. A. A.; Strongin, D. R.;
Parise, J. B. Chem. Mater. 2007, 19(6), 1489-1496.
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protein-free solution, 17.5 nm compared with 5.4 nm for
y-Fe,0s5. In addition, the size of the protein cage seems to
have little influence on the crystallinity of the encapsu-
lated mineral; a previous study*® gave a crystal domain
size of only 18.5 £ 9.5 A for TiO, nanoparticles grown
inside the capsid of cowpea chlorotic mottle virus
(CCMYV). CCMV has an inner diameter of about 20 nm
compared to about 8 nm for ferritin; this makes the
interior volume of CCMYV roughly 16-fold larger than
that of ferritin, but the crystalline domain size of TiO; in
CCMV is actually smaller than some of the ferritin
materials examined in this study.

In addition to the undeniable role played by intrinsic
material properties, the protein environment also has
important effects on nanoparticle structure. This is clearest
when comparing the protein-templated samples to corres-
ponding protein-free samples: even the largest y-Fe,O3 and
Mn;0y particles show smaller domain sizes than their pro-
tein-free counterparts. Some crystal structures of un-
mineralized ferritin have resolved 24 bound Fe atoms near
the ferroxidase active sites. The closest distance between
adjacent bound Fe atoms is 26-31 A; if these are considered
to be potential nucleation sites then we can consider this to be
a rough estimate for the maximum diameter to which nascent
crystalline domains could grow before beginning to be con-
strained by their neighbors. The largest crystalline domains
measured are only slightly larger than this; growth from
multiple adjacent nucleation sites may play a more important
role in limiting crystallinity than the confined geometry itself.

Another possibility is that, rather than consisting of a
large number of small crystalline domains, our samples
simply contain an “amorphous” inorganic phase with a
large number of defects, which tend to limit crystalline
domain size. If this is the case, then the rough agreement
between measured domain sizes and the distances be-
tween nucleation sites within the protein cage is simply a
fortuitous coincidence; nanoparticle formation could
proceed from one or several points within the cage, but
the growing particles would accumulate defects quickly and
the low-temperature synthesis conditions would inhibit the
formation of well-ordered crystals. The nanocrystalline
interpretation seems somewhat more likely based on the
PDFs shown in Figure 2; we would expect glass-like
materials to show a broadening of the atom—atom correla-
tions at large values of r because of static positional
disorder. Instead, we see a decrease in the amplitude of
the PDF peaks (consistent with finite domain sizes) but not
substantial broadening. Ultimately, the distinction between
amorphous and nanocrystalline materials, if it can be made
at all for particles of this size, will depend on the presence of
well-defined grain boundaries separating nanocrystalline
domains. The direct observation of such grain boundaries
is beyond the scope of this study.

These observations place important constraints on the
usage of protein-templated inorganic nanoparticles in

(43) Jolley, C. C.; Klem, M. T.; Harrington, R.; Parise, J. B.; Douglas,
T. Structure and photoactivity of a virus capsid-TiO, nanocompo-
site, 2010; submitted for publication.
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applications requiring a high degree of crystallinity.
Many desirable material features, such as hard ferromag-
netism or long charge recombination lengths in photo-
voltaic materials, depend on the presence of large crys-
talline domains. If crystallinity in protein-templated
nanoparticles is limited by multiple nucleation sites and
an apparent lack of Ostwald ripening, then it may be
possible to dramatically improve these features by ad-
dressing one or both of these features. The presence of
multiple nucleation sites, for example, could be addressed
by the formation of chimeric particles,**** in which the
symmetry of the oligomeric cage is broken and a cage is
assembled out of a mixture of two types of subunits, one
with and one without crystal nucleation sites. If the
concentration of nucleation-competent subunits in the
mixture is low enough, growing crystals within a cage will
have less competition and may be able to grow to larger
sizes without interference from the other subunits. Alter-
natively, higher-temperature synthesis (enabled by heat-
stable protein cages such as Pyrococcus ferritin®>) may be
effective in promoting Ostwald ripening that would allow
initially independent domains to rearrange into a single
crystalline domain.

Further insight into the process of particle growth can
be drawn from looking at the y-Fe,O; particles formed at
very low Fe loadings. The domain sizes of the ferritin-y-
Fe,O5; composites with 200 and 400 Fe atoms per cage are
nearly equal and very small: about 0.5 nm. The PDFs of
these samples show only about three peaks, enough to be
accounted for by Fe—O clusters of only a few atoms. It
appears that the difference between the 200 and 400-Fe
composites is the presence of a larger number of these
small clusters, and it is at a critical size between 400 and
1000 atoms/cage that larger domains begin to form.

Conclusion

Examination of the crystalline domain size in protein-
templated inorganic nanoparticles, as revealed by PDF
analysis, can be a useful tool in understanding the process
of mineralization inside protein cages. The results presented
above indicate that inorganic mineralization in ferritins
takes place through the formation of isolated clusters at
very low metal loadings; at higher loadings larger domains
form. In some materials, such as Fhyd, the crystalline
domain size appears to be limited by inherent properties
of the material, largely independent of the presence of the
protein cage. In the case of other materials, such as y-Fe,O;
and Mn;0y4, domain sizes in the protein-templated material
are significantly smaller than in material synthesized under
protein-free conditions. This suggests that the confined
geometry of the protein cage, in particular the presence
of multiple nucleation sites, leads to the formation of
smaller crystalline domains.

(44) Kang, S.; Oltrogge, L. M.; Broomell, C. C.; Liepold, L. O.;
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These results also suggest ways in which it might be
possible to tune the domain size of inorganic nanoparti-
cles within protein cages. One would be to limit the
number of nucleations within an individual cage by
mineralizing chimeric cage particles with a smaller num-
ber of nucleation sites. Alternatively, one could attempt
mineralization at higher temperatures to promote the
rearrangement of smaller crystallites into a larger grow-
ing crystal. By combining higher synthesis temperatures
with the superior thermal properties of protein cages from
hyperthermophilic organisms such as P. furiosus, it may
be possible to generate samples with higher degrees of
crystallinity and superior material properties.
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