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ABSTRACT: Encapsulation of inorganic nanoparticles within oligomeric protein cages can
provide a multivalent approach for the synthesis of biocompatible nanomaterials by
combining the nanoparticle-forming catalytic abilities of the cage interior with the biointer-
active exterior surface of the cage. Protein cages provide more than simply a passive
compartment for nanoparticle formation: protein-templated nanoparticles can exhibit
structural and electronic properties that are dramatically different from materials synthesized
without protein templating. Mixed Fe/Mn oxides formed under hydrothermal conditions
form a structural series ranging from the y-Fe,O; (maghemite) to the Mn;0, (hausmannite)
spinel structure as the Mn fraction is increased from 0 to 100%, while similar materials
formed inside of human ferritin transition instead from maghemite to a layered Mn oxide
structure similar to chalcophanite. The electronic properties of the protein-templated
nanoparticles, as determined from soft X-ray absorption spectroscopy, also differ from those
of their protein-free counterparts, in agreement with the structural results. Protein-templated

synthesis may provide the opportunity for powerful control over nanomaterial properties through nanoconfinement, but the

ultimate physical basis for these effects remains to be determined.
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B INTRODUCTION

The formation of hard biomaterials such as mollusk shell or
vertebrate bone involves intimate interactions between biopoly-
mers and nascent inorganic crystals.' > Soft materials such as
proteins have shown a remarkable capacity to direct the growth
and influence the final material properties of hard materials.® A
growing class of bioinspired nanomaterials”® mimics this forma-
tion process by using protein nanocages such as virus capsiclsgf12
or ferritins"> ™" to encapsulate inorganic nanoparticles. This
approach has a number of immediate advantages for nanotech-
nology applications: the protein shell can help to prevent
aggregation of nanoparticles and can be chemically or genetically
modified for in vivo targeting'”*® or in vitro assembly into
hierarchical structures.”' >

Another, more subtle effect of protein-confined nanoparticle
synthesis is the potential for dramatic changes in the nanopar-
ticle morphology. A simple example is the constraint on crystal-
line domain size imposed not only by the size of the protein
cage but possibly also by the arrangement of crystal nucleation
sites on the cage interior.”* More dramatic effects are also
possible: ferritin forms a 24-meric protein cage with interior
ferroxidase sites that can oxidize soluble Fe*" to insoluble Fe",
forming an Fe oxide nanoparticle in the cage interior. Under
biologically relevant conditions (room temperature, near-ne-
tural pH, ambient O,), recombinant ferritin forms a ferrihydrite
phase® similar to what is observed in native mineralized
ferritin. If Fe** is exposed to the same conditions in the absence

v ACS Publications ©2011 american chemical Society

of ferritin, however, it precipitates to form a lepidocrocite
phase.”® This can be understood in terms of a kinetic trap:
ferritin stabilizes the metastable ferrihydrite phase that trans-
forms into more-ordered Fe oxide structures under most
conditions. In fact, such disorder—order transitions in ferri-
tin-templated Fe oxides appear to be feasible only under
elevated temperatures requiring the use of ferritins from
hyperthermophilic organisms."

Kinetic stabilization of amorphous phases is also relevant to
the formation of structural biominerals such as teeth and
bones.>*” In contrast to classical precipitation models in which
growing crystals form directly from the addition of solution
ions, calcium phosphate and carbonate have been shown to
exist as stable nanometer-sized clusters in solution.*® Amor-
phous phases form by aggregation of these nanoclusters, and
macroscopically ordered crystals can arise through interaction
with an ordered template that establishes crystal phase and
orientation.”” In the case of collagen biomineralization,® the
amorphous precursor phases are thought to be stabilized by
noncollagenous proteins (NCPs), forming negatively charged clusters
that are subsequently oriented on the positively charged
collagen scaffold and reorganize into a larger-scale crystal. Similar
solution-phase molecular clusters have been characterized for
transition metals,®® and ferritin (which also carries a significant
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negative charge) may function similarly to NCPs by electro-
statically stabilizing thermodynamically unfavorable amor-
phous phases. It should be noted, however, that Fe*" ions
must enter ferritin through narrow pores at the 3-fold symmetry
axes,”" and it is unlikely that nanometer-scale Fe oxide clusters
could pass into the ferritin cage intact: any solution-phase
clusters that serve as a precursor to ferrihydrite formation must
form inside the cage.

This study focuses on a more synthetically motivated model
system: the formation of Mn ferrites (mixed spinels of Fe and Mn)
both in a protein-free solution and inside of recombinant human
ferritin (HFn). Ferrite spinel nanoparticles have been a subject
of intense interest because of their superparamagnetic
properties,*”** which make them attractive targets for applica-
tions including ferrofluids, magnetocaloric refrigeration, and
magnetic resonance imaging."’4 In addition, Mn oxides have been
shown to form highly porous nanostructures with architectures
reminiscent of biological materials,* which may be useful in
sensing or catalytic applications that require high surface area.
HFn has previously been shown to grow nanoparticles of
y-Fe,O3 under conditions of controlled oxidation at elevated
pH and temperature; these particles show a strong magnetic
response and are being investigated as 2potential contrast
agents for magnetic resonance imaging.”’ 03¢ When HFn is
incubated with Mn®" under similar conditions, Mn oxide
nanoparticles form instead; mixed Fe/Mn oxides grown in
HFn have previously been studied using L,;-edge X-ray
absorption spectroscopy (XAS).37

When structural information obtained from X-ray pair dis-
tribution function (PDF) analysis is integrated with electronic
information from L,;-edge XAS, it becomes clear that the protein
template exerts a profound influence on the properties of the
encapsulated metal oxide nanoparticle. The implications of this
finding are both daunting and promising: daunting because the
mechanistic details of a protein template’s influence on nano-
particle formation are so poorly understood, and promising
because the mere existence of such dramatic effects suggests that
protein templates can be engineered for the formation of
application-oriented materials with specific novel properties.

B MATERIALS AND METHODS

Protein Expression and Purification. Recombinant HFn was
obtained by overexpression in Escherichia coli BL21 cells as described
previously.'”%® All protein-based samples were purified by size exclusion
chromatography (SEC) and subsequent anion exchange chromatogra-
phy before mineralization.

Synthesis. Mn ferrite samples were synthesized at doping levels
ranging from 0 to 100% Mn. Solutions of 12.5 mM (NH,),Fe(SOy),*
6H,0 and 12.5 mM MnCl, were prepared using H,O that had been
sparged with N, to remove dissolved oxygen and mixed to obtain the
desired [Fe**]/[Mn*"] ratio. A syringe pump (KD Scientific) was used
to simultaneously add the 12.5 mM metal mixture and a deaerated
4.17 mM H,O, solution to a stirred reaction vessel. The reaction vessel
temperature was maintained at 65 °C using a heated water bath (VWR)
and the pH maintained at 8.5 by addition of deaerated 100 mM NaOH
using an autotitrator (718 STAT Titrino, Metrohm). The reaction vessel
initially contained a deaerated solution of 100 mM NaCl, to ensure
proper functioning of the pH electrode. For protein-templated samples,
purified HFn in unbuffered 100 mM NaCl was added to the reaction
vessel at a concentration of ~0.3—0.5 mg/mL prior to mineralization.
The metal ion and H,O, solutions were added at a rate of 40 mL/h, and
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Figure 1. Mn doping levels determined by ICP-MS and by comparing
the Mn and Fe XAS integrated intensities. Measured Mn fractions
correlate well with the Mn>"/Fe*" ratios used during synthesis, indicat-
ing a lack of systematic bias in Mn”* uptake by HFn or incorporation
into the growing nanoparticle relative to Fe>*.

solutions were kept under a nitrogen atmosphere throughout synthesis.
The same temperature and pH conditions were used in the protein-free
and protein-templated reactions. Nanoparticle confinement inside the
protein cages was confirmed using size-exclusion chromatography,
dynamic light scattering, and transmission electron microscopy
(TEM), as described elsewhere.'”**¢ The protein-free reaction solu-
tion was turbid and nearly black for 100% Fe, shading to a lighter brown
for 100% Mn. For samples with <50% Mn, ferromagnetism was visually
confirmed using a small magnet. When HFn was included, the reaction
solutions showed similar color changes but were clear and lacked visible
magnetic response.

Protein-free samples were centrifuged and washed 3 x with deionized
water to remove NaCl and unreacted metal ions. Protein-templated
samples were purified by SEC with a running buffer of 50 mM PO, ",
100 mM NaCl, pH 7.5; samples intended for PDF analysis were then
dialyzed for ~7 days against several changes of ddH,O to remove
unwanted electrolytes. Samples to be used for XAS measurements were
stored in an aqueous suspension, while samples to be used for PDF
analysis were dried to powder using a vacuum lyophilizer (FreeZone,
Labconco).

Electronic Structure Determination. The Fe and Mn L,;-edge
XAS and X-ray magnetic circular dichroism (XMCD) were measured at
beamlines 6.3.1 and 4.0.2 of the Advanced Light Source at the Lawrence
Berkeley National Laboratories. The samples were dried in air on
Formvar-coated TEM grids prior to introduction into the ultrahigh
vacuum chamber. The XAS measurements were made at room tem-
perature using linearly polarized light in both total electron yield mode,
in which the current required to replenish photoelectrons ejected from
the sample is monitored, and in transmission mode using a Ga
photodetector. Although both collection methodologies produced the
same results, the electron yield had a lower noise level and is reported
here. The incident photon flux was determined from an 80% transmis-
sion gold grid upstream from the sample. The XMCD measurements>®
were made in the presence of a £ 1.5 T magnetic field with 90% circular
polarized light. All reported XMCD spectra are corrected for incomplete
polarization. Energy referencing was accomplished using an internal
reference powder mix (Fe;0, and MnO) where the major peak in the Fe
and Mn L;-edges have been set to be 704.70 and 637.75 eV, respectively.

Pair Distribution Function (PDF) Analysis. Pair distribution
functions of the Mn ferrite samples were determined by high-energy
total X-ray scattering. Powdered samples were placed in cylindrical
Kapton capillaries with inner diameter 0.0575" (Cole-Parmer) and
X-ray scattering was collected at a wavelength of 0.2128 A on beamline
11-ID-B at the Advanced Photon Source at Argonne National Labora-
tories. Powder diffraction patterns were assembled by averaging 0.5 s
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Figure 2. Experimentally determined PDFs for Mn doping series under protein-free (A) and protein-templated (B) conditions. Note the general
agreement at short distances (especially <4 A) and the larger divergence at longer distances (>8 A), indicating the presence of two distinct

structural types.

exposures, with a total collection time of S min for each sample;
diffraction image processing used the Fit2D software package.* Diffrac-
tion patterns were radially integrated to obtain a one-dimensional trace
of the total scattering; data up to q = 19.2 A" for protein-templated
samples and q = 23.0 A~ for protein-free samples were used to obtain
the corrected X-ray structure factor S(g). The radial pair distribution
function G(r) was obtained via a Fourier transform of S(q); calculation
of $(q) and G(r) used the PDFGetX2 software package.40 Unit cell
structures for bulk materials were obtained from the MINCRYST web
server,"" and the PDFgui software package* was used to fit crystal
models to the experimental G(r).

Compositional Analysis. Relative concentrations of Mn and Fe
were measured for all samples using inductively coupled plasma mass
spectrometry (ICP-MS) and by comparing peak edge jumps in the Fe
and Mn XAS spectra after referencing to a Fe,MnO, reference powder.
Measured Mn/Fe ratios were roughly equal to the ratios used during
synthesis (Figure 1) and do not indicate any systematic compositional
bias in Mn ferrite mineralization, either in HFn or in protein-free
solution.

B RESULTS

Radial Pair Distribution Function G(r) Shows Dramatic
Structural Changes with Mn Doping. The experimentally
determined G(r) for Mn ferrites with and without protein are
shown in Figure 2. For the protein-free samples, G(r) shows a
range of shapes with two end point structures represented by
y-Fe,0; (maghemite) and Mn30, (hausmannite). The plotted
curves show general agreement at short distances (r < 8 A),
indicating that the spinel structure shared by both maghemite
and hausmannite is present in all of the samples and that their
local geometries are similar. At larger distances, the structures
observed are dramatically out of register with each other (note
the alternating peaks for r > 9 A), suggesting that there is a change
in unit cell spacing between the two structural types. The changes
in the protein-templated samples are even more dramatic, with
the high-Fe samples showing a spinel structure and the high-Mn
samples appearing largely amorphous, with virtually no G(r)
features beyond ~7 A.

Note that G(r) tapers off with increasing r, and that this
tapering effect is more pronounced in some samples than in
others; this is a result of the finite size of crystalline domains.*

The amplitude of G() decreases once r becomes comparable to
the crystalline domain size because fewer such long-range
correlations can be found. In our data fitting protocol, this effect
is modeled by assuming spherical domains and convoluting the
modeled G(r) by a spherical shape factor. The diameter of the
assumed spherical domains is a parameter that can be fit to the
data to obtain a typical domain size.

Fitting of Protein-Free Structures. To determine the nature
of the structural changes that occur in the protein-free samples
upon changing the Fe/Mn ratio in the synthesis, the doped
samples were fit using the crystal structures of bulk maghemite
(y-Fe,03) and hausmannite (Mn3O,). Maghemite and magne-
tite (Fe;0,) give virtually identical X-ray PDFs; usage of a Fe;0,
model rather than a y-Fe,O; model in the fitting procedures
below produced negligibly different results. While Fe XAS
spectra have been used to differentiate between various Fe
oxides," our XAS measurements (see below) also did not
provide adequate information to distinguish y-Fe,O; from
Fe;0,. The structure will be referred to below as y-Fe,O3 with
the understanding that this designation is not entirely conclusive.

Three different fitting schemes were employed. The first
assumes a simple mixture of phases: fits were performed for
the y-Fe,O; and Mn3;0, phases, and the doped phases were
assumed to be simple mixtures of these phases. The y-Fe,0;
sample was well-described by maghemite with a crystalline
domain size of 5.2 nm, while Mn;O, was well-described by
hausmannite with a somewhat larger domain size of 14.7 nm
(Figure 3A,B). Mixtures of these two phases, however, did not
provide an adequate description of the doped samples
(Figure 3C); in general, the two-phase models gave higher
amplitudes at large r than were observed experimentally, indicat-
ing that a model based on a simple two-phase mixture over-
estimates the crystallinity of the doped samples.

In the second fitting scheme attempted (Figure 4), the doped
samples were assumed to consist of a mixture of the two bulk
crystal phases, but the spherical domain diameter was treated as a
free variable that was fit separately for each doped sample. Two
things are immediately apparent from this fitting procedure. The
first is that, while the pure y-Fe,O3 and Mn;O,4 samples are well-
described by the bulk crystal structures, the fraction of Mn;O,
used to fit the experimental G(r) is a monotonically increasing
function of Mn concentration, as would be expected. Second, one
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Figure 3. Experimental G(r) and model fits for protein-free y-Fe,O5
(A), Mn;0, (B). y-Fe,O3 doped with 25% Mn (C) was fit using the
fitting schemes described in the text. Note that a simple mixture of the
y-Fe;O3 and Mn;O,4 phases without a reduction in the crystalline
domain size (red trace, see Figure 4A) results in an overestimation of
the G(r) amplitude at high r. Allowing the domain size to fluctuate along
with the y-Fe,03/Mn30,4 composition (green trace) results in an
improved fit. Several differences still persist, notably the dramatic
overestimation of a peak height at ~7 A; these may result from defects
or other deviations from the idealized spinel model.

can see the reason for the failure to fit the correct particle size in
the two-phase approach; there is a dramatic loss of crystallinity at
intermediate doping levels, with the crystalline domain size
shrinking to as little as 2 nm in the case of 25% Mn.

The final fitting approach made use of the fact that the
y-Fe, O3 data can be fit reasonably well with the bulk hausman-
nite model, as long as the unit cell parameters are allowed to vary.
The opposite approach was not as successful, probably because
the cubic structure of y-Fe, O3 does not allow for the anisotropic
lattice distortions required to fit Mn;O,4 properly. All samples
could be fit with a single crystal phase, and the free parameters
that varied from one sample to another were the crystalline
domain size and the axis lengths a and ¢ of the orthorhombic unit
cell. (Figure 4). As Mn content increases from 0 to 33%, there is a
slow increase in c. Between 33% and 50% Mn, ¢ increases
dramatically, and then settles into another slow increase in the
region from 50% to 100% Mn. Between O and 100% Mn,
¢ undergoes an overall increase of about 1 A. At the same time,
we see a much smaller decrease in a which appears to lack the
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Figure 4. (A) Relative ratios of Fe304 and Mn30, as a function of Mn
doping, in the two-phase fit model. (B) Crystalline domain size and
lattice parameter changes as a function of Mn doping. The pure Fe;O,
and Mn;0, samples are more crystalline (i.e., have larger domain sizes),
while the domain size shrinks dramatically in the samples with inter-
mediate doping levels. As Mn concentrations increase, the unit cell
elongates along the ¢ axis and contracts slightly along the two perpendi-
cular (a = b) axes.

same type of sudden change. Comparison of Figures 4A and 4B
shows that the sharp increase in ¢ happens at the same Mn
fraction as a similar, but less distinct, increase in the Mn;0,
contribution to the mixed model. This point, somewhere be-
tween 33% and 50% Mn, can be identified as the doping level at
which a transition between a maghemite-like lattice and a
hausmannite-like lattice takes place.

Two major conclusions can be drawn from these model-fitting
results. The first is that a major structural change occurs at a Mn
doping level of between 33 and 50%. The clearest way to
interpret this is using Figure 4B, which shows a dramatic increase
in the length of the unit cell ¢ axis, corresponding to a sudden
change from a y-Fe,Oj-like lattice to a Mn3O4-like lattice
(Figure 4A). The other major result is that both end points of
the doping series show comparatively high crystallinity
(Figure 4B), while intermediate doping values are far less
crystalline. The minimum crystalline domain size is reached at
doping levels fairly close to the abrupt increase in the unit cell ¢
axis, possibly indicating that local compositional heterogeneities
lead to structural defects which inhibit the formation of large
crystalline domains.

Fitting of Protein-Templated Structures. HFn-templated
y-Fe,O3 samples have previously been characterized by PDF
analysis”* and show excellent fits to maghemite (or, equivalently,
magnetite) structures. This spinel-like structure was present
without any major changes from 0 to 25% Mn (Figure 2). After
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Figure 5. Comparison of HFn-templated 100% Mn oxide with calcu-
lated PDFs of known Mn oxide phases. When only Mn—Mn correla-
tions are plotted (A), it is clear that the edge-sharing MnOg peak at 2.9 A
is clearly present in the experimental data, while the vertex-sharing
MnOg peak at 3.5 A that is present in many Mn oxide phases is lacking in
the experimental data. The peak at around 4.9 A agrees well with an
Mn—Mn correlation in chalcophanite; the corresponding distances in
the other phases are all too long. Plotting the Mn—O correlations (B),
allows us to clearly identify the Mn—O bond correlation at 1.9 A, along
with features at 3.4 and 4.4 A arising from edge-sharing MnOg octahedra.

this point, however, things change dramatically. The measured
PDFs for high-Mn samples did not provide a satisfactory fit to
hausmannite, or to other pure Mn-oxide phases (akhtenskite,
manganosite, pyrolusite, ramsdellite). Taking a cue from PDF
studies of biogenic Mn oxides formed by bacteria and fungi,** we
attempted to fit to a variety of weakly ordered Mn oxide
phases (lithiophorite, birnessite, romanechite, todorokite,
and chalcophanite), which often contain H,O and well-ordered
counterions (mostly Group 1 and 2 ions, along with A" in
lithiophorite and Zn®" in chalcophanite) in the crystal structure.

The 100% Mn oxide sample in HFn shows several clear
features at low r that can aid in phase identification (Figure S).
First, there are the clear peaks at 1.5 A and 2.5 A that are observed
in all protein-templated nanoparticle PDFs'>** and arise from
correlations between bonded carbon and nitrogen atoms (1.5 A)
and second-nearest neighbors (2.5 A) in protein. Other low-r
peaks are diagnostic for Mn oxide phases; a peak at about 1.9 A
has decreased amplitude because of its position in the valley
between the major protein peaks, but agrees well with distances
measured for Mn—O bonds. A correlation at 2.9 A arises from
Mn—Mn correlations in edge-sharing MnOg octahedra; the
asymmetric feature at 3.7 A is somewhat longer than Mn—Mn
correlations in vertex-sharing MnOg octahedra but matches well
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Figure 6. Measured PDF for 100% Mn oxide in HFn, compared with a
calculated PDF for chalcophanite with a 1.5 nm spherical domain size.
The protein peaks at ~1.5 and ~2.5 A are absent in the calculated
structure, and several of the peaks are lower-amplitude in the protein
structure, reflecting the presence of defects. The prominent set of peaks
at 7—8 A in the calculated PDF results from correlations between planes
of MnOg octahedra; their lower amplitude in the measured PDF reflects
interplane stacking faults that render the idealized model of spherical
crystal domains unreliable.

with a Mn—O peak for second-nearest neighbors. Many struc-
tures with edge-sharing MnOg4 show a Mn—O correlation near
4.5 A that agrees well with the experimental peak observed at
4.4 A; beyond this distance the differences between different
phases begin to look more dramatic. Most significantly, many
phases show a significant Mn—Mn correlation near 5.3 A;
most of these are longer than the 4.9 A peak observed
experimentally, but the peak for chalcophanite is quite close.
An overlay of the experimental PDF and a calculated PDF for
chalcophanite with a domain size of 15 A is shown in Figure 6;
note that the double peak at around 6 A is also fairly well
duplicated.

The calculated chalcophanite structure contains features at
~7.5 A which arise from interlayer Mn—Mn correlations;
these are largely absent in the measured PDFs and indicate
that interlayer stacking faults are present in the protein-
templated samples, leading to weak overall order. The crystal-
line domain model used for PDF calculations in PDFgui
assumes spherical domains which are unlikely to be an accurate
approximation in such an anisotropic structure. Interestingly,
biogenic Mn oxides produced by bacteria fit to a birnessite-like
layered structure that is similar to chalcophanite, in contrast to
fungal Mn oxides which fit to a tunnel-like todorokite struc-
ture; it remains unclear whether the mechanistic details of
bacterial chalcophanite formation might be similar to what was
observed in our experiments.

Previous work™* has identified the Mn oxide phase synthesized
in HFn under the reaction conditions described as a hausmannite
structure, similar to what was observed in the protein-free case.
While the synthesis conditions described in this study are
essentially identical to those in these previous studies, the
postsynthesis size-exclusion chromatography (SEC) purification
step was absent. Given the largely amorphous structure of
protein-templated Mn oxides and the highly crystalline structure
of the protein-free samples, it is possible that a small amount of
bulk crystallization (which would be removed by SEC) could
give a spurious hausmannite diffraction pattern. The fact that
nearly identical PDFs were obtained for a variety of high-Mn
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Figure 7. Area normalized Mn L,;-edge XAS spectra for particles with
protein (left panel) and without protein (right panel). Line types
indicate similar phases (solid line is low Mn concentration phase, dashed
line is high Mn concentration, and dotted line is transition region).
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Figure 8. (A) Area normalized Fe L,;-edge XAS spectra for particles
without protein. The color range for Mn doping levels is the same as in
Figure 1. Arrows indicate the evolution trend of various features as the Mn
concentration is increased. (B) Ratio of the intensities of the Ly shoulder
feature (706.5 eV) and main L; peak (708 eV) displayed as solid circle
using left axis and the intensity ratio of the first L, peak (719.5 eV) and
second L, peak (721.5 eV) displayed as open triangles using right axis.

doping levels suggests that the results presented here probably do
not stem from an error in synthesis or characterization, but that
the structure of protein-templated Mn oxide nanoparticles
(which have been rigorously purified) is not highly crystalline.
Electronic Properties. The Mn L,3-edge XAS spectra for a
representative sampling of different Mn concentrations with and
without protein are shown in Figure 7. The spectra have been
normalized to the integrated peak area (L,+L;) and energy
calibrated by comparing the peak position of a reference powder
that is simultaneously collected with each sample spectra. The
evolution of the spectra for the protein-free particles (right
panel) shows that as the Mn concentration is reduced, the Mn
L,; spectral weight shifts dramatically from the higher-energy
peaks to the lower-energy peak. The spectra are quite similar for
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Figure 9. (A) Fe L,3-edge XMCD spectra for particles without protein
for different Mn concentrations. (B) The Fe peak-to-peak MCD
variation with Mn concentration without protein (solid circles), with
protein (open triangles), and a calculated linear moment reduction for
Mn displacement of Fe in the octahedral site (dashed line).

5$%—25% Mn concentrations, changing rapidly at 33% Mn.
Above this concentration, the Mn spectra evolve gradually, but
are all quite similar. The range of Mn concentrations over which
the electronic structure evolves rapidly is the same range at which
dramatic structural changes were observed (see above).

While the overall trend in the Mn L,3-edge XAS of the protein-
templated particles (left panel) is fairly similar to the protein-free
particles, important differences exist. In particular, the highly
structured peaks seen at low Mn concentrations persist to higher
Mn doping levels in the protein-templated samples, changing
suddenly after 67% Mn instead of 33% Mn. Above 75% Mn, the
electronic structure remains fixed. There are also subtle differ-
ences in the shapes of both the high-Mn and low-Mn spectra.

Confirmation of this varied evolution of the structure of Mn
ferrite nanoparticles can be found in the Fe XAS spectra.
Figure 8A displays the area normalized Fe L,3-edge XAS spectra
for protein-free nanoparticles. The slight change in the local
electronic structure of Fe is conveyed in the changing shoulder
intensity of the L3 peak in comparison to the main peak and in
the redistribution of spectral weight between the first and
second peak of the L, edge (along with the development of a
small shoulder at lower binding energy). These variations are
qualitatively clear from the spectra themselves, but the trend
can be quantitatively understood by displaying these two
intensity ratios (Figure 8B). Once again we see a gradual
evolution of the Fe electronic spectra from 0%—33% Mn, with
a transition around 50% Mn. These changing ratios have been
attributed to increased occupation of Fe in the octahedral site of
the spinel structure, consistent with the Mn displacing Fe in the
tetrahedral site. The corresponding Fe L,3-edge spectra for the
protein-templated particles are very similar to those published
previously and are included in the Supporting Information
accompanying this article.

Additional structural information can be obtained from the
XMCD spectra of the L, edge.46 Figure 9 shows the evolution of
the Fe XMCD as a function of Mn concentration for protein-free
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particles. The spectra show that the dichroism signal of Fe first
dramatically increases at low Mn addition, then falls rapidly. This
behavior, highlighted by the solid circles in Figure 9B, is well
understood if the Mn initially substitutes for Fe in the A-site
(tetrahedral) position. In the spinel structure, because of indirect
exchange coupling, the magnetic orientation of the Fe in the
Assite is opposite the magnetic orientation of Fe in the more
numerous octahedral B-sites, resulting in a reduction of the net
Fe moment. Substitution of Mn into the A-site reduces the
occupation of Fe in this site, thus increasing the net Fe moment.
Also shown in the Figure 9B (dashed line) is the calculated Fe
MCD signal if the Mn were to merely displace the Fe atoms from
the octahedral site. In contrast, for Mn addition with protein
encapsulation, the Fe MCD signal is observed to drop rapidly to
zero and is consistent with Mn substituting as Mn”* in the
octahedral B-site, displacing the Fe and reducing the overall
moment.”” Moreover, both the Fe Ly XMCD line shape and the
Mn L3 XAS line shape show that as the Mn concentration
increases, the fraction of Fe atoms with an Fe®* valence in the
octahedral site decreases while the occupation of the octahedral
site by Mn increases.*” For both the protein-free (solid circles)
and protein-templated samples (open triangles), the eventual
decrease in the net Fe moment is significantly faster than the
hypothetical linear decrease. This suggests that Mn does more
than simply dilute the magnetism of the Fe atoms; significant
levels of Mn disrupt the magnetic coupling, effectively abolishing
ferromagnetic behavior by 25% Mn incorporation.

W DISCUSSION

Agreement of PDF and XAS Methods. The results obtained
by PDF analysis and L-edge XAS studies of these materials are in
broad agreement, and the data obtained by these two methods
are largely complementary. As a diffraction method, PDF analysis
is highly sensitive to small shifts in the unit cell geometry. For
example, the Mn ferrites shown in Figure 2A look extremely
similar at very short distances (<4 A); it is only at higher values of
r that the changes in the lattice geometry resulting from the
substitution of Mn for Fe become apparent. For these oxide
materials, the XAS is a much more local method, revealing
information only about the immediate coordination environ-
ment of the element whose absorption edge is being measured.
Comparison of Figure 2 with Figure 7, for example, indicates
that, although the protein-templated and protein-free Mn oxide
nanoparticles show dramatically different crystal structures
(chalcophanite-like and hausmannite-like, respectively), the co-
ordination environments of the Mn atoms are fairly similar. In
both cases, the Mn X-ray absorption signal is dominated by
distorted MnOg octahedra, in contrast to the less-distorted
structures that prevail when Mn is doped into a lattice dominated
by Fe oxide. PDF analysis struggles to extract information from
very weakly ordered materials (such as the protein-templated Mn
oxides), while XAS spectra are less sensitive to the degree of
larger-scale order.

Valence and Site Occupation of Mn Atoms. This combined
PDF/XAS approach is particularly fruitful in determining the
incorporation of Mn into the y-Fe,O; lattice at low Mn
concentrations. Figure 7 shows that the two types of samples
undergo roughly similar changes, from well-defined spectra
indicative of relatively undistorted Mn geometries to broader
spectra that suggest the distorted geometries present in many
bulk Mn oxides. These changes happen, however, at rather

different concentrations: around 33% Mn in the protein-free
samples and around 67% in the protein-templated samples. If Mn
were incorporating preferentially into the tetrahedral A-sites of
the spinel lattice, one would expect a transition at about 33%
doping, when all of these sites became occupied. Conversely, a
transition at around 67% occupancy would suggest incorporation
into the octahedral B-sites. Further evidence can be gleaned from
the shape of the XAS spectra themselves; the low-concentration
(5% Mn) spectrum of the protein-free nanoparticles is nearly
identical to the theoretical spectrum of Mn”" in a tetrahedral
configuration,48 consistent with incorporation into the A-sites. In
the Fe XMCD results (Figure 9), the initial substitution of Mn
into the ferromagnetic A-sites serves to increase the net Fe
moment, at least until Mn concentrations become high enough
to interfere with the long-range magnetic coupling of the Fe sites.
In contrast, the protein-templated nanoparticles show no such
increase, suggesting that they do not prefer the A-sites at low
doping levels.

The PDF results paint a similar picture for the protein-free
nanoparticles; Figure 4 shows a dramatic change in the spinel
lattice parameters at around 33% Mn, consistent with the XAS
results indicating initial doping into the tetrahedral sites. The
protein-templated particles are somewhat different; close exam-
ination of Figure 2 suggests that the spinel structure has largely
broken down by 33% Mn, being replaced by the layered
chalcophanite-like structure, in which all metal sites are octahe-
dral. Because of the overall weak ordering of this phase, it is
impossible to determine what subtle structural shifts may be
taking place at higher Mn doping levels. The XAS spectra
reported in Figure 7 suggest that, in the 33—67% Mn range,
the character of this weakly ordered lattice is still sufficiently
determined by Fe as to create largely undistorted local environ-
ments for the Mn ions. It is only at doping levels above about 67%
that the distorted Mn octahedral geometries become clearly
apparent.

Loss of Crystallinity at Intermediate Doping in Samples.
As an increasing number of Mn atoms are inserted into the
y-Fe, 05 lattice (or conversely, Fe atoms into Mn30,), they
will introduce defects that will tend to decrease the crystalline
domain size in the material. A simple calculation indicates,
however, that the spinel lattices are fairly tolerant of Fe/Mn
substitutions. For example, y-Fe,O; has a molar volume of
43.71 cm®/mol; this corresponds to about 2.8 X 10** Fe/cm?,
or a characteristic inter-Fe spacing of roughly 3.3 A. If 5% of
these Fe atoms are replaced with Mn and each Mn substitution
is a defect site, then the Mn density will be 1.4 x 10*' Mn/cm®,
for an inter-Mn spacing of about 9 A. The crystalline domain
size at 95% Fe is nearly 36 A, meaning that (in this rough
approximation) a defect is introduced at 0.08% of Fe lattice
sites, or 1.6% of Mn substitution sites. It is more likely that
isolated Mn atoms can be incorporated into the Fe oxide lattice
fairly easily (and vice versa) while a cluster of several nearby
Mn atoms will be sufficient to introduce a defect.

Spinel-Chalcophanite Transition. In the high-Mn protein-
templated samples, crystallinity loss likely involves a different
mechanism, as the nanoparticle adopts a chalcophanite-type
lattice that is dramatically different from the spinel lattice present
in the high-Fe samples; the reasons for this structural change are
less clear. In the protein-free synthesis, the 100% Mn samples
showed larger domain sizes than the 100% Fe samples
(Figure 4); it is possible that the tightly bonded hausmannite
structure is only stable in fairly large, well-ordered crystalline

3927 dx.doi.org/10.1021/cm201295p |Chem. Mater. 2011, 23, 3921-3929



Chemistry of Materials

domains, while the layered chalcophanite structure can easily be
disrupted by defects and is more amenable to a nanoconfined
environment. By analogy with the protein-directed formation of
calcium phosphate biominerals,” it is possible that ferritin affects
the crystal phase of Mn-dominated oxide phases either through
electrostatic stabilization of thermodynamically unfavorable
amorphous phases or by limiting nucleation precursors to
individual ions which can successfully enter the protein cage,
rather than nanometer-scale metal oxide clusters. The possible
role of cage entry is highlighted by the fact that Fe oxide phases
can easily be formed within both human ferritin (used in this
study) and ferritin from the hyperthermophilic Archaeon
Pyrococcus furiosus,*® while attempts to form Mn oxide nanopar-
ticles within Pyrococcus ferritin were unsuccessful. This suggests
that the kinetics of cage entry may be affected by subtle details of
the protein cage structure, leading to a significant impact on
nanoparticle formation.

Il CONCLUSION

Protein cages used for inorganic nanoparticle encapsulation
are far more than just passive containers; they exert a significant
influence on the structural and electronic properties of the
composite nanomaterials. Pair distribution function analysis
from total X-ray scattering clearly shows that the structural
changes experienced by Mn ferrite nanoparticles as a function
of increasing Mn doping is qualitatively different in HFn-
templated and protein-free nanoparticles. The reasons for this
difference are not as clear: possibilities include changes in lattice
stability because of the small crystalline domain size enforced by
protein cage confinement and multiple nucleation sites or kinetic
effects on crystal growth resulting from the limited rate of ion
diffusion into the cage. A more thorough understanding of the
physical underpinnings of these cage-induced material effects will
be essential to realize the full potential of protein-mediated
inorganic nanomaterials synthesis.
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