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It is well known that some of the metal ions remain bound to
apoferritin when incubating apoferritin with metal ions. In
this study a structural insight, from X-ray absorption spec-
troscopy (XAS) and small angle X-ray scattering (SAXS) ex-
periments, into the mechanism of inorganic core formation is
presented. The results indicate that, in the case of Cu'' at pH
8, the metal ions bound to apoferritin are in fact Cu'! oxide/
hydroxide. This Cu' species does not react with the Cu-spe-
cific TTMAPP, traditionally used to detect Cu,, because
TTMAPP is too large to penetrate the apoferritin channel and

interact with the metal ions. EXAFS results suggest that the
Cu"' precursor can be described as an amorphous network of
oxygen/hydroxide-coordinating polyhedra surrounding the
copper ions. XAS results demonstrate that this Cu'-oxide/
hydroxide species is completely converted into zero-valent
Cu nanoparticles when treated with NaBH,. Furthermore, a
structural model for the final Cu® nanoparticle is offered.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Over the last few years considerable research efforts have
focused on the preparation of water-soluble metallic nano-
particles for their use in biomedical applications.["”) Nu-
merous physical and chemical methods have been employed
to produce metallic nanoparticles focusing on the tight con-
trol of particle size and shape. Because of the strong depen-
dence of the properties on particle size and shape on the
nanometer scale, methods yielding uniformly sized and
shaped nanoparticles have become extremely important.
One possible route for obtaining nonaggregated water-solu-
ble metallic nanoparticles is the use of a preorganized mo-
lecular matrix as a chemical and spatial nanocage for their
construction. A typical example of this type of molecule is
the iron storage oligomeric protein apoferritin,* ) consid-
ered as a model for other nanocavity-containing macromol-
ecules such as virus capsides.®! Apoferritin consists of a
spherical protein shell composed of 24 subunits surround-
ing an aqueous cavity with a diameter of about 8 nm.[*-!%
Channels are generated by the multi subunit construction
of the apoferritin shell. Eight hydrophilic channels of about
4 A allow the passage of metal ions and molecules of suffi-
ciently small size into the cavity of the protein.[!]
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The first approach to produce apoferritin-encapsulated
metallic nanoparticles was the use of the apoferritin cavity
for biomimetic oxidative hydrolysis reactions, producing
apoferritins that are reconstituted with non-native inor-
ganic compounds, usually in the form of oxides or oxyhyd-
roxides.['>15] A more recent approach is based on the high
affinity of some metal ions for the apoferritin cavity!'®! and
on the capacity of these bonded metal ions to react with an
appropriate reagent to produce a metallic particle, con-
strained to the size of the cavity.!’l Apoferritin has been
reported to bind metal ions in its cavity at specific sites,
with stoichiometric binding not higher than 60 atoms per
apoferritin at pH 7.4.1'%1 However, the number of metal ions
strongly increases when working at a higher pH. For exam-
ple, when horse spleen apoferritin is treated with Cu!, Co'!
or Ni'" and the pH is dynamically adjusted to 8 the number
of metal ions per apoferritin reaches values of about
300.1'8191 It has recently been reported that this route can
be extended to the preparation of apoferritin-encapsulated
Cu,l17:291 Co, Nil'8 and Pd.[21

Douglas et al. found the existence of an electrostatic
negative potential gradient directed toward the cavity of the
ferritin, supporting the idea of positive ion encapsul-
ation.[??! These encapsulated metal(Il)-apoferritins are sus-
ceptible to reaction with an appropriate reductant to give
rise to the nucleation and growth of a new metal®~apoferri-
tin nanoparticle.'®!1 Recently, our group reported that this
route could be extended to the preparation of apoferritin-
encapsulated Cu, Co and Ni nanoparticles from a previous
apoferritin-encapsulated metal ion solution. The advantage
of our procedure lies in the fact that we succeeded in isolat-
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ing the metal(Il) ion-loaded apoferritin species (Cu™-apo-
ferritin, Scheme 1), which, in a second step, can act as a
nanoprecursor for the preparation of apoferritin-capsulated
zero-valent metal nanoparticles, avoiding any precipitation
outside the apoferritin protein.['8-1°]

However, the chemical nature and structure of the apo-
ferritin-encapsulated metal ions remained uncertain. Unfor-
tunately, no X-ray powder or electron diffraction could be
obtained to determine the structure of the encapsulated ma-
terial.

In the present work we performed small angle X-ray scat-
tering (SAXS), X-ray near edge structure (XANES) and ex-
tended X-ray absorption fine structure (EXAFS) experi-
ments on the intermediate species (Cu—apoferritin) as well
as the final product obtained after chemical reduction
(Cu-apoferritin). The results obtained point out that the
encapsulated-Cu'! metal ions are in fact a Cu-oxide/hydrox-
ide apoferritin species and that it is completely transformed
to a Cu zero-valent metal apoferritin after reduction with
NaBH, (Scheme 1).

| CuZqg
= pH8
apoferritin ®* s ‘o
dialysis
chromatography

Cu'l-apoferritin

Scheme 1. Structure of apoferritin and schematic representation of
the preparation of Cu''- and Cu®-apoferritin nanoparticles.

Results and Discussion

Apoferritin and Cu'® were incubated at pH 8 for 24 h.
The resulting solution was exhaustively dialyzed against
milli-Q water for two days to remove the Cu'' ions that
were not bound to the protein. The apoferritin-containing
fractions were isolated by G-25 Sephadex chromatography.

Apoferritin was monitored by UV/Vis spectroscopy at
280 nm and Cu by atomic absorption. The coelution of
apoferritin and the metal (Figure 1, A) demonstrates that
metal ions are attached to apoferritin. In addition, native
apoferritin and Cu'-apoferritin were electrophoretically
analyzed on polyacrylamide gel (PAGE), under native (non-
denaturing) conditions (Figure 1, B). The comigration of
the samples (native and Cu''-apoferritins) indicates, first,
that the protein remained intact after reaction with Cu'!
796
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and, second, that the Cu! atoms are indeed bound to the
protein shell. The copper concentration of the mixed apo-
ferritin-containing fractions, measured by atomic absorp-
tion, was 3.0 X 1073 M and the apoferritin concentration, de-
termined by the UV absorbance at 280 nm (%0 =
468000 M), was 1.08 X 10> M corresponding to 300 copper
atoms per apoferritin.
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Figure 1. (A) Size-exclusion chromatography elution profile of
Cu''-apoferritin monitored by UV/Vis spectroscopy at 280 nm (o)
and by copper atomic absorption (e). (B) Native polyacrylamide
gel electrophoresis stained with Coomassie Blue: lane 1 is native
apoferritin, lane 2 is Cu'l-apoferritin.

Interestingly, Cu'l-apoferritin does not react with the
Cu'l-specific 5,10,15,20-tetrakis[4-(trimethylammonio)-
phenyl]-21 H,23 H-porphine tetratosylate (TTMAPP), tradi-
tionally used to detect Cu''. Cu-apoferritin and TTMAPP
were incubated together at two different temperatures (25
and 40 °C) and the characteristic TTMAPP-Cu!! band at
432 nm did not increase with time. Although some radicals
(7-9 A in diameter) may slowly enter the apoferritin cav-
ity,?! the lack of the TTMAPP-Cu'! interaction can be ex-
plained on the basis of the size of the apoferritin channel
(=4 A), which precludes the uptake of the large (=18 A)
TTMAPP ligand. However, Cu'! ions of Cu"-apoferritin
were reduced with NaBH,, small enough to traverse the
apoferritin channels, to yield zero-valent Cu®. As a result
of the reduction the UV/Vis spectrum of the solution dra-
matically changed showing the typical surface plasmon res-
onance band of nanosized metallic copper, centred at
570 nm.[18-19]

Unstained TEM images of the Cu’—apoferritin nanopar-
ticles show the presence of discrete electron-dense spherical
cores.['8191 The stained TEM images (with uranyl acetate)
enabled the visualization of the organic apoferritin coating
the metal particle (Figure 2).

On the other hand, stained and unstained TEM images
of the Cu''-apoferritin sample appear to have less contrast
in general than those of Cu’—apoferritin, although the pres-
ence of several small nanoparticles in the interior of apofer-
ritin is evident (see parts B and C in Figure 2). Energy-
dispersive spectroscopy of both samples of Cu'™- and Cu’-
apoferritin confirmed the presence of Cu inside the apofer-
ritin (data not shown). Moreover, no Cu was detected out-
side the ferritin particles. The nature of the Cu'-apoferritin
structure, as well as other metal ions binding the apoferritin
species, remains uncertain. Unfortunately, no X-ray powder
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Figure 2. TEM negatively stained with uranyl acetate images: (a) Cu''-apoferritin nanoparticles, scale bar 50; (b) and (c) zooms of image
(a) where the apoferritin coat and the small clusters are highlighted for clarity; (d) Cu’-apoferritin nanoparticles.

or electron diffraction could be obtained to determine the
structure of the encapsulated material.

In order to gain information about the structure of the
inorganic phase inside the apoferritin cavity both small an-
gle X-ray scattering (SAXS) and X-ray absorption spec-
troscopy (XAS) were performed on oxidized and reduced
copper—apoferritin particles.

A brief explanation of the physical origin of the SAXS
signal and the meaning of the PDF curve will help us
understand the results presented here. X-rays travelling
through a medium with (average) uniform electron density
should not deviate from their trajectory (in analogy with
visible light across a medium with uniform refraction in-
dex). However, the presence of regions with different elec-
tron densities will scatter the photons rendering a size and
shape specific pattern (SAXS signal). In the “infinite di-
lution limit”, the SAXS signal is proportional to Ap?> =
(Ppart — Pmauix)’» the excess electron density (hereinafter Ap)
of the scatter is also the additive since every different scatter
present in the sample will contribute independently to the
SAXS signal.?*! The Fourier transformation of the SAXS
signal produces the pair distribution function (PDF). Be-
cause of the linear properties of the Fourier transformation
the PDF curve is also additive. The PDF curve can also be
regarded as the autocorrelation function of the Ap of the
particle.?* In this sense, finite size particles should display
a vanishing PDF above a critical maximum distance (D,,.y)
that, in the case of a spherical particle, will coincide with
its diameter.

The intensity of the PDF curve for the case of core-shell
structures can be qualitatively divided into two regions.
While below D,,,/2 the PDF is dominated by Ap, arising
from the core region, above D,,,./2, Ap originating in the
shell structure dominates the curve.

Figure 3 shows the PDF curves obtained after a regular-
ized Fourier transform!>! of the SAXS data (also shown as
Guinier plots {In[/(¢)] vs. ¢*} for Cu'—apoferritin and Cu’-
apoferritin in Figure 3) obtained for apoferritin, iron-
loaded—holoferritin (Fe-holoferritin) and oxidized and re-
duced Cu-apoferritin (Cu-apoferritin and Cu’-apoferri-
tin, respectively). All the PDF curves show the form ex-
pected for finite-sized particles with Dy, = 120 A although
signals from high molecular weight aggregates can be seen
above R = 120 A.
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Figure 3. Pair distribution function (A) and Guinier plots (B) ob-
tained from SAXS data for apoferritin (black full line), holoferritin
(grey full line), reduced apoferritin (black dashed line and open
circles) and oxidized apoferritin (grey dashed line and full circles).

The curve for apoferritin shows a maximum at high R
values as expected for a spherical shell (i.e. a core-shell
structure with a core that has a vanishing Ap). Briefly, using
the argument outlined above, the area of the PDF curve
bellow D,,,,/2 is significantly less than the area above D,/
2 suggesting that Ap for the shell is greater than that for the
core.

In contrast, the PDF curve for Fe-holoferritin shows a
maximum displaced to lower R (lower than D, /2) ex-
pected for the presence of a dense inorganic core (i.e. a core
with a higher Ap than the shell) filling the central cavity.

The PDF curve for Cu’-apoferritin has several similari-
ties with Fe-holoferritin. First, both curves have similar
shapes indicating that Cu’~apoferritin has, as with Fe—holo-
ferritin, a core-shell structure with a high electron density
core. Second, the maxima of both curves are almost coinci-
dent indicating that the Cu® core occupies the centre of the
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cavity.’¥ Both observations support the results derived
from the TEM images indicating the presence of a compact
core centred in the apoferritin cavity with high imaging con-
trast between the core and the shell. With regard to Cu''-
apoferritin, the PDF curve seems to be somewhat interme-
diate between a core-shell (represented by Fe-holoferritin)
structure and a hollow shell sphere (represented by apofer-
ritin). Assuming that the amount of apoferritin should not
vary between both samples, a core with a lower electron
density (similar to that of the shell) would explain the shape
of the PDF curve.

The high sensitivity of the X-ray near edge structure
(XANES) spectroscopic technique was used to gain infor-
mation about the oxidation state and chemical nature of the
Cu'"-apoferritin species. The experimental results are
shown in Figure 4 together with the spectra obtained for
polycrystalline CuO and Cu(OH), used as reference materi-
als. Grey lines correspond to the spectra obtained for the
Cu'-apoferritin sample (full line). Both the overall shape
and structure of the spectra and their derivatives clearly
indicate that the copper atoms are encapsulated as Cu'! spe-
cies. Detailed least-squares fits of the XANES data (not
shown) indicate that Cul! is present as oxides and hydrox-
ides in almost equal amounts.

[ reduced AFt-Cu
Oxidized AFt-Cu
—— Metallic Cu
.......... Cu(OH)2
1.0}~ - CuoO

051

0.0

8960 8980 9000 9020 9040

E[ev]

0.25 T T

.......... reduced AFt-Cu

Oxidized AFt-Cu

—— Metallic Cu
Cu(OH)2

- = CuO

0.20 -

d(XANES)IdE

8960 8980 9000 9020 9040

E [eV]

Figure 4. XANES spectra (upper panel) and their 1st derivatives
(lower panel) of Cu''-apoferritin (full grey line), Cu’~apoferritin
(dotted black line), metallic Cu foil (full black line), CuO (dashed
grey line) and Cu(OH), (dotted grey line).

The condensation of the inorganic phase took place at
pH 8 suggesting that Cu'! precipitated, inside the apoferri-
tin cavity, as an amorphous Cu"' oxide/hydroxide and our
XANES results agree with this conclusion. To gain further
structural knowledge about the Cu! core we fitted the EX-
AFS spectra obtained from the Cu''-apoferritin samples as-
suming an axially-distorted octahedral arrangement of the
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oxygen ligands around the absorber (from XAS data it is
not possible to determine whether the ligands are O=, OH-
or H,O). The EXAFS data and its Fourier transform (FT)
and the corresponding fitted curves are depicted in parts A
and B of Figure 5, and the corresponding parameters are
shown in Table 1. The quality of the fit in Figure 5 and the
parameters shown in Table 1 confirm our structural model
and suggest that the structural model for the Cu'" precursor
can be described as a collection of Cu'! ions coordinated by
six “oxygen” ligands in a distorted octahedral geometry.
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Figure 5. Upper plot EXAFS spectrum for Cu'-apoferritin. Lower
plot: Fourier transform of the EXAFS spectrum. Full line corre-
sponds to the fitted curve (see text).

Table 1. Structural parameters obtained fitting the EXAFS spec-
trum of Cu''-apoferritin. See main text for explanation.

Atom CN R [A] a2 [A 7
Azimuthal O 4.3+0.6 1.97 +0.01 1.1+0.3X 102
Axial O 22+0.3 2.34+0.03 1.5+0.4X102

As already indicated the Cu'' oxide/hydroxide reacted
with NaBH, to build a Cu nanoparticle and, after chemical
reduction, the XANES spectrum (full black line) obtained
for the Cu-—apoferritin particles dramatically changed, re-
sembling the one expected for metallic copper. Both the
“red shift” of the position of the absorption edge and the
shape of the near edge region are clearly indicative of the
presence of a Cu® species. Moreover, attempts to detect oxi-
dized species were unsuccessful indicating that the chemical
treatment was effective in promoting the reduction of the

Eur. J. Inorg. Chem. 2008, 795-801
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Cu' to the Cu® species, confirming that full reduction of
the Cul! species takes place within the apoferritin nanocav-
1ty.

The evident broadening of the resonances in the XANES
spectrum of the reduced apoferritin sample (compared to
the resonances observed for metal copper) is due to the
truncation of long scattering paths (because of the finite
size of the particle) responsible for sharp oscillations in the
XANES region of the spectrum.

In order to analyze the geometry around the copper
atoms, EXAFS experiments were performed on Cu’-apo-
ferritin. Figure 6 shows the EXAFS spectra and their FTs
for Cu’-apoferritin and metallic copper. Some immediate
conclusions can be drawn from the comparison between
both samples. A direct comparison of the EXAFS spectra
of metallic copper and the Cu®-apoferritin sample reveals
that, although similar, the atomic arrangement of Cu in the
Cu-apoferritin sample can not be completely associated
with a bulk FCC structure, as expected for metallic copper.
The FT spectrum of Cu’-apoferritin also shows several
maxima at increasing R indicating that copper atoms in the
nanoparticle occupy crystalline sites in a well-ordered struc-
ture. The amplitude of the maximum at Ry = 2.2 A is 20%
lower in Cu®-apoferritin than in metallic copper, which is
compatible with a compact particle built from ca. 300 cop-
per atoms.?%27] Attempts to model the structure of the first
coordination shell (Ryr = 2.2 A) of the Cu’—apoferritin
nanoparticle with copper neighbours at about 2.55 A in a
FCC structure (as expected for metallic copper) were un-
successful. To achieve a good fit of the experimental data,
a two sub-shell model was proposed to reproduce the first
coordination shell of Cu®-apoferritin and the correspond-
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Figure 6. EXAFS (upper spectrum) and FT (lower spectrum) spec-
tra for Cu’-apoferritin (black line) and a metallic copper foil (grey
line).
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ing fitted curves can be seen in Figure 7, and the fitting
parameters are shown in Table 2. It is remarkable that the
coordination distance for the first sub-shell in our model
(2.48 A) coincides rather well with the first coordination
distance predicted using functional density theory for the
BCC phase of metallic copper.?®! The small difference be-
tween the stabilization energy observed and calculated™®
between the FCC and BCC phases of metallic copper sug-
gests that the energy associated with the surface tension of
the particle would be enough to stabilize the, otherwise un-
stable, Cu—BCC phase.

0.4 T T T T T

FT (x (q))

OF . \ . | h 3
1 2 3 4 5 6

R+4[A]

Figure 7. Back transformed (first shell) EXAFS (upper spectrum)
and FT (lower spectrum) spectra for Cu®~apoferritin (black line)
and the first shell fitted curve (grey line).

Table 2. Structural parameters obtained fitting the EXAFS spec-
trum of Cu’-apoferritin. See main text for explanation.

CN R[A] a* [A2
5204 2.48+0.02 1+1x10°3
42x0.5 2.62x0.02 1+£1x10°3
Conclusion

Previous studies using apoferritin focused on demon-
strating its use for the formation of metal nanoparticles
rather than investigating the nature of their precursor spe-
cies. This study demonstrates that it is possible to form Cu
oxide/hydroxide by direct incubation of apoferritin and Cu!
at high pH inside the apoferritin cavity, that it is also pos-
sible to isolate this species and finally that it can be used
as a precursor to produce a Cu nanoparticle. In fact, as
demonstrated by XANES, there is a full conversion from
Cu'l oxide/hydroxide to Cu’ when Cu'-apoferritin is
treated with NaBH,. On the basis of XANES, EXAFS and
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TEM images of the Cu~ and Cu’-apoferritin species we
succeeded in proposing a growth mechanism as outlined
in Scheme 1: part of the Cu'l ions penetrate through the
hydrophilic channels, forming small clusters of Cu!' oxide/
hydroxide on the apoferritin cavity. The clusters are formed
by a collection of octahedrally oxygen-coordinated Cu'!
ions. Once Cu is reduced to Cu® the clusters are destroyed
and give rise to the formation of Cu nanoparticles in the
interior of apoferritin. Although similar, the structure
around copper atoms in Cu’-apoferritin cannot be, solely,
explained as a FCC structure as expected for metallic cop-
per and the EXAFS spectra for the first coordination shell
suggest a mixture between the stable Cu-FCC phase and
an otherwise unstable Cu—BCC phase.

Experimental Section

Horse spleen apoferritin (Sigma—Aldrich, lot. 055K7012) was incu-
bated in the presence of EDTA (10 mm) for 1 h at 4 °C and purified
in a Sephadex G-25 column, previously equilibrated with Tris-HCI
buffer (20 mm) at pH 7.4, to remove loosely bound iron. The iron
content was determined by atomic absorption spectroscopy and the
protein content by UV/Vis spectroscopy. A ratio of 1:9 for Fe/apo-
ferritin was obtained.

Sigma-Aldrich Horse spleen apoferritin (4 X 107> mmol) was incu-
bated with Cu?* metal ions (0.1 M CuSOy,, 0.1 mmol) and the pH
was dynamically adjusted to 8 with 0.01 m NaOH, to afford a
homogeneous blue solution that was dialyzed against water. The
apoferritin-containing fractions were isolated by G-25 Sephadex
chromatography. Addition of NaBH, (4 mg) to the blue solution
of Cu?*-apoferritin produced a black solution of Cu’~apoferritin.
The solution was exhaustively dialyzed against milli-Q water at
4 °C. Apoferritin was monitored by UV/Vis spectroscopy at 280 nm
and Cu by atomic absorption yielding 300 Cu atoms per protein.
The coelution of apoferritin and metal (Figure 3) indicates that
metal ions are attached to apoferritin. The purity and stability of
the Cu'-protein was assessed by native PAGE. Gels were stained
for protein for 1/2 hour using 0.1% Coomassie Blue in fixative
40%MeOH/10%HOAc. Gel was destained by treatment with
40%MeOH/10%HOACc to remove the background over 3 h. The
solutions were finally lyophilized to yield blue-green and black
powders of Cu?*—apoferritin and Cu’-apoferritin, respectively.

Cu'-apoferritin (1.5mL, 3.8 X10% M in Cu) and 5,10,15,20-tet-
rakis[4-(trimethylammonio)phenyl]-21 H,23 H-porphine tetratosyl-
ate (TTMAPP) (0.1 mL, 1X 103 M) were incubated together in a
UV/Vis quartz cuvette at two different temperatures (25 and 40 °C).
The development of the Cu""-"TTMAPP complexes was followed by
UV/Vis spectroscopy at 432 nm using a thermospectronic UV300
spectrophotometer against reference solutions containing appropri-
ate amounts of Cu''-apoferritin. Twenty cycles of 10 min were re-
corded. No significant changes were observed for the absorbance
signal.

Full optimization of the geometry of TTMAPP was done using the
MM2 method implemented from CS Chem3D software. Once the
global minimum energy structure was obtained, the diameter was
calculated using ChemProp Std Server software (both programs are
trademarks of Cambridge Soft Corporation, Cambridge Scientific
Computing, Inc., 2001).

The samples used for the TEM study were prepared by diluting the
resulting solutions with milliQ water and then placing a drop onto
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a carbon-coated Au grid and drying it in air at room temperature.
The average particle sizes and the standard deviations were esti-
mated from TEM image analyses of 100 particles. Electron micro-
graphs were taken with a Philips CM-20 HR analytical electron
microscope operating at 200 keV.

Both SAXS and XAS experiments were performed at the D11A-
SAXS1 and D04B-XAFS1 experimental stations of the Synchro-
tron Light National Laboratory (LNLS), Campinas, Brazil, respec-
tively. SAXS experiments were performed at constant temperature
(22 °C) controlled using a circulating water bath. The incident
wavelength was set to 1.448 A and the sample-to-detector distance
was kept at 1066 mm. The scattering pattern was detected using a
gas-filled 1D detector. Each spectrum was obtained as the average
of at least five independent spectra. Corrections for beam intensity,
sample absorption and buffer scattering were performed following
standard procedures. All XAS experiments were performed at room
temperature (ca. 22 °C) in transmission geometry using a copper
foil for calibration purposes. Data reduction and model fitting was
performed using the programs ATHENA and ARTEMIS, respec-
tively, from the IFFEFIT package.*” Phases and amplitudes were
calculated using FEFF6.0.53%
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