Virus-Templated Near-Amorphous Iron Oxide Nanotubes

Sachin N. Shah,"*® Abid A. Khan,'* Ana Espinosa,® Miguel A. Garcia,® Wiwat
Nuansing,” Mariana Ungureanu,® Jonathan G. Heddle,*' Andrey L. Chuvilin,"* Christina

Wege," and Alexander M. Bittner* "¢

'CIC nanoGUNE Consolider, E-20018, Donostia-San Sebastian, Spain

*Heddle IRU, RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan

'Malopolska Centre of Biotechnology, Jagiellonian University, Gronostajowa 7, 30-387,
Krakow, Poland

"Department of Chemistry, University of Hull, HU6 7RX, Hull, United Kingdom

*Department of Biosciences, COMSATS Institute of Information Technology, Park Road,

Chak Shehzad, 44000 Islamabad, Pakistan

SInstituto de Ciencia de Materiales de Madrid (ICMM) Consejo Superior de
Investigaciones Cientificas, ¢/ Sor Juana Inés de la Cruz 3, Cantoblanco, 28049, Madrid,

Spain

Alnstituto de Ceramica y Vidrio - CSIC, and Instituto de Magnetismo Aplicado “Salvador

Velayos” UCM_ADIF, 28049, Madrid, Spain

°CIC biomaGUNE, E-20009, Donostia-San Sebastian, Spain

*1kerbasque, Basque Foundation for Science, E-48013, Bilbao, Spain



TUniversity of Stuttgart, Institute of Biomaterials and Biomolecular Systems,

Pfaffenwaldring 57, D-70569 Stuttgart, Germany

E-mail: a.bittner@nanogune.eu

ABSTRACT

We present a simple synthesis of iron oxide nanotubes, grown under very mild conditions
from a solution containing Fe(ll) and Fe(lll), on rod-shaped tobacco mosaic virus
templates. Their well-defined shape and surface chemistry suggest that these robust
bionanoparticles are a versatile platform for synthesis of small, thin mineral tubes, which
was achieved efficiently. Various characterization tools were used to explore the iron
oxide in detail: Electron microscopy (SEM, TEM), magnetometry (SQUID-VSM),
diffraction (XRD, TEM-SAED), electron spectroscopies (EELS, EDX, XPS), and X-ray
absorption (XANES with EXAFS analysis). They allowed determination of the structure,
crystallinity, magnetic properties, and composition of the tubes. The protein surface of
the viral templates was crucial to nucleate iron oxide, exhibiting analogies to

biomineralization in natural compartments such as ferritin cages.

INTRODUCTION

Iron oxide biomineralization is of substantial importance in natural systems. Best-known
examples are the storage of iron as ferrihydrite inside ferritin cages, the synthesis of
magnetite in magnetotactic bacteria, and the presence of iron oxide in birds.}™*
Morphology and structure of the inorganic deposits are usually the focus of interest, in

conjunction with the chemical and biochemical reactions that produce the oxide under



ambient conditions. In the case of cage-like templates, the interface between iron oxide
and its biological environment is considered more in the context of functionalization of
the produced particles, and less in the context of templating, i.e., for the case that a
prefabricated structure imposes its geometry on the iron oxide. A better modulation, and
potentially understanding, of the mineralization may be achieved when the templating
substrate is both structurally and chemically well-defined, conditions that are not easily
met inside protein nanocontainers. This is why we decided to employ the external surface
(the protein capsid) of the 18 nm wide tobacco mosaic virus (TMV) as a scaffolding
platform. This tobamovirus is stable up to pH 9, and, although it is built from RNA and
proteins only, mechanically it is surprisingly rigid. TMV offers a well-known helical
arrangement of 2130 coat protein (CP) subunits enclosing a single RNA strand, and an
internal channel of 4 nm diameter. The axial protein—protein distance is given by the
helix pitch of 2.3 nm, and the tangential distance is 3.5 nm (49 proteins correspond to
three helical turns). Each of these 2.3 nm x 3.5 nm patches of the CP subunits exposes
the rather flexible amino- and carboxylate termini of the protein, with the N-terminal
amino group of Ser-1 acetylated, and the a amine of Trp-152 in the vicinity of the C-
terminus carrying a carboxylate group and five hydroxyl groups [i.e., side chains of two
serine residues 3 and 154 (not visible in pdb 2TMV) and a third additional Ser-155
present in the TMV clone used (see Supporting Information); and two threonine side
chains of Thr-153 and Thr-158 (not visible in fiber diffraction studies)] (Figure 1 a). In
summary, this provides a template with a large number of potential ligands for Fe(Il) and

Fe(lll), in a regular and defined repetitive arrangement. We were inspired by results



obtained with this surface, for binding particles,>!or depositing metal layers,32-14 and

for growing oxides.>" i.e., iron oxide on tobamoviruses.!’:18

While syntheses for nanoparticles of iron oxides are well established,*® nanorods
and especially nanotubes are less explored,?>? although they may show unusual
magnetic properties.’>?® Nanotubes could be an important alternative to the usual
spherical nanoparticles in medical applications,?®-2 and if hollow, spherical iron oxide
nanoparticles have proven beneficial for magnetic resonance imaging® and therapeutic
hyperthermia.3* Here iron oxides are of utmost importance due to their unique
combination of nontoxicity and room temperature (ferri)magnetism. Another possible
application might be drug delivery from the internal cavity of nanotubes (in our case,
from the internal channel of TMV), which is still an underdeveloped research area. In this
scenario, the tubular template incorporates the drug, but also exposes functional groups to
bind the iron oxide on its external surface. For this application, smaller tubes might be

preferable to be incorporated into living cells.

Iron oxide layers grown from solution show a range of magnetic properties that
depend on both structure and size (layer thickness) of the samples.®*3" The most
beautiful examples are found in natural nanomagnets (e.g., in birds).! Note that usually
only the two ferrimagnetic oxides FezO4 (magnetite) and y-Fe>O3z (maghemite) can have
nonzero magnetic moments at 300 K (some other oxides and hydroxides can show
similar, but very weak effects). 2 However, below 10 nm for y-Fe,O3, and below 6 nm for
Fes04,2 spherical nanoparticles become superparamagnetic, and magnetic moments can

build up only in the presence of external fields. A similar phenomenon is also known for



larger particles in suspension, due to random orientation (the magnetic moments are in
this case locked to the nanoparticle geometry, but the particles tumble in the liquid). The
behavior of nanoscale rods and tubes is different from that of spheres; generally, the
anisotropic shape modifies the coercivity, which, however, also depends on crystallinity

and composition.20-28

In our study, a 1:2 mixture of aqueous Fe(Il) and Fe(lll) salts was employed for
mineral deposition under mild reaction conditions, in order to produce FeszO4
(=Fe(1l)Fe(111)204). We did, however, not a priori exclude the presence of other iron
oxides, which can influence many physical properties. We optimized the synthesis
conditions to obtain a very thin, but continuous coating on TMV. The natural diameter of
TMV (18 nm) determines the inner diameter of the iron oxide tube, while the outer
diameter of the resulting bioinorganic hybrid depends on the synthesis conditions.
Product characterization was carried out by a multimethod analysis based on electron
microscopy (SEM, TEM), magnetometry (SQUID-VSM), diffraction (XRD, TEM-
SAED), electron spectroscopies (EELS, EDX, XPS), and X-ray absorption (XANES with

EXAFS analysis).

RESULTS AND DISCUSSION

Our synthesis is based on mixing TMV with Fe(Il) and Fe(l11) at slightly elevated pH in
aqueous suspension and incubation for 10 min at room temperature (23°C). After careful
purification by centrifugation and dialysis, we obtained a brown suspension (see
Experimental Section). Upon drying of a droplet of the suspension on a substrate, we

acquired electron microscopy (EM) images (Figure 1). Scanning EM (SEM) shows



individual, coated TMV rods (light gray) on the dark gray wafer background, while
untreated TMV appears darker than the background due to the reduced amount of
secondary electrons emitted from uncoated rods (at low imaging voltages). Transmission
EM (TEM) (Figure 1 b) shows rod diameters around 35 nm, while untreated TMV
measures only 18 nm (see Supporting Information, Figure S1 and S2). The average rod
length appears substantially larger than the 300 nm of a single natural virus particle
(virion). This may be attributed to linear aggregation of the TMV rods, which is well-
known for virus suspensions, even in the absence of inorganic deposits.3® We thus can
conclude that under the conditions applied, TMV becomes coated with a layer of =<9 nm
of material. Given the synthesis in aqueous suspension, the material has to contain at least
iron and oxygen (see verification below). It is not arranged in rods, but in tubes; the TEM
data exclude any penetration into the biological template: The outer rim strictly follows
the viral shape (rod-like), hence the virions are still present as cores inside the composite
objects. The affinity of iron for oxygen and especially for OH groups is the base for a
possible mechanism underlying the mineralization reaction: The large number of OH
groups (eight should be accessible on a single protein, so ~17000 per virion) means that
the first Fe(ll) and Fe(lll) ions that encounter the virion bind here. Since the ions
themselves expose OH groups in their first ligand shell, they then act as nuclei for a
further attachment of Fe(ll) and Fe(lll), and a layer of iron hydroxides grows. The
elimination of water will then produce oxides or mixed hydroxides/oxides (see below).
From our images we cannot deduce meaningful information on a possible mineralization

of the internal 4 nm wide channel of TMV, which might be filled to a nonpredictable



extent with other ferromagnetic metals.® 3% %° Even a complete filling would, however, at

best amount to <2 % of the coating.

In contrast to the rather smooth layer grown on each individual TMV, the
aggregation of the rods during the process is less well controlled: The precipitating oxide
may bind to all external surfaces of TMV available in its vicinity. In this way, two virions
that come in contact accidently may quickly “cement” into a stable junction, ultimately
yielding an irregular network of mineralized TMV (Figure 1 b), as has been observed in
previous studies on other inorganic deposits.** This means that within the suspension of
nascent hybrid tubes, no significant movement of individual TMVs occurred. However,
each single virion remained accessible to ions, and was completely mineralized (Figure 1
c,d). The final coating is sufficiently thick to be studied by energy dispersive X-ray
spectroscopy (EDX) even on single rods (Figure 1d). This spectrum, as well as spectra
from larger networks of mineralized TMV, confirms the presence of iron in the layer.
Since all iron had been in contact with water (and oxygen), we infer the presence of iron
oxide(s) and/or iron hydroxide(s) from our EDX results (confirmed by the other
spectroscopic techniques, see below). Although the oxygen/carbon ratio determined from
spots focused on single mineralized virions was above that from bare sample areas (see
Supporting Information, Figure S3), the presence of oxygen could not be quantified since
the virion, the substrate, and the background already provided very high oxygen signals.
Moreover, the carbon detected by EDX is partially from the very small amounts of
residual gas (contamination) that have reacted in the electron beam. We also found

silicon (sample substrate) and traces of sodium and chlorine (from traces of the educt



FeCls and the product NaCl). We found no other elements, and can thus exclude large

amounts (% range) of impurities.

Our TEM data reveal product diameters of =35 nm, in agreement with the SEM
results. The virus particles were imaged with a diameter of 15 nm, and were coated with a
~9 nm thick shell, containing material of higher electron absorption (Figure 1 b). We
observed a sharp and straight TMV/iron oxide interface, which suggests an intact outer
surface of the virion, as expected from the suggested scenario of hydroxyl groups acting
as ligands. We can compare this to the inverse case of proteins, which directly bind to
iron oxide particles. Mehta et al.*? prepared their systems in a similar way to our
synthesis and found that, analogous to the TMV capsid, albumin and various enzymes
largely retain their structure and function when they contact iron oxides. The well-
preserved shape of the TMV is a clear advantage of our low-temperature method; for

example, above 90 °C, one would expect complete loss of the tubular structure.*®

The shell of deposited material is not completely homogeneous, but oscillates in
thickness, at distances of =20 nm, hence the surface appears rippled (see Figure 1). In
principle, this could point to a mineralization mechanism based at least partially on the
attachment of preformed particles (homogeneous nucleation). We found, however, that
the oxide nucleates heterogeneously: We tested a “post mineralization” scenario, i.e.,
synthesis of iron oxide in the absence of TMV, but under similar conditions, followed by
adding the virus (Figure 2). We employed the chemically very similar tomato mosaic
virus (ToMV; see Supporting Information Figure S4, S5, and S6). After our careful

purification procedure (see Experimental Section), we detected only a very small amount



of iron oxide on ToMV for the "post mineralization”. Already prepared iron oxide
particles do not bind well to TMV, in contrast to Fe(ll) and Fe(lll), which attach readily.
As mentioned in the Introduction, this is due to a regular and defined repetitive

arrangement of hydroxyl groups, which is identical on TMV and ToMV.

Closer inspection of Figure 1 b shows that the material is composed of very small
particles (<5 nm), which are closely interconnected. These particles exhibit no
substructure. The same result was obtained in the absence of TMV (see also Supporting
Information Figure S7), and similar scenarios are known for iron oxide mineralization in
nature.** We conclude that TMV acts solely as a nucleation seed, but does not induce any
preferential orientation or structure in the material. This is in striking contrast to
biochemical mineralization, which in most cases gives crystals, in some cases even nearly
perfect spinel phases.? Heterogeneous nucleation would indeed suggest that a part of the
material grows very fast at some favored locations (oxygen-containing groups).*
Coalescence can then induce an incomplete smoothing, and hence a ripple-like
appearance. Focusing on the atomic scale, the arrangement of hydroxyl groups on
tobamoviruses does not fit to the structure of any crystal face, hence heteroepitactic
growth would not be possible. In addition, natural mineralization processes are typically
much slower than our precipitation reaction, giving the ions time and catalytic pathways
(based on protein domains, peptides or in some cases enzymes, which may also rely on

further supplementary compounds), to arrange in a crystalline structure.

Further detailed analysis requires diffraction methods such as powder X-ray

diffraction (XRD) (Figure 3). As a standard, we employed FezOa, (Figure 3 a; we also



use the Fe3O4 assignment for the peaks). The signals fit to FezO4 and would equally well
fit to y-Fe2O3, but not to other oxides; note that the defective spinel structure (and thus
the diffractogram) of y -Fe>Os3 is very similar to the perfect spinel structure of FezOas.
Mineralized TMV vyields a nearly featureless diffractogram (Figure 3 Db). This
corresponds well to most reports on amorphous iron oxide.***® However, close
inspection shows two maxima (very broad peaks) at positions that correspond to (311)
and (440), where the diffraction intensity is very high in Fe3Oa4. In order to exclude
problems of the experimental setup or of the amount of material, the sample (Figure 3 b)
was obtained from slightly more material than the standard (Figure 3 a). Signal/noise
considerations suggest that at best 13% of the sample can be in a well-crystallized form
(Supporting Information, estimation of the fraction of crystalline material). Further
details are provided by selected area electron diffraction (SAED) in TEM, which
exhibited no spots, merely diffuse rings. The maxima (Figure 3 ¢, Supporting Information
Figure S8) are located at (311), (400), (511), and (440), compatible with the XRD results.
The peak width suggests that any crystallites must be smaller than two unit cells, so the
structure is “nearly amorphous”. We use this term to express that there is some local
order, compatible with spinel structures, also found for oxidized nanoparticles.*® By using
XRD and SAED we have confirmed this for macroscopic samples, and additionally on

the nanoscale.

Amorphous structures often transform into crystalline phases upon thermal
treatment. Our near-amorphous samples showed no changes in size or shape upon heating
(tested by SEM). Thermal treatment in vacuum (at 570 K) and in air (at 520 K) produced

the expected crystalline phase(s) (Figure 3 d and 3 e). These diffraction data do not fit to
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a-Fe>03, but they fit well to y-Fe>O3 and also to FesO4, which we do not distinguish
with our diffraction method. Heating in air to below 600 K is known to cause complete
oxidation to y-Fe>O3z, while vacuum prevents oxidation, and should thus conserve our
educt composition, e.g., as FesOa4. Our results agree with literature reports on thermal
treatment of Fe(ll) oxides.*” %2 In passing we note that such high temperatures ensure
that TMV s totally carbonized or oxidized. Additional peaks, present already in the
unheated samples, correspond to NaCl from the educts in our synthesis. However, it is
not clear why the signal/noise ratios (peak intensities compared to the noise level) differ
between the annealed samples and the unheated sample (no NaCl found). SAED found no
NaCl either, hence any NaCl is located at considerable distance from the virions, and not

in contact with the iron oxide.

We analyzed the magnetic properties of dried droplets of our nanotube suspension
with a SQUID-VSM (Superconducting Quantum Interference Device with Vibrating
Sample Magnetometer head).>® We checked that there was no magnetic signal coming
from the sample holder, or contamination that could override the small signals from our
samples. We carefully purified our samples (see Experimental Section), removing all
larger objects (such as micrometer-sized iron oxide crystals), and verified this with SEM.
Figure 4 shows magnetization curves recorded at 300 K and at 5 K; the low temperature
resulted in a higher value of saturation magnetization. Our saturation magnetization of
0.0008 emu/g (0.0008 Am?/kg) at 300 K is extremely small, and correlates well with
amorphous iron oxide phases produced by other methods.>*® (see more details in the
Supporting Information, SQUID-VSM Magnetometry of small amount of weakly

magnetic sample).
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It is possible that the saturation magnetization is undetectable, and that all
measured magnetization results from a very small amount of crystalline
ferro/ferrimagnets of high magnetic moment. Most likely candidates are trace amounts of
the spinel phases y-Fe2O3 or Fe3O4, which may have escaped the detection by electron
microscopy and diffraction. They are in fact the only iron oxides with high magnetic bulk
moments, 76 emu/g for y-Fe»03,>* * and =92 emu/g for Fe304>° Similar values are
found for crystalline iron oxide tubes and rods.>®-% Zhou et. al.®® obtained a value of 106
emu/g for y-Fe,O3 nanorods, and Geng et.al.®® report 82 emu/g for Fe3O4 nanotubes,
both of larger size than our tubes. We exclude the very small intrinsically present
magnetic moment in other oxide phases (some antiferromagnetic oxides, e.g., a-Fe20s3,
can carry a small ferrimagnetic moment) because in this case a considerable fraction of

our material would have to be in this form, thus showing up in the analytical data.

Linear structures are known to exhibit shape anisotropy. This effect is based on
the alignment of the spins parallel to the principal axis: Higher energies are required to
reverse them, which translates into increased magnetic coercivities.* Shape anisotropy
persists even for completely amorphous materials,®> 6 which explains the observation of
a hysteresis (Figure 4). Our coercive field of 0.04 T (400 Oe) at 300 K is higher than the
values reported for bulk iron oxides and nanoparticles, e.g., 0.03 T for bulk y-Fe;03 %
0.008 T for y-Fe,Oz nanorods,® =~0.013 T for bulk Fe304% 0.017 T for FesO4
nanotubes.®® Our observation is not consistent with the above-mentioned very small
amount of spinel(s). Hence we suggest that our near-amorphous oxide is weakly

ferro/ferrimagnetic, and that it shows considerable anisotropy due to the elongated shape.
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For the observed average thickness of 9 nm, a single virion of 300 nm length and
18 nm diameter can accommodate not more than 1.2 x 107 g of Fe3O4 (bulk density
5.17 g/cm?®). This would translate into only 1078 emu per tube, which is not sufficient to
align the tubes in a magnetic field during synthesis. However, larger networks of virions,
with sizes well above micrometers, can align in fields, and move in field gradients (see
Supporting Information for alignment test in external magnetic field and Figures S9, S10,
S11 and S12). Only upon annealing did we observe sizable moments, based on forming
crystalline material (Figure 5): the saturation magnetization increased to >1 emu/g (>1
Am?/kg), while the coercivity reduced to ~0.001 T. The values now fit well to typical

crystalline and nanoscale iron oxides.?4°

The structural and the magnetometry data suggest a weakly ferro- or
ferrimagnetic layer of near-amorphous iron oxide. In order to elucidate the oxidation state
and chemical properties, we extended our analyses to XPS and EELS (Figure 6). The
techniques rely on analyzing the energy of emitted electrons, and on the energy loss of
transmitted electrons, respectively, in both cases via excitations at the iron L edge, hence
the spectra are generally very similar. We recorded EELS using TEM, by analyzing the
energy of the inelastically scattered electrons, and compared our samples to various iron
oxide standards. The XPS data, which are rather noisy, were recorded from a very small
sample mass and nonpurified samples yielded clearer spectra with identical features, (see
Supporting Information, Figure S13. XPS and EELS allow a thorough analysis: In
addition to the detailed scans in the iron region (see below), we found the standard peaks
for carbon at 284.8 eV, nitrogen at 400.0 eV, and a trace of phosphorus at 133.2 eV,

which can all be assigned to TMV. Residues of NaCl from the educt solution resulted in
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signals for Na* at 1070.7 eV and for CI~ at 199.6 eV (not found in EELS since the TEM
beam was focused to the virions, while NaCl was not found adjacent or bound to TMV).
Oxygen yielded additional peaks, stemming from TMV and iron oxide, which were less

useful for the analysis in our case.

Figure 6 shows slightly different peak shapes for XPS and EELS, suggesting a
shift, which could result from the zero loss drift in EELS. Otherwise the differences
between various forms of iron oxide are minimal in either technique. Correct peak fitting
is crucially important for XPS: We observe four peaks, of which two are asymmetric,
hence we require at least six fit components. The first four components are due to the
splitting of each of the Fe 2p features (3/2 and 1/2) into two peaks. Our XPS fitting result
is 710.3 and 713.3 eV for Fe 2p3/2, and 723.7 and 726.6 eV for Fe 2p1/2 (for accuracy
and details, see Supporting Information, Figure S13). This is compatible with a mixture
of Fe(lll) and Fe(ll) as in Fe3Og4, although with slightly elevated binding energies for
Fe(11).2% The fifth and sixth component are required to account for the weak features at
718.6 eV and at 730.2 eV, which are shakeup satellite signals, as discussed in detail
elsewhere.®”-% They are typical of Fe(lll); the Fe(ll) shakeup processes cause even
weaker signals. The quantitative evaluation of relative amounts of iron oxides is very
difficult even when the shake-up features are included, as already pointed out by Lin et

al.’

Our EELS results exhibit much less noise, and allowed for quantification. To this
end, we added the spectra taken from the y-Fe>Os and FesO4 standards, taken under

identical conditions, in varying ratios (Supporting Information Figure S14 and S15). For
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a ratio of 2 mol y-Fe>Oz to 1 mol of FeO, the sum (Figure S14) fits very nicely to the
recorded spectrum (Figure 6). We thus produced material that contains both Fe(ll) and
Fe(lll), and that is, concerning the oxidation state of the iron atoms, “chemically” similar
to FesO4 (but of course near-amorphous).*® The peaks at 709.2 eV (shoulder), 711.1,
722.7, and 724.5 eV, and the shakeup signal 718.1 eV compare well with the XPS

results, though slightly shifted to lower energies, as mentioned above.

In order to determine the direct environment and local geometry of the iron atoms,
we resorted to X-ray absorption near-edge spectroscopy (XANES) at the K edge, again
from samples dried on silicon wafers. Figure 7a shows spectra for the sample and various
references (metallic Fe, FeO, a-Fe>O3, y-Fe2O3 and FezO4), recorded under identical
conditions (see Experiment Section). A detail of the K edge region is shown in Figure 7
b. We found that both mineralized TMV samples (as-grown and annealed) present the
same edge position, defined as the point of maximum slope, as y-Fe203 and a-Fe20s3,
hence Fe(l11) is the dominant oxidation state. As discussed above, XRD measurements of
the air annealed sample do not support the presence of a-Fe>O3, so we can rule out the
existence of a detectable fraction of this oxide. We found the pre-edge region (for details,
see Figure 7 c) especially useful: Iron oxides show a peak here associated mainly with
noncentrosymmetric (tetrahedral) positions. These positions are occupied by Fe(lll) in
the case of the spinels y-Fe203 and Fe304 (in the case of a-Fe,O3, Fe(lll) would be
located exclusively in octahedral sites, with a very diminished pre-edge peak). The pre-
edge peak in our samples was located at the same position as that of the references FezO4
and y-Fe203, but slightly less pronounced. Since we rule out a-Fe>Os from our XRD

data, the data suggest that our samples contain iron atoms in tetrahedral and also in
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octahedral sites, as indeed present in the spinels. This local symmetry does not suggest

any translational symmetry, and is fully compatible with our near-amorphous structure.

The interface between the virus surface and the first layer of iron oxide can be of
different symmetry and even oxidation state, but the amount of iron atoms is too small to
be detected. Furthermore we cannot rule out small amounts of unreacted precursor salts
(on TMV or on the substrate). We consider here especially FeCls: its rather strong white
line™ "2 could account for the observed shift of the edge, but would go undetected in EDX
(for % amounts). Air-oxidized Fe(ll) species, too, can cause such shifts, and variations in
XANES data.””> Based on this argument, the (small) difference in the oxidation states
evaluated from edge and pre-edge features can be ascribed to the fact that the pre-edge
peak is only sensitive to noncentrosymmetric positions. This is compatible with the

presence of nonoxidic Fe cations, with centrosymmetric Fe positions.”

The XANES data allow a further evaluation via extended X-ray absorption fine
structure (EXAFS), which gives additional insight into structural features. This is
especially useful in view of the near-amorphous nature of our oxide layers. Figures 8
shows the k?-weighted EXAFS functions (k) (k is the modulus of the photoelectron
wave vector), and the Fourier transform (FT) functions, respectively, for mineralized
TMV and for the references, which were recorded under identical conditions (see
Experimental Section). The FT spectra feature peaks correspond to local atom
correlations; their intensity is proportional to the number of neighbors. The modeling
parameters for each atomic shell were bond distance (R), number of neighboring atoms at

R, and Debye-Waller factors, which indicate structural site fluctuation and disorder. The
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values were initially adjusted based on iron oxide references. The procedure yielded two
distinct averaged distances, corresponding to Fe-O and Fe-Fe shells in the FT. The
distances are similar for both references since they have very similar structures, and they
fit to literature data.”* The oscillations in both mineralized TMV samples (Figure 8 a) are
similar to those of y-Fe203 and FezO4, but diminished, as an amplitude envelope of the
well-defined structures. This is due to the near-amorphous nature of the TMV Fe-oxide.
We fitted the experimental data with theoretical signals relative to first and second shell
contributions in the range of R=0.8-3.8 A, considering average distances.”* The Fe-O
distances in Fe3O4 and Fe,O3 are 1.98 and 1.99 A, respectively. For as-sysnthesized and
annealed oxide on TMV we found 1.98 and 1.97 A. The Fe-Fe distribution in spinel
phases is more complex, since it comprises several distances corresponding to different
cation occupations of the tetrahedral and octahedral positions (in the range of 2.96-3.70
A). In our samples we observed an average of the Fe—Fe distances: 2.98 A and 3.47 for
the as-grown sample and 3.04 A, and 3.50 for the annealed sample. This second shell
(Fe—Fe) was less intense than the first shell, in contrast to the reference compounds. This
can be attributed to the reduction of coordination for the Fe—Fe shell, a consequence of
decreasing the size of the nanostructure, unlike bulk materials, where the coordination is
higher.*®"™ A rough fit of the Fe—-Fe maxima indicates a very subtle increase in the
number of neighbors in the annealed sample associated with the increment of order in the
structure. Nevertheless, it is noteworthy that the increased crystallinity observed by XRD
after annealing is not reflected in a substantial increase of coordination. Finite size effects
discussed above may be masking this behavior. We should also take into account that the

difference in the positions of the FT may also be due to the difference in occupation of
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the tetrahedral and octahedral positions in the spinel references that can polarize the

average distances values.”®

In summary, the local environment, although largely amorphous, shows some
degree of order on the scale of the length of the Fe—-O bonds. The direct iron environment
can be compared to the situation in y-Fe>O3, which is similar to that in Fe3O4. We find
typical Fe-Fe and Fe-O distances, as in the crystalline bulk phases, since the relevant
signals originate solely from the first neighboring atoms. By contrast, the disorder of the
structure is related to size effects, and decreases the coordination in the outer shells. Both
effects together we term the near-amorphous nature of our iron oxide, in agreement with
our XRD and SAED data. As expected, annealing of this structure in air gives pure y-
Fe»03,2 and this process causes surprisingly few changes, despite the oxidation and the
crystallization. Comparing XANES with EELS and XPS suggests that the latter indicate
the presence of a fraction of Fe(ll) in addition to Fe(lll), while XANES points toward
pure Fe(lll). The shift of the edge observed by XANES may be due to the presence of
iron cations in other states (comparable to FeCls that contains Fe** ions), in addition to

those in the oxides.

CONCLUSIONS

Iron oxide can be grown by a simple and mild solution technique on the rod-shaped plant
virus TMV from a mixture of aqueous Fe(l1) and Fe(l1l), which precipitates iron oxide on
the exterior virus surface. We obtained a thin and continuous layer of <9 nm thickness,
hence a nanotube, with a well-defined virus/oxide interface. Global and nanoscale

diffraction suggests a near-amorphous nature for the oxide. Global and nanoscale
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spectroscopy techniques prove the presence of a phase that is chemically similar to a
mixture of the spinels magnetite (FesO4) and maghemite (y-Fe2O3), meaning the
presence of Fe(Il) and Fe(lll) in local tetrahedral and octahedral symmetry. Also the Fe—
O distance of 1.98 A is typical of the spinels, although here present in a near-amorphous
oxide. The lack of crystallinity translates into a very weak magnetic moment; we found,
however, a rather high coercivity. Its value of 0.04 T can be explained by the tubular
structure of our iron oxide. Thermal treatment produced crystalline spinel phases with a
much increased saturation magnetization of =1 emu/g, but with otherwise identical
features, i.e., tubular shape and spectroscopical data. To the best of our knowledge, this is
the first report in which iron oxide precipitated on a biotemplate has been investigated in
such structural and chemical detail. Our mineralized TMV particles are magnetic,
although with very small moments. It should be worthwhile to test their performance in
ferrofluids, where their shape is expected to induce much larger viscosity changes than
possible with spherical particles.® In other words, the magnetic field would have a small
influence in such applications, while the largest effect would be based on the unusual
shape. The nanorod preparations may also serve as nontoxic models for the development
of therapeutic approaches, based on the selective susceptibility of certain tumors to

elongated nano-objects.3%8!

EXPERIMENTAL SECTION

Water (18 M/cm, < 10 ppb total organic content) was produced by a Milli-Q Advantage
A10 (Millipore) fed with deionized water. TMV 0.1 mg/mL; diluted from stock

suspensions in phosphate buffer kept at 4 °C, prepared according to Method A’" was
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dialyzed against water for 12 h; samples of 0.1 mL increased in volume by about
0.01 mL. Dialysis caps were Slide-A-Lyzer MINI Dialysis Units 100 kDa (Thermo
Scientific). A premixed solution of 1 mM (NH4)2Fe(SO4)2-6H20 (ACS Reagent 99%,
Sigma-Aldrich) and 2 mM FeCls (>97%, Sigma-Aldrich) was added, and the pH was
adjusted to 9 by dropwise addition of 0.1 M NaOH (ACS-ISO, Panreac), yielding a
brown precipitate. The reaction occurred just above pH~8; but SEM images showed
virtually no coating below pH=8.3. The precipitation process took 10-12 min. Unless

otherwise stated, all experiments were carried out at 300 K.

In order to check the nature of the mineralization reaction forming iron oxide
(nanoparticles), we carried out the experiment first without virus, and then added
TMV “"(“post deposition”), under similar conditions as for the TMV mineralization: 0.01
mg/mL ToMV (chemically nearly identical to ToMV) was added with gentle pipet
mixing into the reaction medium of Fe(Il) and Fe(lll) (see above). The pH was adjusted
to 9 with 0.1 M NaOH, and stirred gently for 20 min with a pipet. Three microliter

samples with and without viruses were taken (see Supporting Information).

Mineralized TMV particles were recovered by centrifugation and purified in a
100 kDa cutoff column (Amicon Ultra Centrifuge Filters, 0.5 mL, 100000 MWCO
(molecular weight cutoff, Millipore) at 17530 g (14000 rpm, Eppendorf 5417C
centrifuge) for 30 min. The particles were washed twice with ~0.1 mL water.
Additionally, remaining buffer salts and excess Fe(ll) and Fe(lll) were removed by

dialysis against water for 4 h. Even after dialysis times of more than 12 and 24 h, the
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particles did not change, and the coating of iron oxide was stable. The dialysis water was

replaced twice, after <1 h, and after 2 h.

A Si(111) wafer (>1 Qcm, n-type doped with P) was cut with a dicer saw, without
coating. The wafer pieces were rinsed with acetone, isopropanol, and water, dried with
nitrogen, and treated for several seconds with an air plasma (PlasmaPen, PVATePla) to
ensure a hydrophilic silicon oxide layer. A 1 pL droplet of purified mineralized TMV

suspension was placed on a 4 x 4 mm silicon wafer piece, and dried in air.

For SEM we employed a FEI Quanta 250 (where also the EDX experiments were
carried out), and a FEI Helios NanoLab, at high vacuum conditions, with various voltages
(1-30 kV). Generally, 2-5 kV were ideal for imaging. For Figure 1 C we used a low
acceleration voltage of 2 kV for EDX, in order to suppress the otherwise dominant silicon
emission, and to increase surface sensitivity. TEM, EELS, and SAED data were obtained
in a Cs-corrected 60 kV Titan G2 60-300 (FEI). EELS was calibrated with respect to the
O 1s edge at 532 eV. Some samples were imaged at 200 kV (JEM-2100F, JEOL), or at

80 kV (JEM-1230, JEOL).

The magnetic properties of mineralized TMV particles were tested in a Quantum
Design MPMS SQUID-VSM at 300 K. Most samples were investigated on B-doped
silicon wafer pieces (4 x 4 mm) that had been washed with acetone, isopropanol and
water. They were dried with a stream of nitrogen and treated for a few seconds with an
air plasma pen (PVA TePla) operated at ambient pressure. We verified that these
substrates gave purely diamagnetic signals. The mass of each clean piece was

determined, a small volume (=1 pL) of the mineralized TMV suspension was placed
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close to the center and dried in air, after which the piece was weighed again to determine
the mass of the mineralized TMV. The wafer piece was immobilized with diamagnetic
glue to the MPMS quartz sample holder. The sample requires careful centering,

depending on its shape and size (see Supporting Information S11).

The suspension of mineralized TMV was dropped on a glass slide and dried in air.
The material was scraped off the glass slide onto a zero background silicon holder. The
phases were identified in reflection mode in an X-ray diffractometer (X-Pert, Panalytical)
with CuKa radiation (45 kV, 40 mA). Phase transformations were tested by treating the

sample for 3 h in an oven at 520 K in air, as well as in vacuum at 570 K.

XPS spectra were recorded in a SAGE HR 100 system (SPECS, Germany) with
soft X-rays of 1486.6 eV (Al anode). The binding energies were calibrated using the
carbon C 1s peak at 284.8 eV. The spectra were measured with a pass energy of 30 eV.

The XPS peaks were modeled with mixed Gaussian (30%)-Lorentzian (70%) curves.

XANES and EXAFS measurements at the Fe K-edge were performed at 300 K at
the BM25 Spanish CRG Beamline (SpLine) of the ESRF (European Synchrotron
Radiation Facility). A gas ionization chamber, filled with nitrogen and argon, was used to
measure the incident beam intensity. The sample, deposited on a silicon substrate as
detailed above, was placed in the beam path at 45° incidence. X-ray absorption was
detected in fluorescence mode, measuring the emitted photons following X-ray
absorption, using a 13 elements detector. Bulk metallic Fe, FeO, a-Fe>03, y-Fe20s3, and
Fe3zO4 powders were also measured for comparison, but in transmission mode. As the

sample amount available was very small, sample spectra were free of self-absorption
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effects, while the larger mass of the reference substances modified the spectral profile in
fluorescence. The proper procedure is thus to compare reference transmission spectra
with the sample fluorescence spectrum. Data were normalized applying the same

normalization parameters for all spectra by means of the Athena Software.”®

EXAFS data analysis was carried out with Athena to identify the starting point of
the absorption edge, Eo, and the pre-edge and postedge backgrounds. The software
Viper’® was used to process the normalized EXAFS signal (k) in the range of 2.5-12 A-
!, The filtered signal (using a Hanning window) was theoretically recalculated, using

amplitude and phase functions obtained by the FEFF code.®

The Supporting Information is available free of charge on the ASC Publications website
at DOI: 10.1021/acs.langmuir.5b04491.
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Figure 1. (a) Cartoon model of one of 2103 coat proteins of TMV (pdb 2TMV). The
leftmost part clads the internal channel, the middle part is a rather rigid four-helix bundle,
and the rightmost part forms the external surface. Residues 1, 3, and 152-154 are on the
right and shown as stick models. The terminal nitrogen and the exposed indole nitrogen
are shown in blue while the exposed oxygens are shown in red. The pdb model does not
include the last four residues, C-terminal to residue 155, which are rather flexible. They
contain another hydroxyl group (Thr-158) and the carboxylate terminus. The inset shows
a magnification of the region of interest with relevant amino acids labeled. The Figure
was produced using PyMOL (see Experimental Section). (b) TEM image of two linearly
assembled TMVs mineralized with a mixture of Fe(ll) and Fe(lll); another slightly bent
virion can be seen in the right of the image. The virions (light gray) are homogeneously
coated (black), and the TMV/mineral interface is very smooth. (¢) SEM image shows
virions homogeneously coated by iron oxide (light gray) and forming a grid-like irregular
network. (d) EDX spectrum showing the presence of iron on mineralized TMV. The
silicon and oxygen signals stem mainly from the wafer substrate. Inset: SEM image; the
spot from which the EDX spectrum was recorded, marked by a circle.

35



S R At

Figure 2. Unpurified ToMV after addition to a mixture of Fe(Il) / Fe(lll) at pH 9 (post
mineralization conditions). (a) TEM image without negative stain shows ToMV (gray
color rods) with sparse deposition of iron oxide. (b) The same sample after staining with
2% phosphotungstate. The virions show the 4 nm inner channel (black) with sparse,
random deposition of iron oxide.
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Figure 3. Diffraction experiments; for simplicity, all peak assignments are based on the
Fe3Og4 structure. (a) XRD from Fe3O4 standard (powder) of mass 3.5 mg; (b) from iron
oxide-mineralized TMV (mass 5.2 mg) showing a broad maximum at the (311) position;
both on a zero background holder. (c) Radial profile of SAED pattern (for original SAED
pattern see Supporting Information) of mineralized TMV, showing two broad maxima at
the (311) and (440) positions, and shoulders at (400) and (511). (d) Mineralized TMV
after annealing in vacuum to 570 K, and (e) after annealing in air to 520 K. Additional
peaks correspond to NaCl from the educts in the synthesis.
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Figure 4. (a) Magnetization curve for mineralized TMV at 300 K. (b) Magnetization
curve for mineralized TMV at 5 K.
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Figure 5. Magnetization curve (at 300 K) for mineralized TMV after heating in air to

Magnetic Field / T

520 K. A detail of the low field region is shown in the inset.
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Figure. 6. TEM EELS and XPS from sample (black) and reference compounds (colored)
in the Fe 3p region (Fe L edge). Black: EELS from TMV/iron oxide; blue: EELS from y-
Fe>O3, green: from FeO standard, recorded under identical TEM conditions. Noisy trace:
XPS of mineralized TMV, purified sample.
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Figure 7. (a) XANES spectra measured at the Fe K-edge for mineralized TMV and the
reference compounds. (b) Detail of the XANES spectra at the Fe K-edge region for
mineralized and air annealed TMV, and for bulk FezOs4 and y-Fe>Os as reference
standards. (c) The XANES spectra at the Fe K pre-edge region for mineralized TMV
compared with bulk FezO4 and y-Fe2Os3 as reference standards.
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Figure 8. EXAFS from the Fe K edge for the reference standards Fe3O4 and y-Fe2Os3,
and for mineralized and air annealed TMV. (a) k?-weighted EXAFS functions (y(k)*k?),
(b) Fourier transforms.

42



For Table of Contents:

Virus-Templated Near-Amorphous Iron Oxide Nanotubes

43



	ABSTRACT
	INTRODUCTION
	RESULTS AND DISCUSSION
	CONCLUSIONS
	EXPERIMENTAL SECTION
	The authors declare no competing financial interest.
	ACKNOWLEDGEMENTS
	REFERENCES

