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Abstract

Magnetite nanoparticles possess numerous fundamental, biomedical and industrial applications,
many of which depend on tuning the magnetic properties. This is often achieved by the
incorporation of trace and minor elements into the magnetite lattice. Such incorporation was
shown to depend strongly on the magnetite formation pathway (i.e., abiotic vs biological), but
the mechanisms controlling element partitioning between magnetite and its surrounding
precipitation solution remain to be elucidated. Here, we used a combination of theoretical
modelling (lattice and crystal field theories) and experimental evidence (high-resolution
inductively coupled plasma mass spectrometry and X-ray absorption spectroscopy) to
demonstrate that element incorporation into abiotic magnetite nanoparticles is controlled
principally by cation size and valence. Elements from the first series of transition metals (Cr to
Zn) constituted exceptions to this finding as their incorporation appeared to be also controlled
by the energy levels of their unfilled 3d orbitals, in line with crystal field mechanisms. We then
show that element incorporation into biological magnetite nanoparticles produced by
magnetotactic bacteria (MTB) cannot be explained by crystal-chemical parameters alone,
which points to the biological control exerted by the bacteria over the element transfer between
MTB growth medium and the intracellular environment. This screening effect generates
biological magnetite with a purer chemical composition than the abiotic materials formed in a
solution of similar composition. Our work establishes a theoretical framework for
understanding the crystal-chemical and biological controls of trace and minor cation
incorporation into magnetite, thereby providing predictive methods to tailor the composition of

magnetite nanoparticles for improved control over magnetic properties.
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Main Text

Magnetite [Fe(I)Fe(Ill)>O4] is a naturally-occurring ubiquitous Fe oxide that can be
precipitated through abiotic chemical reactions'. Microorganisms can also promote magnetite
formation. Among them, only magnetotactic bacteria (MTB) are known to synthesize
nanoparticles of magnetite in a genetically controlled manner by incorporating Fe into
organelles called magnetosomes for magnetite formation?. MTB are proposed to represent some
of the most ancient microorganisms on Earth?, and are markers of oxic/anoxic transitions in the
environment®. Nanoparticles of magnetite are of fundamental scientific interest in industrial
and biomedical applications>®’, with many of these interests relying on careful tuning and
optimization of magnetic properties. A particular way of doing so directly relies on modifying
the chemical composition of magnetite, into which cations can substitute for Fe, incorporating
into the magnetite lattice structure and thereby modifying its magnetic properties such as
coercivity, saturation magnetization or heat release capacity®’. Cation incorporation has been
shown to depend strongly on the nature of the magnetite formation pathways (i.e., abiotic or
biologic)!’, but the mechanisms controlling such incorporation remain unknown.

The content of trace and minor elements in magnetite is also of critical interest for the
detection of extra-terrestrial and ancient terrestrial life* as exemplified by the controversial
origin of magnetite in the Martian meteorite ALH84001'!. This meteorite contains nanocrystals
of magnetite encapsulated in (Ca, Mg, Fe)-carbonates showing a pure chemical composition
(i.e., they contain no detectable dopant elements)'?. They were proposed to be produced from

the thermal decomposition of the carbonate matrix'?

, although laboratory experimentation
showed that incorporation of Mg and Ca into the generated magnetite should occur during such
processes'4. An alternative biological origin of this Martian magnetite was thus suggested, since

only MTB were shown to generate magnetite with pure chemical composition'®. Such unique

property of biological magnetite was proposed as a reliable tool for the identification of fossils
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of MTB in ancient terrestrial and extra-terrestrial environments*. Therefore, understanding the
mechanisms leading to trace and minor element incorporation into magnetite, as well as the
capacity of MTB to screen for element incorporation, has important implications in exobiology
and (paleo)environmental sciences®.

In the present study, we establish the crystal-chemical parameters controlling the
incorporation of trace and minor elements into magnetite nanocrystals. Using the
concentrations of chemical elements measured from high-resolution inductively coupled
plasma mass spectrometry (HR-ICP-MS)'? in different series of abiotic magnetite, we show
that the cation incorporation is controlled by the ionic radius and the valence. We do report a
few exceptions: elements from the first series of transition metals (Cr, Mn, Co, Ni, Cu, Zn) are
more stabilized into the magnetite lattice during precipitation than predicted from their size and
valence. X-ray absorption microscopy (XAS) specifically on Mn, Co and Zn demonstrates
demonstrate that the preferential incorporation of first series transition metals can be explained
by the energy levels of unfilled 3d electron orbitals. Identifying this comprehensive framework
of the crystal-chemical processes controlling element incorporation into magnetite enables us
to investigate the biological control exerted by the magnetotactic strain Magnetospirillum
magneticum AMB-1 on element partitioning between magnetite and the external solution'®. We
find that the behavior of elements during biological formation of magnetite cannot be explained
by crystal-chemical parameters alone: their incorporation into MTB magnetite is more limited
than expected given their ionic radius and valence. To establish the biological relevance of these
findings, we prepared additional cultures of the magnetotactic Magnetospirillum
griphyswaldense MSR-1, another model magnetotactic strain. HR-ICP-MS analyses of MSR-
1 magnetite and residual growth medium complemented with trace elements yielded element
partitioning similar to that observed in AMB-1, confirming a consistent application of

biological control over metal incorporation. Furthermore, XAS analyses evidenced no
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alteration of dopant cation size and valence in biological magnetite. These results point towards
and active screening of elements by the bacteria to limit the transfer of trace and minor elements
from the external solution to internally formed magnetite nanoparticles. Finally, we discuss the
implications of our work for fundamental, environmental and biomedical applications of

magnetite nanoparticles.

Results and Discussion

Chemical composition of abiotic and biological magnetite

Magnetite possesses an inverse spinel structure, with trivalent cations [Fe(III)] contained in
both octahedral (6-coordination) and tetrahedral sites (4-coordination) while divalent cations
[Fe(I)] occupy octahedral sites only!. During abiotic or biological formation, distinct trace and
minor cations can substitute Fe(Il) or Fe(Ill) by incorporating into the lattice structure. A
previous study quantified the trace element content of abiotic and biological (AMB-1 strain)
magnetite nanoparticles'’. Magnetite nanoparticles were thoroughly purified in order to
eliminate adsorbed elements. X-ray diffraction and high-resolution electron microscopy
analyses of the samples revealed pure magnetite crystals, with no additional precipitated phases
potentially induced by element doping!'®. The concentrations of trace and minor elements (X)
in magnetite and in the residual solution after nanoparticle formation were measured using HR-
ICP-MS. For each element, a partition coefficient (D) between magnetite and solution was

calculated from the equation:

[X etite]
D X — magn 1
[Xsolution] ( )

where [Xmagnetite] and [ Xsolution] are the massic concentrations of an element X in magnetite and

in the residual solution after precipitation, respectively, expressed in ppb. Thus, the partition
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coefficient quantifies the capacity of an element to incorporate into magnetite and does not
depend on the initial concentration of trace elements in the precipitation solution, at least in
first approximation. We show below that element partitioning can be explained by crystal-
chemical parameters according to established models, demonstrating that the element
concentration used (100 ppb for each element) did not induce competition between elements
for incorporation into magnetite. The same set of partition coefficients was calculated in the
case of biological formation by AMB-1 with identical dopant concentrations in the initial
study'®. Elemental concentrations in the residual growth media as well as magnetite samples
thoroughly purified were quantified using HR-ICP-MS. Measured elemental concentrations
and partition coefficients are given in Tables S1 and S2.

We demonstrate below (see sections on the lattice strain theory and crystal field theory) that
elements from the first series of transition metals (Cr, Mn, Co, Ni, Cu and Zn) behave in a
distinct manner from other metal groups. To better understand the mechanisms leading to their
incorporation during magnetite precipitation, we produced additional abiotic and biological
(strain MSR-1) samples doped with a Mn/Co/Zn mixture. The redox state and coordination of
Fe, Mn, Co, Zn in magnetite was determined using XAS. Analyses of Ni and Cu doping were
also conducted, but the dopant metal concentration in biological magnetite samples was too low
(Fig. S1), similar way to what has been reported for MSR-1'°. Transmission electron
microscopy and XAS characterization at the Fe K-edge of the magnetite samples are presented
in Fig. 1. XAS spectra show that the produced material corresponds to magnetite via the close

alignment of three near-edge features in addition to post-edge oscillations.

Lattice strain control of element incorporation into magnetite
The partitioning of a trace element between a given lattice site (M) and melts under high

temperature and pressure conditions is controlled by the ion radius and valence'¢. For a given
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valence (n+, withn=1, 2, 3 or 4), incorporation of a trace element is maximized when the ionic

radius (r%) matches the size of the site M (r,fiM)). A shift from this ideal size generates an
elastic deformation that is accommodated by the neighboring crystal lattice, translating into a
penalty in energy for the ion incorporation and, consequently, into a decrease of DX. A size
shift of the same magnitude but with opposite sign corresponds to the same energy penalty. The

distribution of DX values for an isovalent series of elements thus follows a parabolic trend with

a maximum value (DS&M)) corresponding to a fictive element perfectly matching the size of the
lattice site (i.e., strain-compensated D¥)!¢ (see Eqs. 2 and 3 in Materials and Methods).
Similarly, heterovalent cation substitution entails accommodation of excess electric charge by

the crystal lattice that will also translate into a penalty in energy for element incorporation'®.

Thus, D,gng) corresponding to each valence also follow a parabolic trend with a maximum

coefficient D 00(M)

corresponding to an ion causing no electrostatic charging (i.e., homovalent
substitution).

We tested such a model in the case of magnetite to determine the role of ion radius and
valence in the distribution of D¥ but under different conditions at ambient temperature and
atmospheric pressure. For all valences, the experimentally determined D* plotted against their
cation radius were close identical to the predicted values calculated from Eq. 2. This shows that
the incorporation of most trace and minor elements into abiotic magnetite can be predicted by
a lattice strain model. The strain-compensated D,SSFM) extracted from Fig. 2 and represented
against ionic charge also followed the expected parabolic trend (Fig. 3) (Eq. 3 in Materials and

Methods). The maximum DSEFM) corresponding to Dot

was observed for a cation charge of
+2.7, almost identical to the bulk Fe valence in magnetite (+2.67). Overall, the distribution of

D* values determined experimentally in abiotic precipitation followed a lattice strain model,

demonstrating that cation radius and valence control the incorporation of trace and minor
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elements in abiotic magnetite. However, a few exceptions were observed: Cr(II), Cr(III), Mn(II),
Co(ID), Ni(IT), Cu(Il) and Zn(II) (grey circles in Fig. 2), which all belong to the first series of
transition metals (3d metals) also containing Fe, showed higher D¥ than expected from their
radii and valence. Such preferential incorporation cannot be explained by potential co-
precipitation of distinct (oxyhydr)oxides phases as shown by X-ray and diffraction and electron
microscopy performed on the samples used for the determination of D¥1°,

Next, we consider the partition coefficients of trace and minor elements between the
biological magnetite and the growth medium, which shows a distinct picture from abiotic
results (Fig. 2). D values were consistently lower than those predicted from a lattice strain
model (Eq. 2). Such depletion corresponds to a factor of ~5 x 10! [Cs(I)] up to ~9 x 107 [La(III)].
The range of variation for D¥ was also narrower in the case of biological magnetite, with most
values ranging between 10" and 10%, compared to the D* variation in abiotic magnetite of 7
orders of magnitude (Rb to Bi). Finally, the distribution of partition coefficients could not be
modeled by the lattice strain theory using Eq. 2, showing that crystal-chemical parameters
cannot explain the partitioning of trace and minor elements between AMB-1 magnetite and the

external growth medium.

Crystal field constraints on element incorporation into magnetite and coordination of 3d
metals in magnetite
Elements from the first series of transition metals, including Fe, possess unfilled 3d orbitals

in at least one of their oxidation sates'’. The two sets of 3d orbitals, namely tz (i.e., Ayy, Ay,
dy,) and e (i.e., d,z and d,2_,2), have different geometries with the electronegative charge

pointing to distinct directions. In octahedral configuration, electrons from e, orbitals directly
face the negatively charged oxygen, which maximizes the electric repulsion and thus

corresponds to more energetic configurations!’. The opposite case is observed in tetrahedral
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coordination. The origin and consequences of these electrostatic interactions on the energy
levels of 3d orbitals is described by the crystal field theory'’. For each element of a given
valence, the crystal field stabilization energy (CFSE) was documented by McClure in
octahedral and tetrahedral coordination'®. The partitioning of Cr(II), Cr(III), Mn(1I), Co(II),
Ni(II), Cu(Il) and Zn(II) during abiotic magnetite precipitation was modeled from their CFSE
for both coordination configurations (Fig. S2). No clear correlation between logD* and CFSE
values was observed, suggesting that coordination and/or valence of doping elements are not
as expected. This needed to be confirmed to determine whether crystal field effects control the
incorporation of 3d metals in magnetite.

We determined the coordination and valence of Mn, Co and Zn using XAS in both abiotic
and biological magnetite. Abiotic syntheses and MSR-1 cultures were performed in the
presence of Mn(II), Co(II) and Zn(II) under the same experimental mixed-doping conditions as
described above for AMB-1. The D¥ values corresponding to abiotic precipitation were almost
identical to those previously obtained (see Tables S1 and S4), but D values obtained from
MSR-1 were higher than those previously obtained with AMB-1 (Tables S2 and S4). Such
discrepancy can be explained by the magnetite yield and intracellular Fe content in the two
strains, where MSR-1 i1s known to incorporate more iron than AMB-1 under standard growth
conditions used in the present contribution'®. An increased mass of magnetite increases the total
mass of trace elements contained in magnetite, which in turn decreases the concentrations of
trace elements in the residual medium and lead to an increase of DX. We thus calculated
partition coefficients of Mn, Co and Zn normalized to Fe (D*/7¢) to compare values obtained
from AMB-1 and MSR-1. They yielded similar results in both strains (Table S5).

Abiotic and biological magnetite samples were measured in powdered form at the respective
dopant K-edges to confirm the site occupancy of doped metals in magnetite. Due to the dopant-

level concentration of each metal in magnetite, fluorescence detection was employed to collect
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XAS spectra. In the case of Co for abiotic magnetite nanoparticles, the fluorescence signal was
too weak to collect usable spectra, which is understandable given the ten-fold lower Co
concentration abiotic in magnetite relative to Mn and Zn (see Table S4). Nevertheless, from
similar previous characterizations of Co-ferrite nanoparticles (CoxFes.xO4) prepared via
different synthetic methods, Co is well known to occupy mainly octahedral sites?*?!. K-edge
XAS for Mn-doped abiotic magnetite shows an oxidation state between Mn(II) and Mn(III)
when compared with Mn-based oxides (Fig. 4A). This is reflected by the position of both the
pre-edge position and the main rising edge (Fig. 4A, inset). Near-edge features of Mn-doped
magnetite correspond more so with a Mn-ferrite reference (Mno sFe2504)* indicating similar
chemical and structural environment. However, weaker pre-edge and post-edge features (6562
eV) potentially originate from the dilute and inhomogenous nature of the dopant metal in the
magnetite lattice compared to the Mn-ferrite reference. The difference in relative peak
intensities when compared to the reference material may also indicate a partial change in
octahedral/tetrahedral site occupancy. Although the extended X-ray absorption fine structure
(EXAFS) region is too weak to fit scattering paths for structural information, ab initio
simulations of the Mn K-edge X-ray absorption near-edge structure (XANES) for tetrahedral
and octahedral Mn substitutions in magnetite (Fig. S3) confirm near-edge absorption features
from both MngsFe> 504 reference and Mn-doped abiotic magnetite match with tetrahedral
coordination. Zinc K-edge XAS for Zn-doped abiotic magnetite (Fig. 4C) has poorly defined
near-edge features and very weak EXAFS. When compared with a Zn-ferrite reference
(ZnFe204), known to have a normal spinel crystal structure with Zn(II) occupying tetrahedral
sites, the width and positioning of the XANES aligns well but the specific near-edge features

are less apparent. Linear combination fitting with Zn-based references revealed a contribution

of ZnFe;04 (41%) and octahedral Zn(II) complexes (59%) (Fig. S4). We attribute octahedral
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Zn(II) complexes to be Zn sites allocated on the nanoparticle surface with short-range order or
Zn(II) complexes adhered to the nanoparticle surface.

Higher quality data was obtained for biological magnetite, since dopants were found to be
in higher concentration than in the abiotic samples, at least partially due to the high initial
concentrations used in the bacterial growth media (Table S4). Cobalt K-edge XAS for Co-
doped biological magnetite highly resembles that of a Co-ferrite reference (CoFe204) (Fig. 4B),
given the identical energies of distinctive near-edge features. From known crystal structure of
Co-ferrite nanoparticles®>**, Co mainly occupies octahedral sites in magnetite in line with
previous work on MTB?>?¢, Manganese K-edge XANES of Mn-doped biological magnetite is
again similar to the MnosFe» 504 reference (Fig. 4A), with peak positions and their relative
intensities even more comparable. The higher data quality for this sample afforded
supplemental EXAFS information and a well-resolved pre-edge region. Regarding the latter
(Fig. 4A, inset) and remarking on simulations performed (Fig. S3), a second pre-edge feature
is observable for Mn-doped biological magnetite (Fig. S3, see features i and ii) that can be
attributed as a partial +3 valence state of the dopant’’. EXAFS fitting yielded a Mn-O
coordination number of 3.7 and a bond distance of 202 pm (Fig. S5 and Table S6), both
suggesting a tetrahedral environment for Mn dopants is likely, consistent with another recent
study'®. Nevertheless, a small contribution of Mn-Fe single scattering from Mn in octahedral
sites (coordination number 1.9, bond distance 299 pm) was found to complete EXAFS fitting
of Mn-O and Mn-Fe (coordination number 13.1, bond distance 352 pm) scattering from Mn in
tetrahedral sites.

Zn XANES features are more prominent for Zn-doped biological magnetite than for the
abiotic case, with near-edge features more resembling the Zn-ferrite reference material (Fig.
4C). From linear combination fitting, we obtain 78% ZnFe;O4 and 22% octahedral Zn(II)

complexes for the Zn-doped biological magnetite (Fig. S4), indicating a higher contribution of
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Zn incorporated into magnetite with tetrahedral coordination. EXAFS fitting of Zn-O path
yielded a coordination number of 3.9 and bond distance of 205 pm confirming Zn mainly
occupy tetrahedral sites. In our case, we note a high incorporation of Zn into MSR-1 magnetite
as normal spinel ZnFe>O4 from doping bacteria growth media with Zn(Il), whereas another
study found more ZnO than ZnFe,O4'°.

Using the experimentally determined coordination and valence of Mn, Co and Zn, a
corrected CFSE was calculated. As mentioned above, Mn in abiotic magnetite showed mixed
+2/43 valence. The rising edge position (determined from the first derivative maximum of the
main absorption edge) was shifted towards higher values when compared to the Mn-ferrite
reference. This indicates more oxidized Mn in the abiotic magnetite samples than in the ferrite
reference, which has been shown to contained 25% Mn(III) and 75% M(II)*®, while the
biological magnetite overlapped the Mn-ferrite reference which suggests a similar valence for
Mn. Therefore, the Mn(III) / total Mn ratios in the abiotic and biologic magnetite were taken as
0.3 (i.e., higher than Mn-ferrite reference) and 0.25 (i.e., similar to Mn-ferrite reference),
respectively. Zinc coordination was considered to be 60% octahedral / 40% tetrahedral in the
abiotic magnetite, and 20% octahedral / 80% tetrahedral in the biological nanoparticles based
on the fitting results. Finally, Co was considered to mainly occupy octahedral sites based on
the extensive literature’>*° that is consistent with present Co-doped MSR-1 magnetite.
Measured partition coefficients represented against XAS-corrected CFSE are shown in Fig. 5.
In the abiotic case, logD¥ values showed a weak linear relationship with CFSE (correlation
coefficient of 0.87), while biological logD* showed almost constant values with no correlation
with CFSE (correlation coefficient of 0.006) (Fig. 5SA). To take into account crystal field
controls independently of lattice strain mechanisms, the measured partition coefficients in
abiotic nanoparticles were normalized to the D¥ predicted from lattice strain theory (Eq. 2 and

Fig. 2). The results are presented in Fig. 5B and show a stronger linear correlation between the
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trace element stabilization and the corrected CFSE (correlation coefficient of 0.99). Our results
thus demonstrate the importance of taking into account the actual coordination of trace 3d

metals in magnetite since their incorporation is controlled by crystal field mechanisms.

Biological control over element transfer to magnetosomes in magnetotactic bacteria

Our work aimed at understanding the mechanisms controlling the incorporation of cations
distinct from Fe into magnetite. It demonstrates that partitioning of trace and minor elements
between abiotic magnetite and surrounding solution is controlled by cation radius and valence,
as well as the energy levels of 3d orbitals for elements from the first series of transition metals
(Cr to Zn). The biological case showed a distinct picture as the distribution of D* could not be
modeled from lattice strain and crystal field theories alone. The low partition coefficients and
low variation of D¥ in the biological conditions are in line with the proposed hypothesis of Fe
biopurification during magnetite formation, establishing the chemical purity of magnetite as a
signature of MTB activity.

The variability induced by MTB on trace and minor element partitioning could arise from
the homeostasis of chemical conditions (pH, redox potential, etc.) in the intracellular
environment, which are distinct from the external solution and maintained by the metabolic
activity of the bacteria. They control the cation valence and speciation (and thus its size) in
solution, which may in turn shift element partitioning (Eqs 2 and 3, Figs. 2 and 3). As evidenced
by XAS measurements (linear fitting and comparison to references), the biological control over
magnetite nanoparticle formation enables more homogeneous incorporation of dopants into the
crystal lattice compared to the abiotic nanoparticles also produced under ambient conditions.
We hypothesize that such homogeneous incorporation of dopant elements in biological
magnetite could be due to the slow formation of magnetite in MTB (3 days of growth) compared

to the abiotic nanoparticles which precipitates as soon as the pH conditions are favorable (see
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materials and methods). However, the variability of cation size and valence evidenced by XAS
measurements is too low to account for the decrease of D¥ in the biological conditions (up to
7 orders of magnitude, see Fig. 2)

Although not demonstrated, the lower levels of doped cations in biological magnetite were
discussed as being caused by active and selective Fe incorporation into magnetosomes that
excludes distinct elements'’. Magnetite in MTB precipitates from a medium contained in lipid
vesicles that is physically separated from the external solution and isolated from doping
elements (i.e., the bacterial growth medium), diminishing their level of incorporation. A notable
difference between both conditions of magnetite precipitation is the remarkable decrease of
partition coefficients in bacterial cultures as all elements showed lower D¥ values than those
predicted from the lattice strain theory (Fig. 2). As detailed in the above section, an increased
Fe precipitation into abiotic magnetite (i.e., a higher D¢ partition coefficient) compared to
biological conditions would lead to an increase of DX. However, the decrease of DF¢ in the
biological conditions when compared to abiotic syntheses is too limited to account for the low
DX in AMB-1 and MSR-1 cultures (Fig. 2 and Table S4). This was also demonstrated in
previous work discussing the distribution of partition coefficients normalized to Fe'°.

The range of partition coefficients was also narrower in AMB-1 cultures compared to abiotic
magnetite (Figs. 2 and 6). Consequently, the enrichment of trace elements in AMB-1 magnetite
quantified by the ratio of measured D¥ normalized to D¥ values predicted from the lattice
strain theory decreases linearly with the increase of cation radius, up to the ideal size (r,?_EM))

that is associated with the maximum D* (Fig. 6). Enrichment of doping elements in MTB

magnetite then increases again for cation radii higher than r,fJEM) (Figs. 6A and 6D).
Accordingly, the depletion of trace and minor elements from MTB magnetite is higher for

elements showing high affinity for magnetite, and minimal for cations with the lowest abiotic

DX (Fig. 6). This illustrates a screening effect induced by the bacterial membranes that limits
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the transfer of cations distinct from Fe from the external solution to the location of magnetite
formation regardless of the cation size and valence. Two exceptions are observed. Silver was
more enriched in AMB-1 magnetite than the rest of the monovalent elements (Fig. 6A). This
could reflect the antimicrobial properties of Ag(I)*! and its sequestration into magnetite for
detoxification as previously proposed for toxic cations®2. Alternatively, such preferential
inclusion of Ag in AMB-1 could arise from passive diffusion between the external solution and
the intracellular medium. Additionally, Sr was more excluded from AMB-1 magnetite than
other divalent elements (Fig. 6). Exposure to Sr was shown to induce efflux systems in
bacteria®®, and Sr is known to disturb Ca metabolism in animals**. Low D5" might thus be

generated by Sr pumping outside of the cell to maintain homeostasis.

Conclusion

The present contribution establishes an experimental and theoretical framework that can
predict the behavior of trace and minor cations during synthetic magnetite formation based on
their size, valence and unfilled 3d orbitals. This enabled us to elucidate the screening effect
MTB have on biological magnetite formation. Beyond the geobiological interests for the
identification of ancient terrestrial and extra-terrestrial life, our work has significant
implications for nanotechnological applications of biological and/or abiotic nanoparticles of
magnetite. Deliberate doping of trace and minor elements has been carried out to optimize
magnetite nanoparticle composition for dedicated applications, including doping of Co and Zn
that increase the efficiency of magnetite’s magnetic properties for cancer treatment using

hyperthermia®®-°

, as well as its capacity of organic pollutant remediation and (bio)remediation
of contaminated water*$ %, The appropriateness of doped magnetite nanomaterials with tailored

properties (e.g., magnetism) for future applications can be evaluated with our methodology by

identifying the different outcomes of dopant composition via abiotic or biological synthesis.
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Materials and Methods

Magnetite abiotic synthesis

Production of abiotic magnetite nanoparticles was performed using a titration device as
already described®. An Fe chloride mixture ([Fe(II)Cl2] = 0.33 M and [Fe(III)Cls] = 0.66 M)
was added to a NaOH solution (pH = 11) at room-temperature. The decrease of pH associated
with the release of protons during magnetite precipitation was compensated by adding
additional NaOH solution (1 M) to keep the pH constant throughout the experiment. The doping
elements were added at similar concentrations (100 ppb for each element) in the Fe mixture.
The Fe mixture, NaOH solution, and the magnetite precipitation solution were kept under
constant anoxic conditions by flushing N> to prevent Fe(Il) oxidation. Magnetite samples were
then recovered by centrifugation (8 000 rpm for 15 min), rinsed two times with Milli-Q water

and dried in a desiccator. All samples were kept under anoxic conditions before XAS analyses.

Bacterial cultures and magnetite purification
The MSR-1 strain was cultivated under standard conditions following a previously

published protocol

. Because MTB magnetite is strongly depleted in dopant elements
compared to its abiotic counterpart'®, Mn, Co and Zn were added at higher concentration to
maximize their incorporation into MSR-1 magnetite for XAS measurements. Doping elements
were added at similar concentrations (33 uM for each element in the mixed-element condition,
and 100 pM for single-doped samples) in MSR-1 growth medium. MSR-1 magnetite was then
extracted for XAS and HR-ICP-MS analyses: MSR-1 bacteria were lysed using a French Press

(3 runs at 7 000 kPa), recovered with a magnet, and purified with an EDTA-Triton-SDS

preparation following a previously described procedure!®.
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Transmission electron microscopy

Abiotic magnetite nanoparticles and MSR-1 bacteria were deposited on carbon-coated
copper grids for electron microscopy characterizations. MSR-1 grids were rinsed using Milli-
Q water to remove salts precipitated from the growth medium. Samples were then observed

with a FEI Tecnai G2 Biotwin microscope operating at 100 kV.

Selection of trace and minor elements

Four elements (B, Ca, K, Mg) from the initial work'® were excluded for the present work: B
and K are contained in the glassware (borosilicates) used for the preparation and storage of
samples, and thus contaminate the magnetite and solution samples, while only one replicate

could be obtained in the case of Ca and Mg.

Determination of element oxidation state in solution and magnetite

The oxidation state of all doping trace and minor elements in precipitation solutions was
determined at the pH / Ex conditions representative of the abiotic precipitation solution and the
proposed magnetosome internal solution®® with the geochemical code CHESS*! using the
THERMODDEM* database. Because Fe(II) is found in octahedral sites in magnetite, all
divalent cations were considered as occupying octahedral sites in magnetite. Similarly, half of
Fe(III) is present in octahedral sites magnetite, the other half being contained in tetrahedral sites.
We thus considered trivalent cations to be incorporated in both 6- (50%) and 4-coordination

(50%).

Prediction of trace and minor element partition coefficients from lattice strain theory

The distribution of DX values for an isovalent series of elements can be described by'¢:
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)

RT

With DSEFM) the partition coefficient for a fictive element with r* = r,fJEM) and causing no

elastic strain (i.e. strain-compensated D¥), EX, the lattice strain parameter describing the
Young’s Modulus (in GPa) of the site M, Na the Avogadro’s number, R the perfect gas constant,
and T the temperature in Kelvin. Similarly, heterovalent cation substitution entail excess
electric charge accommodated by the crystal lattice that will also translate into a penalty in

energy for element incorporation'®:

©)

o(M) _ ,00(M) ~Npe?(zX- ZO(M))Z
Dn+ = X exp{ eoRD)

00(M)

Where D is the strain-compensated partition coefficient for a fictive ion causing no

electrostatic charging (i.e. homovalent substitution), e the electron charge, p the radius of the
region over which the excess charge is distributed, ¢ the dielectric constant of that region, and

Z* and Z°M) the ionic charge and the optimum ionic charge at the site M, respectively.

The parameters used for the calculation of predicted partition coefficients using Eq. 2 (DS&M) ,

00

-+, and E}Y) are given in Table S3. Selected Young’s modulus range between 85 and 470

GPa , which is in good agreement with the range of published values for macrocrystals and
nanoparticles of magnetite** . Higher variability in EX, than that observed here for magnetite
has already been reported in many mineral phases, including plagioclase, diopside, augite,
anorthite, albite, diopside or fluorite*®*’. Such variability is related to the ion charge and the
cation — oxygen distance'¢. In the case of magnetite, it can also be explained by the variability

induced by the two lattice sites under consideration (tetrahedral and octahedral). For Eq. 3, a
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dielectric constant (¢) of 50 and a lattice region with a radius (p) of 17 nm were considered (Fig.

48,49

3). Such values correspond to published & for magnetite and to the size of the magnetite

nanoparticles produced for the determination of their trace element composition, respectively.

Inductively Coupled Plasma — Mass Spectrometry (ICP-MS) analyses

The concentrations of Fe, Mn, Co and Zn in the abiotic and MSR-1 magnetite nanoparticles,
in the residual precipitation solution and in the residual bacterial growth media were determined
using a Perkin Elmer Nexlon 300X mass spectrometer (collision mode configuration with a
Rh103 internal standard) at the Centre Européen de Recherche et d’Enseignement en
Géosciences de I’Environnement (CEREGE Aix-en-Provence, France). Three replicates were

performed for each experimental conditions.

X-ray Absorption Spectroscopy (XAS)

The abiotic and biological magnetite samples were measured under cryogenic conditions in
powdered form. To prepare the samples for measurement, the purified abiotic and biological
magnetite nanoparticles were spread onto Kapton tape and folded to seal the sample. The
samples were kept frozen during storage, shipment and measurement. Principal data was
collected at the 120-Scanning beamline (Diamond Light Source, Didcot, UK). Preliminary XAS
data (additional Fe, Ni and Cu K-edge spectra) was collected at the Sector BM-20 beamline
(Advanced Photon Source, Argonne National Laboratory, IL, USA). Due to the dilute nature
of dopant metals, fluorescence detection was employed to collect XAS spectra. Several scans
were collected and averaged to produce the spectra presented in this work. We note that Zn
metal contamination (I20-Scanning data) was discovered after data collection and was
attributed to a custom-printed sample holder used at the beamline. Linear combination fitting

with a Zn metal reference accounts for this contribution. XAS data from Zn(II)-citrate and
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Zn(II)-histadine complexes were implemented to fit as octahedral Zn(II) complexes. XAS of
reference foils for Mn, Co and Zn were simultaneously collected downstream via ionization
chambers for energy calibration. Athena and WinXAS programs were used for background
subtraction, energy calibration, normalization and transformation to FT-EXAFS spectra.
Athena was implemented for linear combination fitting and WinXAS for refined EXAFS fitting.
The computational package FEFF8.2 was employed to simulate scattering paths for EXAFS
fitting and to simulate Mn K-edge XANES of Mn in octahedral and tetrahedral lattice sites in

magnetite.
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Figure 1. Transmission electron microscopy images of (A) abiotic magnetite nanoparticles and
(B) MSR-1 bacteria containing magnetite nanoparticles in magnetosomes (inset, magnified
region of magnetosome chain). (C) Fe K-edge X-ray absorption near-edge structure spectra of
abiotic and biological magnetite nanoparticles with magnetite reference.
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670
671
672  Figure 2. Partition coefficients (D¥) of (A) monovalent, (B) divalent, (C) trivalent and (D)
673  tetravalent cations in the case of abiotic (black and grey circles) and biological (AMB-1, open
674  diamonds) magnetite. Dashed line indicate the predicted values of D* based on a lattice strain
675 model (Eq. 2). Grey symbols point to 3d metals [Co(II), Cr(II), Cr(III), Cu(II), Mn(II), Ni(II),
676  Zn(II)] showing variations from the predicted values in the abiotic precipitation of magnetite.
677  Cation radius taken from Shannon and Prewitt and summarized in Table S7°°. Black lines in
678 (D) indicate the position of ideal cation radius (TT?JSM)) and strain-compensated partition
679  coefficient (DSELM)).
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Figure 3. Strain-compensated partition coefficients (DSSFM)) for each element valence extracted
from Figs. 2A to 2D. The predicted model was calculated using Eq. 3 and considering published
values of magnetite’s dielectric constant of 50 and a lattice region with a radius of 17 nm
corresponding to the size of magnetite nanoparticles (see Materials and Methods for details).
Black lines indicate the position of ideal charge (Z°°™)) and strain-compensated partition
coefficient causing no electrostatic charging (D°°(")),
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690
691
692  Figure 4. X-ray absorption near edge structure (XANES) of doped abiotic and biological
693  magnetite nanoparticles with reference materials at (A) Mn K-edge (inset, pre-edge region), (B)
694  Co K-edge and (C) Zn K-edge.
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Figure 5. (A) Partition coefficients (D*) and (B) ratio of measured partition coefficients and
partition coefficients predicted from a lattice strain theory (Eq. 2) of Mn, Co and Zn represented
against their XAS-corrected Crystal Field Stabilization Energy (CFSE). Black and open
symbols represent abiotic and biological conditions, respectively.
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Figure 6. Biological D obtained from AMB-1 cultures normalized to the D¥ predicted from
lattice strain theory (Eq. 2) in the case of (A) monovalent, (B) divalent, (C) trivalent and (D)

tetravalent elements. 7, ~ values reported here are extracted from Fig. 2 and Table S3.

o(M)



