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ediated magnetite synthesis:
a bioinspired approach†

Giulia Mirabello, ‡§*a Matthew GoodSmith, ‡{a Paul H. H. Bomans,b

Linus Stegbauer, kc Derk Joester c and Gijsbertus de With *a

The biomineralization of intracellular magnetite in magnetotactic bacteria (MTB) is an area of active

investigation. Previous work has provided evidence that magnetite biomineralization begins with the

formation of an amorphous phosphate-rich ferric hydroxide precursor phase followed by the eventual

formation of magnetite within specialized vesicles (magnetosomes) through redox chemical reactions.

Although important progress has been made in elucidating the different steps and possible precursor

phases involved in the biomineralization process, many questions still remain. Here, we present a novel

in vitro method to form magnetite directly from a mixed valence iron phosphate precursor, without the

involvement of other known iron hydroxide precursors such as ferrihydrite. Our results corroborate the

idea that phosphate containing phases likely play an iron storage role during magnetite

biomineralization. Further, our results help elucidate the influence of phosphate ions on iron chemistry in

groundwater and wastewater treatment.
Introduction

Magnetite (Fe2+Fe2
3+O4), a magnetic mineral found in both

geological and biomineralization contexts, has magnetic and
biocompatible properties that allow for a wide range of appli-
cations.1–3 While there are many ways to synthesize magnetite,
producing it with control over crystal habit, shape, and size
usually requires high temperatures and environmentally
harmful solvents.4,5 Magnetotactic bacteria (MTB), on the other
hand, are able to form crystals of magnetite at room tempera-
ture and in aqueousmedia with exquisite control over their size,
shape and organization, and thereby over their magnetic
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properties.6 This biological capability drives interest in devel-
oping biomimetic pathways, using peptides and proteins
similar to those found withinMTB, in an attempt to unravel and
ultimately exploit their magnetite formation strategies.7–10

MTB produce magnetite nanocrystals in specialized vesicles
called magnetosomes. The mineralization process is regulated
by a large number of proteins with specic functions that only
now are beginning to be resolved.11–13 In particular, many
questions remain regarding the role of precursor phases such as
ferrihydrite,14,15 hematite,16–18 and 3-Fe2O3.19

Previous studies on the AMB-1 strain of Magnetospirillum
magneticum20 and the MSR-1 strain of Magnetospirillum gry-
phiswaldense21 present evidence of a multi-step mechanism in
which a disordered phosphate-rich ferric hydroxide precursor
phase is formed rst and subsequently converted into magne-
tite. Given its similarity to phosphate-rich ferritin, which is
known to exist in many prokaryotes,22 this precursor phase is
thought to act as storage for iron before the initiation of the
magnetite formation process. A similar amorphous, hydrated
ferric phosphate phase has also been described in the dermal
granules of Molpadia intermedia,23 and ferric phosphates have
been readily observed in many marine invertebrates.24 While
the interplay of iron and phosphate clearly plays a signicant
role in many biomineralization contexts, exploring the precip-
itation chemistry of ferrous and ferric ions in the presence of
phosphate is also crucial for understanding the fate of nutrients
(e.g. phosphate)25 in groundwater and wastewater treatment.26,27

It has been proposed that inorganic phosphate (Pi) interacts
with iron oxy-hydroxides by binding strongly to their surfaces,
thereby stabilizing and favoring the formation of poorly
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d0sc07079c&domain=pdf&date_stamp=2021-07-09
http://orcid.org/0000-0002-8009-3758
http://orcid.org/0000-0002-7819-0831
http://orcid.org/0000-0003-1823-7949
http://orcid.org/0000-0002-9663-3309
http://orcid.org/0000-0002-7163-8429
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc07079c
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC012027


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

2:
42

:2
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
crystalline iron phosphate precipitates.28–32 Thus, during in vivo
magnetite formation, the role of Pi could be the sequestration of
iron ions into precursor phases, which prevents the precipita-
tion of iron oxides in neutral pH conditions. A similar strategy
has been demonstrated in the case of craysh gastroliths, where
Pi plays an important role in stabilizing biogenic amorphous
calcium carbonate,33–36 a mineral phase which stores CaCO3

during the skeleton formation process.
To help investigate the role that phosphate ions play in

magnetite formation in MTB, we designed a method to form
magnetite nanoparticles through the controlled formation and
transformation of a phosphate precursor using a titration setup.
We characterized the products formed at several stages of the
reaction using cryogenic transmission electron microscopy
(cryoTEM), selected area electron diffraction (SAED), X-ray
absorption near-edge spectroscopy (XANES), and Raman spec-
troscopy. We demonstrate, for the rst time, the transformation
of an amorphous iron phosphate into magnetite at room
temperature and in aqueous solution without evidence of other
intermediate iron oxy-hydroxides.
Fig. 1 (a) Raman spectra of the ferric phosphate obtained at pH 3
(black), the mixed-valence iron phosphate obtained at pH 6 (red), the
ferrous phosphate obtained at pH 6 (blue), the aged final product
obtained at pH 12 (pink), and magnetite crystals synthesized as control
(green). The band at 670 cm�1 (#) is typical for magnetite, while the
band at 1645 cm�1 (*) is characteristic for water. (b) Comparison of the
pre-edge XANES spectra of the co-precipitated Fe2+/Fe3+ phosphate
at pH 6 (top) and Fe3+ phosphate at pH 6 (bottom). The arrow high-
lights the additional Gaussian component at 7111.1 eV, ascribable to
the presence of Fe2+ in the precipitate. The acronymBG represents the
background, while G1, G2 and G3 are the different Gaussian compo-
nents for the Fe2+ and Fe3+ ions. Additional information on the
meaning of G1, G2 and G3 and how they were determined can be
found in the ESI in the Materials and methods section.†
Results
Synthesis of a mixed valence iron phosphate precursor

We present a titration-controlled mineralization system with 3
principal steps: (a) the formation of amorphous ferric phos-
phate, (b) the addition of Fe2+ ions to the system leading to the
formation of a mixed valence iron phosphate precursor and (c)
its conversion to magnetite. The products from each step of this
synthesis were characterized using various spectroscopy and
microscopy techniques.

First, similar to the disordered phosphate-rich ferric phases
noted in prior studies of MTB,20,21 an amorphous ferric phos-
phate was formed by increasing the pH of an acidic solution
containing phosphate and Fe3+ ions to pH 3 (stoichiometric
ratio Fe3+ : H3PO4 of 2 : 3, see the ESI for experimental details†).
This process produced a yellow-white precipitate (Fig. S2c†),
and Raman spectroscopy of this precipitate revealed a broad
band at 1018 cm�1 (Fig. 1, black spectrum) in the region of the
P–O stretching modes (900–1250 cm�1), in accordance with
Raman spectra of amorphous iron and phosphate-containing
phases noted in the literature.37

Since magnetite is a mixed valence iron oxide (Fe2+Fe2
3+O4),

Fe2+ ions were added to the system at this point with a stoi-
chiometric ratio for Fe3+ : Fe2+ : H3PO4 of 2 : 1 : 3, resulting in
a mixed valence iron phosphate precursor phase. Initially, this
precursor phase was attained in a stepwise reaction. Fe2+ ions
were added to the isolated and washed ferric phosphate at pH 3
(to remove possible adsorbed phosphate ions) and the pH was
then increased to �6, where the reduced solubility of the Fe2+

ions (Ksp(Fe(OH)2) ¼ 7.1 � 10�16 M3) led to the formation of
a green precipitate (Fig. S2d and e†). The Raman spectrum of
this green precipitate showed a shoulder at 1100 cm�1 (Fig. 1a,
red spectrum). Notably, simple co-precipitation of Fe3+ and Fe2+

ions at pH 6 in the presence of phosphate ions also formed
a green precipitate with spectral features identical to the
© 2021 The Author(s). Published by the Royal Society of Chemistry
product from the above stepwise reaction (Fig. S3) (see Mate-
rials and methods in ESI†).

This nding suggests that co-precipitation allows for the
synthesis of the mixed valence precursor in a direct, one-pot
procedure without the need to isolate ferric phosphate in
a stepwise reaction. Indeed, when the pH of a solution con-
taining both Fe2+ and Fe3+ ions was increased in the co-
precipitation reaction, the large difference in solubility
Chem. Sci., 2021, 12, 9458–9465 | 9459
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between Fe2+ and Fe3+ ions at pH < 4 [Ksp(Fe(OH)2) ¼ 7.1 �
10�16 M3; Ksp(Fe(OH)3) z 10�39 M4] led to the selective
precipitation of amorphous ferric phosphate. Co-precipitation
of Fe2+ ions only started occurring when the pH was further
increased to 4, which led to the formation of the green precip-
itate. For comparison, we examined the Raman spectra of
ferrous phosphate and ferric phosphate synthetized in two
separate batches (Fig. 1a, blue and black spectra) which show
bands at�963 cm�1 and�1010 cm�1, respectively. Therefore, if
a simple mixture of ferrous and ferric phosphate was formed,
a shoulder would be expected at �960 cm�1 rather than
1100 cm�1. This observation further suggests that a mixed-
valence phase was formed in both the stepwise and coprecipi-
tation reactions. The broad nature of the bands noted in the
ferric and the mixed valence phosphate phases suggests that
these precipitates are poorly ordered, as a broad shape is typical
of amorphous phosphates.37,38 In contrast, separately synthe-
sized ferrous phosphate displayed a sharp band, suggesting
either a more crystalline nature or a local symmetry of the
phosphate group distinct from the amorphous compounds.
Also, a deconvolution of the Raman band for the intermediate
sample (green precipitate formed at pH 6) using dominant
bands found in many mixed valence iron phosphates found in
the literature was unfortunately inconclusive. This was mainly
due to the amorphous nature of the intermediate samples we
investigated, which were not easily compared to crystalline iron
phosphate phases present in the literature.

XANES at the K-edge of iron is a useful tool to determine the
oxidation states of iron containing samples (see ESI† for
details). In direct comparison to ferric phosphate only con-
taining Fe3+ ions (Fig. 1b, bottom graph), the XANES of the co-
precipitated Fe2+/Fe3+ phosphate at pH 6 (Fig. 2b, upper graph)
has an additional Gaussian component at 7111.1 eV (arrow in
Fig. 2b and Table S1†), which clearly shows the presence of Fe2+

ions in the green precipitate.39 Quantitative evaluation of the
pre-edge centroid positions (intensity-weighted average of the
Gaussian components' positions)39 of the green precipitate
indicates a ratio of 0.15 for Fe2+/Fe (see Table S2†). Additional
XANES analysis of the 1st derivative (see ESI Fig. S4†) shows an
additional hidden inection point at E0¼ 7120.3 eV in the onset
of the white-line absorption indicating the presence of Fe2+.40

Direct comparison of the XANES spectra (see ESI Fig. S5, S6 and
Table S3†) indicates a small shi of the absorption edge to lower
energies for the Fe2+ co-precipitated sample. Moreover, quan-
tication by assuming an absorption edge shi of 7 eV (ref. 39)
going from complete Fe2+ to Fe3+ gives a ratio of 0.10 of Fe2+/Fe
for the green precipitate (see Table S4†). All these ndings
further corroborate the hypothesis that a mixed-valence phase
was formed. Analysis of the centroid positions (center of mass
of the area below the peak) indicate that all iron species
detected by XANES of both samples were in octahedral coordi-
nation environments.39

Cryo-TEM showed that the amorphous ferric phosphate
initially consisted of particles with well-dened sizes of 7–9 nm
(Fig. 2b) that evolved to larger aggregates when increasing the
pH to 3 (Fig. 2c). The mixed-valence iron phosphate precursor
formed by pH 6 consisted of �10 nm aggregates which, in turn,
9460 | Chem. Sci., 2021, 12, 9458–9465
were composed of even smaller particles (Fig. 2d, lower inset).
Electron diffraction (ED) conrmed that both these iron phos-
phate phases were amorphous (Fig. S7†), as suggested by the
broad nature of the Raman spectra discussed above.
Precursor-to-magnetite conversion

For the precursor-to-magnetite conversion to occur, iron ions
needed to replace the phosphate ions in their coordination shell
and the pH needed to be raised to drive the reaction towards
magnetite formation. In our in vitro system, this was achieved
through rapidly increasing the pH to higher values (pH > 11).

Upon increasing the pH of the solution containing the mixed
valance iron phosphate precursor, a black nanoparticulate
dispersion was formed (Fig. S2g†) consisting of �2.5 nm
nanoparticles (Fig. 2e, lower inset) that did not show any clear
sign of crystallinity in ED (Fig. 2e, upper inset). However, the
radial intensity prole of the ED pattern of these 2.5 nm
nanoparticles showed a weak and broad signal around a 1.5 Å d-
spacing (Fig. S7,† black arrow), indicating the ongoing conver-
sion towards an ordered iron oxy-hydroxide phase. Indeed, 1.5 Å
d-spacing is common to many iron oxy-hydroxides including
magnetite.41 The broad reections at�2.16 and 3.80 Å visible in
all diffraction patterns (Fig. S7†) correspond to the signal of rst
and second diffuse diffraction rings of the vitried water layer
observed in cryo-TEM microscopy. Aer aging the black nano-
particle dispersion for 5 weeks in an oxygen-free environment,
the initially formed 2.5 nm nanoparticles aggregated into 3–
5 nm nanoparticles with an ED pattern consistent with
magnetite (Fig. 2f, upper inset; Fig. S7,† black curve). The phase
purity of the magnetite nanoparticles was conrmed using
Raman spectroscopy which showed the expected peak at
673 cm�1 (Fig. 1a, green spectrum), while the absence of a peak
at 705 cm�1 excluded the presence of signicant contamination
with maghemite (g-Fe2O3) due to oxidation.42,43 Powder X-ray
diffraction (PXRD) of the aged product showed multiple broad
reections corresponding to magnetite (Fig. S8†), indicating
poor crystallinity and small domain sizes (<5 nm). The two most
intense reections in ED at approximately 1.5 Å and 2.5 Å (inset
Fig. 2f and * symbol in Fig. S7†) are also noted in PXRD (arrows
in Fig. S8,† reections at 16.1� 2q and 27.7� 2q) and correspond
to known crystallographic planes in magnetite (440 and 311,
respectively). It should be noted that when attempting to
measure the Raman spectra for the freshly synthesized nal
product, the spectra were inconclusive due to a low signal to
noise ratio. This low ratio is likely due to a combination of poor
crystallinity of the intermediate phase particles, and the prod-
uct's extremely small crystalline domain size, as suggested by
cryo-SAED patterns and cryo-TEM (Fig. S7,† black arrow and
Fig. 2e, lower inset). However, a better signal was only obtained
when the crystalline domains were larger (around 3–4 nm) aer
aging.

To further explore the role of phosphate, we performed
a magnetite synthesis using the same titration set-up without
the presence of phosphate (see ESI† for experimental details). In
the absence of phosphate, magnetite was formed at �pH 8
(Fig. 3, ED pattern), consistent with observations from prior
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Magnetite formation through an iron phosphate precursor. (a) Representative pH profile of the reaction. (b–f) Cryo-TEM images of
samples at (b) pH 1.6, (c) pH 3, (d) pH 6, (e) pH 12, and (f) the end product after aging 5 weeks. The upper insets in (b–f) correspond to the SAED
patterns of each sample. The lower insets in (d) and (e) shows enlargement of the precipitate at (d) pH 6 and (e) pH 12. The SAED pattern in (f)
shows the crystallinity of the final product after 5 weeks of the aging process. Scale bars 20 nm.
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studies performing simple co-precipitation of magnetite.44

Further, the magnetite crystals obtained in the absence of
phosphate were larger and had a wider size distribution (20 �
16 nm) than the magnetite crystals obtained in the presence of
phosphate (3.5 � 1.2 nm).
Discussion

Here we have demonstrated, for the rst time, an in vitro
method to synthesize magnetite through an amorphous mixed
valence iron phosphate precursor phase. The formation of this
precursor phase was crucial to allow for the controlled forma-
tion of magnetite in our synthetic approach. When the reaction
was performed with the same titration protocol in the absence
of phosphate, the initial product was ferrihydrite,44 which was
converted to magnetite already at pH � 8, while in the presence
of phosphate magnetite was formed above �pH 11 (Fig. 3). This
shi to a higher pH value indicates that phosphate forms
a stable precursor phase that inhibits the formation of all other
iron oxides, which under many synthetic conditions compete
with magnetite formation.32,45 Indeed, prior research has
demonstrated that ferrous iron ions aerated in the presence of
phosphate at near-neutral pH leads to the predominant
formation of amorphous ferric phosphate, and even small
amounts of phosphate in the system can prevent the formation
of iron oxides such as goethite.29 In our system, the formation of
© 2021 The Author(s). Published by the Royal Society of Chemistry
magnetite was then triggered by the increase in pH, which
favored the release of phosphate ions into solution due to
competition with the hydroxide ions.46–48 Thus, with a rapid pH
increase in our synthesis, we hypothesize that hydroxy ions
replaced the phosphate ions and that magnetite was formed
aer the release of any associated water molecules. However,
additional experiments are needed to verify this hypothesis by
performing in situ analysis to follow the evolution of the sample
during rapid pH increase.

The fact that none of the other common iron oxides were
observed in our synthesis suggests that by coordinating Fe2+

and Fe3+ in one mixed phase, it is possible to drive the
conversion directly to magnetite upon removal of phosphate
ions. We suggest that the small size of the magnetite crystals
formed in our bioinspired experiment (Fig. 3) could have been
caused by the presence of the phosphate ions that, despite the
high pH, may still interact with developing crystals and inhibit
their growth. Thus, if we had removed Pi as we increased pH in
our experimental system, formation of larger magnetite crystals
may have been possible.

Due to its presence in many fertilizers, phosphate is ubiq-
uitous in the natural environment and present in high levels in
groundwater and wastewater, contributing to eutrophication in
many rivers and lakes.27,49 Iron oxide species have been used for
many years in attempts to recover phosphate from wastewater
given their propensity for phosphate adsorption,27,49 and iron
Chem. Sci., 2021, 12, 9458–9465 | 9461
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Fig. 3 Crystal size distribution of magnetite synthesized in the
absence (blue) and in the presence (red) of H3PO4. The average crystal
size for magnetite synthesized in absence of H3PO4 is 20 � 16 nm
(�indicates the sample standard deviation for n ¼ 200 individual
crystals measured); average crystal size for magnetite synthesized in
presence of H3PO4 is 3.5 � 1.2 nm (n ¼ 300). (a) The pH profile of
magnetite synthesis via coprecipitation of Fe2+ and Fe3+ ions in the
absence (blue) and in the presence (red) of H3PO4. (b) TEM image of
magnetite obtained with the conventional coprecipitation method
(absence of H3PO4, aged 1 week). (c) TEM image of aged (5 weeks)
magnetite obtained from iron phosphate precursors. Insets in (b) and
(c) SAED patterns with the representative 311 (inner arc) and 440 (outer
arc) reflections of magnetite highlighted.
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has otherwise been used in groundwater systems in attempts to
remove contaminants.26 The insights we have presented here
regarding the interactions between iron and phosphate in an
aqueous system contributes to the understanding of the inter-
play of these ions in complex groundwater and wastewater
systems. Further, our work suggests a potential mechanism
through which phosphorus existing in these systems can be
leveraged to produce size-controlled magnetite nanoparticles.

This process could be particularly useful in places where
groundwater comes from iron-rich aquifers and iron needs to
be removed before the water can be used as drinking water.50

Currently, iron is usually removed from groundwater using
aeration followed by rapid sand ltration. This process causes
oxidation and ultimately hydrolysis of iron ions, resulting in
a highly-hydrated ferric hydroxide sludge which has limited
market value.50,51 If magnetite nanoparticles, which have many
commercial applications,5,52,53 were to be formed instead of this
sludge, there would be considerable economic rewards.54

Indeed, among many other uses, magnetite nanoparticles
have been proposed for use in anti-cancer drug delivery
systems,55,56 cancer-treatment processes including magnetic
hyperthermia,57 and MRI contrast materials.58,59 Notably, many
of the existing methods to produce size- and shape-controlled
magnetite nanoparticles with specic magnetitic properties
require high temperatures, high pressures, or organic solvents.
Although we have not developed a mechanism for precise
control over magnetite crystal shape and size, we have shown
that it is possible to achieve a very narrow size distribution of
9462 | Chem. Sci., 2021, 12, 9458–9465
magnetite nanoparticles through an amorphous phosphate
precursor in an aqueous solution. Future iterations of this
synthetic pathway could yield new, more environmentally
friendly methods to producemagnetite for its many commercial
applications.

In addition to serving as inspiration for new methods to
produce magnetite, this synthesis also contributes to the
understanding of the purpose of phosphate-rich precursors
observed in some strains of MTB. Time-resolved studies have
demonstrated phosphate-rich ferric oxy-hydroxide precursor
phases in vivo early in the magnetite formation process in both
the AMB-1 strain of Magnetospirillum magneticum20 and the
MSR-1 strain of Magnetospirillum gryphiswaldense.21 These
poorly ordered species are thought to be similar to bacter-
ioferritin, which is an iron storage protein observed in other
prokaryotes.22 In the RS-1 strain of Desulfovibrio magneticus,
a most likely mixed valence (but predominantly ferrous) amor-
phous iron phosphate precursor phase has been observed.60

However, the exact role of these amorphous iron phosphate
precursors in magnetite biomineralization remains unclear.

Of note, a recent study has suggested that since the absence
of two ferritin-like proteins in MSR-1 strains did not affect
magnetite formation, bacterioferritin-like species are not
directly involved in magnetite biomineralization.61 However,
the authors admit that other ferritin-like proteins that have yet
to be characterized could still be involved directly in magnetite
biomineralization. Further, they did not perform time-resolved
studies to prove that no precursor phase was formed at any
point in the absence of the two studied ferritin-like proteins.
Even so, they showed that the two ferritin-like proteins they
studied were useful in resisting oxidative stress.61 This nding
suggests that sequestering iron in a stable precursor phase prior
to magnetite biomineralization may help prevent the toxic
effects of free intracellular iron.

Our synthesis supports the hypothesis that iron phosphate
precursor phases function as a stable iron storage phase prior to
magnetite biomineralization, as has been suggested in previous
studies.20,21,60,62 As we have shown, iron ions were very stable in
the phosphate containing phases during our synthesis. Thus,
phosphate ions may act as a control agent that allows for
accumulation and co-localization of Fe2+ and Fe3+ ions, while
preventing the precipitation of unwanted iron oxide phases.32

The idea that iron is stored in a stable phase prior to
magnetite formation is corroborated by a recent study looking
at in vivo iron isotope measurements in AMB-1.63 In that study,
bacterial lysates (representing everything in the cell besides the
magnetosome) contained at least 50% of the total cellular iron
when grown in media containing relatively high iron concen-
trations, which supports an iron reservoir besides magnetite in
these cells. Further, these lysates showed enrichment in heavy
isotopes, suggesting the predominant presence of Fe3+.63

Another study has found that magnetite crystals contain at most
30% of the total intracellular iron, and that another large pool
of iron exists in MTB.64 These ndings are consistent with
a ferric iron containing precursor storage phase.

Further, magnetite formed in the iron isotope experiments
showed depletion in heavy isotopes, suggesting that magnetite
© 2021 The Author(s). Published by the Royal Society of Chemistry
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was formed following partial reduction of Fe3+ to Fe2+. Thus, the
authors presented a model in which iron accumulates intra-
cellularly as Fe3+ and is later reduced to Fe2+ prior to transport
into the magnetosome. Similarly, another study has found
evidence of reduced Fe2+ both within the magnetosome and in
the cytoplasm.64 Whether this reduction happens at the mag-
netosome membrane or in another intracellular compartment
remains unclear. As we have shown, iron ions can stably exist as
part of a mixed-valence phosphate containing phase under pH
conditions typically found intracellularly in MTB (7.0–7.6),65

which suggests that the reduction of Fe3+ to Fe2+ could occur
outside of the magnetosome while the iron ions are stabilized
within an iron phosphate precursor phase.

We have shown that magnetite can be formed directly from
an iron phosphate species, which raises the question of whether
magnetite could be formed directly from a phosphate contain-
ing precursor under appropriate conditions in MTB. Intrigu-
ingly, electron microscopy experiments in the RS-1 strain of
Desulfovibrio magneticus have suggested that amorphous iron
phosphate containing granules, which rapidly accumulate iron
early in the biomineralization process, can convert directly to
magnetite.60 However, there was evidence to suggest that iron
was mostly transferred from this precursor phase to other iron
reservoirs prior to magnetite formation. In addition, another
study in RS-1 found evidence of amorphous, iron phosphate
granules that are likely separate from magnetite and within
separate bacterial organelles.62 Further, in our experiments, the
high pH values necessary for the direct conversion of the iron
phosphate precursor to magnetite (>11) is inconsistent with
magnetosomal pH values (7.0–7.4).65 Thus, while it is worth
considering the possibility of a direct conversion of iron phos-
phate precursors to magnetite, an iron storage function of the
precursors is more likely.

Conclusions

Here, we present a new in vitro method of magnetite synthesis
through an iron phosphate precursor phase that was initially
inspired by prior observations of disordered phosphate-rich
ferric hydroxides within MTB. Phosphate ions played a crucial
role in the process by aiding in the co-localization of Fe2+ and
Fe3+ ions while inhibiting the precipitation of iron oxides other
than magnetite. The demonstrated utility of phosphate in
favoring magnetite formation contributes to the understanding
of where, how, and why the disordered phosphate-rich ferric
hydroxide precursor phase in some strains of MTB may be
formed and converted into magnetite. In particular, our
synthesis suggests the importance of this phase as a potential
storage mechanism for iron within MTB prior to magnetite
biomineralization.

More broadly, this study contributes to the understanding of
iron chemistry in the presence of phosphate ions in alkaline
conditions. We believe this work will encourage the develop-
ment of new alternative approaches for the experimental design
of magnetic nanoparticles with dened shapes and sizes that
will have many useful commercial applications. Further, this
work has implications in the elds of groundwater and
© 2021 The Author(s). Published by the Royal Society of Chemistry
wastewater treatment, and could potentially contribute to more
efficient and cost-effective water purication strategies in these
settings.
Data availability

All data that support ndings of this study are available upon
reasonable request from the authors.
Author contributions

G. d. W. supervised the project and D. J. provided additional
supervision. G. M. and M. G. conceived, designed and per-
formed the synthetic experiments. G. M., P. H. H. B. and M. G.
conceived and designed the TEM and cryo-TEM experiments.
G. M. and M. G. performed the TEM and cryo-TEM acquisition
and analysis. L. S. conceived and performed the XANES acqui-
sition and analysis. L. S. performed the PXRD analysis. G.
d. W., L. S. and D. J. offered valuable discussion. G. M. andM. G.
wrote the original dra of the manuscript. All authors contrib-
uted to reviewing and editing the manuscript.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

We thank Drs Jessica Walker and Christos Malliakas for tech-
nical assistance. We thank Robert F. Free for setting up the
XANES pre-edge Matlab script. The work of G. M. was supported
by the Technology Foundation STW, the Applied Science Divi-
sion of The Netherlands Organization for Scientic Research
(Nederlandse Organisatie voor Weten-schappelijk onderzoek,
NWO). The work of M. G. was supported through a NAF-
Fulbright research grant. The work of L. S. was supported by
a research fellowship of the Deutsche Forschungsgemeinscha
(STE2689/1-1). This work was in part supported by the National
Science Foundation (DMR-1905982). This work made use of the
IMSERC X-RAY facility at Northwestern University, which has
received support from the So and Hybrid Nanotechnology
Experimental (SHyNE) Resource (NSF ECCS-1542205), and
Northwestern University. Portions of this work were performed
at GeoSoilEnviroCARS (The University of Chicago, Sector 13),
APS, Argonne National Laboratory. GeoSoilEnviroCARS is sup-
ported by the National Science Foundation – Earth Sciences
(EAR – 1634415) and Department of Energy-GeoSciences (DE-
FG02-94ER14466). This research used resources of the APS,
a U.S. Department of Energy (DOE) Office of Science User
Facility operated for the DOE Office of Science by Argonne
National Laboratory under Contract No. DE-AC02-06CH11357.
Notes and references

1 R. S. Ribeiro, A. M. T. Silva, P. B. Tavares, J. L. Figueiredo,
J. L. Faria and H. T. Gomes, Catal. Today, 2017, 280, 184–191.
Chem. Sci., 2021, 12, 9458–9465 | 9463

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc07079c


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

2:
42

:2
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
2 Y. Qiu, S. Tong, L. Zhang, Y. Sakurai, D. R. Myers, L. Hong,
W. A. Lam and G. Bao, Nat. Commun., 2017, 8, 15594.

3 A. Sood, V. Arora, J. Shah, R. K. Kotnala and T. K. Jain,Mater.
Sci. Eng., C, 2017, 80, 274–281.

4 J. A. Darr, J. Zhang, N. M. Makwana and X. Weng, Chem. Rev.,
2017, 117, 11125–11238.

5 S. Laurent, D. Forge, M. Port, A. Roch, C. Robic, L. Vander
Elst and R. N. Muller, Chem. Rev., 2008, 108, 2064–2110.

6 D. Faivre and D. Schüler, Chem. Rev., 2008, 108, 4875–4898.
7 Y. Amemiya, A. Arakaki, S. S. Staniland, T. Tanaka and
T. Matsunaga, Biomaterials, 2007, 28, 5381–5389.

8 A. Arakaki, F. Masuda, Y. Amemiya, T. Tanaka and
T. Matsunaga, J. Colloid Interface Sci., 2010, 343, 65–70.

9 J. Baumgartner, M. Antonietta Carillo, K. M. Eckes,
P. Werner and D. Faivre, Langmuir, 2014, 30, 2129–2136.

10 J. J. M. Lenders, H. R. Zope, A. Yamagishi, P. H. H. Bomans,
A. Arakaki, A. Kros, G. De With and N. A. J. M. Sommerdijk,
Adv. Funct. Mater., 2015, 25, 711–719.
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