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Biominerals are important archives of the presence of life and environmental processes
in the geological record. However, ascribing a clear biogenic nature to minerals with
nanometer-sized dimensions has proven challenging. Identifying hallmark features of
biologically controlled mineralization is particularly important for the case of magnetite
crystals, resembling those produced by magnetotactic bacteria (MTB), which have been
used as evidence of early prokaryotic life on Earth and in meteorites. We show here that
magnetite produced by MTB displays a clear coupled C–N signal that is absent in abio-
genic and/or biomimetic (protein-mediated) nanometer-sized magnetite. We attribute
the presence of this signal to intracrystalline organic components associated with pro-
teins involved in magnetosome formation by MTB. These results demonstrate that we
can assign a biogenic origin to nanometer-sized magnetite crystals, and potentially other
biominerals of similar dimensions, using unique geochemical signatures directly mea-
sured at the nanoscale. This finding is significant for searching for the earliest presence
of life in the Earth’s geological record and prokaryotic life on other planets.

biomagnetite j bacteria j biogeochemistry j atom probe tomography j magnetofossils

Establishing a reliable biogenic origin of minerals and recording environmental processes
and the presence of past life in terrestrial and even extraterrestrial habitats remains a chal-
lenging endeavor (1–3). Different biological signatures have been assigned to minerals,
yet there is no consensus on the criteria for the identification of their biogenic origin,
even within the same type of minerals (4, 5). For instance, the use of morphology as a
biosignature is difficult as geological processes can result in abiogenic self-organized crys-
talline structures indistinguishable from biogenic ones (6, 7). Rather than relying on a
single mineral characteristic alone (i.e., morphology), biosignatures are defined by a com-
bination of morphometric parameters (size, size/shape, circularity, crystallinity, fractal
dimension, and lacunarity) (7) and chemical attributes, such as specific isotopic values or
the presence of trace elements (3). Biominerals are, however, ubiquitous in nature and
represent direct evidence of biological processes and the presence of life in the geological
record (8). Biominerals resulting from biologically controlled processes are distinctive by
the presence of intracrystalline organics, remnant of mineral nucleation and growth
mechanisms, even after alteration by geological processes (9). Yet detecting such organics,
and even more their unequivocal chemical signature, is extremely difficult in the case of
“fossilized” minerals. The difficulty increases when the mineral size decreases to the
nanoscale, as the identification of organics and their chemical fingerprinting falls often at
or below the resolution of routinely employed microscopy and spectroscopy techniques.
The case of magnetite crystals produced by magnetotactic bacteria (MTB) is an ideal

example of nanometer-sized minerals formed by biologically controlled processes.
Ascribing a biogenic nature for magnetosome-like magnetite particles is of great impor-
tance as these particles, referred to as magnetofossils, have been used as evidence for the
past presence of microbial activity in the geological record of Earth (10–13) and even
on Mars since the discovery of certain types of magnetite crystals in the meteorite
ALH84001 (14–16). Thus, several criteria have been proposed to distinguish between
nanometric crystals of magnetite produced by bacteria and those produced by geologi-
cal processes. Previous studies have explored the use of crystallographic and chemical
characteristics of either whole cells or purified magnetosomes (11, 15). Results from
some early studies suggested that magnetite crystals within magnetosomes were struc-
turally identical to abiogenic crystals and stoichiometric (pure Fe3O4) (11, 13). Among
these approaches, an interesting one has been to investigate the rate and total concen-
tration of foreign cations that were possibly incorporated in the crystal lattice of mag-
netite nanocrystals produced by MTB (17–21). Moreover, the isotopic fractionation of
iron and oxygen by MTB during magnetite biomineralization has also been investi-
gated as a possible biosignature (21, 22). Despite these previous efforts, and the rele-
vance of the subject, currently used criteria to recognize a biological origin of magnetite
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nanocrystals have not been accepted by many researchers as
strong evidence, leaving room for controversy and debate (21).
Thus, the ideal approach would be to analyze a few isolated
magnetite nanocrystals, independently of morphology and
in the absence of bacteria and/or a specific environment, to
directly detect a biogeochemical signature linked to biomineral-
ization processes.
Here, we establish the presence of chemical elements associ-

ated with organic molecules within magnetite nanocrystals pro-
duced by one type of MTB. The presence of specific chemical
elements from intracrystalline organics could represent a bio-
signature not just for bacterial magnetite (BM) but also for other
nanocrystals of possible biological origin. Our hypothesis is that
since the biomineralization of magnetite magnetosome crystals in
MTB is mediated by specific proteins associated with the magne-
tosome membrane, as unequivocally shown in numerous studies
(18–23), these proteins are likely to imprint the magnetite crystal
with a measurable amount of C and N that is not present in
abiogenic or biomimetic (single protein–mediated) magnetite
nanocrystals. For the direct examination and characterization of
these chemical elements, we employ a combination of atom
probe tomography (APT) and secondary ion mass spectrometry
(SIMS and nano-SIMS). The high spatial chemical resolution of
APT is ideal for the nanoscale dimensions of magnetosome mag-
netite crystals (24–26), whereas SIMS provides a confirmation of
APT results of the presence of key elements at the μm scale while
ruling out potential sources of contamination (27–29).

Results

Isolated, purified magnetite crystals (40–80 nm in size) were
extracted from magnetosomes produced by the magnetotactic
bacterium Magnetospirillum gryphiswaldense strain MSR-1 (Fig. 1)
(18). These samples were compared to four different control sam-
ples (Fig. 1; see Materials and Methods and SI Appendix): 1) abio-
genic magnetite nanocrystals, 2) abiogenic magnetite samples that
underwent a washing protocol identical to that used to extract

and purify the magnetosomes, 3) biomimetic magnetite nanopar-
ticles (BMNPs) chemically produced by including in the reaction
mixture MamC from Magnetococcus marinus, and 4) abiogenic
magnetite crystals included in a phosphatidylcholine liposome (L-
MNPs). For the atom probe analysis of magnetosome and abio-
genic particles, a focused ion beam (FIB) protocol for sample
preparation was performed on a thin layer of cohesive crystals (SI
Appendix, Fig. S1). A challenging aspect of APT analysis of this
material is the presence of numerous voids among particles that
are clear in the scanning electron microscopy images of the
wedges and tips (SI Appendix, Fig. S1). For magnetosome par-
ticles, eight tips were extracted and three resulted in data (> 4.5
million reconstructed ions) for further analysis (SI Appendix,
Table S1), including 3-dimensional (3D) tip reconstructions.
APT results yielded significant compositional information of
MTB magnetite through the identification and quantification of
unique peaks in the mass spectra (Fig. 2 and SI Appendix, Table
S2). APT bulk chemistry results showed relatively high concen-
trations of carbon present in MTB magnetite crystals that were
not found in the rest of the control samples (Fig. 2 and Table 1
and SI Appendix, Table S1). The analysis of magnetosome par-
ticles showed the presence of C, corresponding to single peaks of
C+ (12 and 13 Da) and C2+ (6 and 6.5 Da) (Fig. 2C). Although
there was variability among the three best-analyzed tips, all sam-
ples had a significant amount of C with an average ∼10 atomic
% in concentration (Table 1 and SI Appendix, Table S2). The
presence of C detected by APT in magnetosome magnetite was
corroborated with SIMS analyses. The layer of crystals sampled
for APT analysis was probed using SIMS (see Materials and
Methods and SI Appendix, Fig. S6). Although absolute measure-
ments were difficult to obtain, including 13C/12C ratios, because
of the absence of magnetite standards with carbon, the counts for
the ratio 12C/56Fe showed two orders of magnitude higher car-
bon content in magnetosome particles than in control samples
(Table 1). APT also detected a measurable N concentration (∼0.
5 atomic %; SI Appendix, Table S2), corresponding primarily to
N+ (14 Da) and N2+ (7 Da) peaks in the APT mass spectra

Fig. 1. Bright-field TEM images of analyzed samples. (A) Whole cell of magnetotactic bacterium M. gryphiswaldense MSR-1, with magnetite crystals inside.
(B) Isolated magnetosome magnetite nanoparticles. (C) IM nanoparticles. (D) BMNPs, synthesized by adding MamC to IM. (E) L-MNPs.
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(Fig. 2C) in magnetosome magnetite, yet the concentration was
low for the SIMS detection at μm scale (SI Appendix, Table S3).
The presence of C and N signals in BM was reinforced by

their unique distribution inside the crystals, as observed in 3D
tip reconstructions (Fig. 3). Taking the FeO atomic distribu-
tion as the marker for magnetite, the C was visible within the
magnetite crystal with a nonuniform distribution. Isosurfaces of
C concentration, at a C atomic % equivalent to that measured

for each tip, showed the presence of interconnected layers
(Fig. 3 and SI Appendix, Fig. S3), which was different than any
known artifacts resulting from APT tip reconstructions (26).
Moreover, nitrogen distribution was found to be associated
with that of carbon inside the magnetite particles, shown in 3D
reconstructions as isolated areas of higher concentration inside
the C layers (Fig. 3 and SI Appendix, Fig. S3).

Discussion

Evaluation of potential sources of contamination. Potential
sources of contamination, specifically for C, must be ruled out
to ascertain the reliable presence of C and N signals in magne-
tosome magnetite nanocrystals. The protocol for APT sample
preparation may lead to the introduction of exogenous C. The
porous structure of the magnetite multicrystal surface (the
crust) could facilitate the implantation of C from the gas injec-
tion system platinum deposition during FIB sample preparation
(see SI Appendix, Fig. S1). In such a case, we would have
expected to see a uniform C concentration for all samples
examined in this study, which is not what we observed for APT
analyses of BM (see Table 1 and SI Appendix, Table S2).
Within this context, it is important to notice that the SIMS
data, which were not biased by the FIB preparation, showed
that bacteria-produced crystals were enriched in C, in agree-
ment with APT results (Table 1 and SI Appendix, Table S3).
Furthermore, 3D reconstructions of the C distribution in mag-
netosome particles clearly showed the C inside the magnetite as
opposed to the presence of C linked to contamination (Fig. 3).

Contamination derived from the protocol of magnetosome
isolation and purification also needs to be addressed. Tris-HCl
and SDS were used to remove the magnetosome membranes
and extract the magnetosomes (see SI Appendix), thus poten-
tially adding C-containing compounds. In this context, abio-
genic (organic-free) magnetite crystals were produced (Fig. 1
and Table 1 and SI Appendix) and separated into two batches;
one batch was kept untreated (IM; see Table 1 and SI
Appendix, Table S1) and the second was treated with Tris-HCl
and SDS (IM-SDS; see Table 1 and SI Appendix, Table S1)
following an identical procedure to that used for the purifica-
tion of magnetosomes. APT analyses of these abiogenic magne-
tite nanoparticles were compared to APT results from the
MTB magnetosome magnetite crystals (SI Appendix, Table S2).
The comparison revealed that C, but only as C+ (12 Da),
was detected in synthesized abiogenic magnetite nanoparticles
(Fig. 2 and Table 1 and SI Appendix, Table S2). However, the
concentration was extremely low and at least one order of mag-
nitude lower than that measured for BM; these results were
also confirmed by SIMS measurements (SI Appendix, Tables
S1–S3). The evaluation of potential N contamination was more
challenging and could only be done partially with the APT data.
The reason is related to the signal contribution to peaks at
14 Da and 15 Da that could be attributed to either Si2+ and
BH4

+, possibly released by glass bottles where abiogenic magne-
tite crystals were synthesized, or to N+ and NH+ coming from
the local electrode atom probe (LEAP) buffer chamber (30)
(Fig. 2 and SI Appendix, Table S2). However, BM presented a
peak at 7 Da that could only be attributed to N2+ (Fig. 2), and
the concentration of N was much higher than that potentially
attributed to silica and/or chamber contamination (SI Appendix,
Table S2). Moreover, 3D APT tip reconstructions showed the
presence of N strongly linked to that of C inside the magnetite
crystals (Fig. 3 and SI Appendix, Fig. S3). This observation also
ruled out the possibility of organics diffusing into the magnetite

Fig. 2. Comparison of partial (from 4 Da to 16 Da) APT mass-to-charge
state ratio spectra for (A) IM nanoparticles (sample 1.1; run 2775 in SI
Appendix, Table S1), (B) IM-SDS nanoparticles (sample 2.1; run 3480 in SI
Appendix, Table S1), and (C) BM (sample MSR-1; run 513 in SI Appendix,
Table S1). Note the presence of specific C and N peaks in BM that are
absent in abiogenic magnetite nanoparticles.

Table 1. Comparison of average C composition from
APT (atomic %) and SIMS (counts 12C/56Fe) analyses of
BM, IM, and IM-SDS samples

APT Carbon
Data

(atomic %) SEM

SIMS
Carbon Data

(counts 12C/56Fe) SEM

BM 10.94 1.28 803 1.34
IM 0.04 0.01 4.53 1.31
IM-SDS 0.21 0.08 6.3 1.17

See also SI Appendix, Tables S2 and S4 for data on other control samples.
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crystals after their formation, unless such organics were present
during precipitation (31).

C and N in magnetosome magnetite. The detected C–N signal
found in the BM could be the result of residues of the magneto-
some membrane tightly bonded to the surface of crystals, even
though a harsh protocol was applied for its removal (see SI
Appendix). Morphological features resembling membrane residues
were not observed by scanning electron microscopy at a high spa-
tial resolution (∼20 nm) on the magnetite crust and around par-
ticles prior to and during APT sample preparation (SI Appendix,
Fig. S1). In addition, membrane fragments on the surface of bio-
magnetite crystals should be captured by the APT data, yet we
only saw the coupled C–N signal inside the crystals in the 3D
reconstructions (Fig. 3). To further confirm the absence of mem-
brane fragments on the surface of the magnetosome magnetite
particle layer, we conducted a surface analysis using nano-SIMS
adjacent to the area where APT and SIMS analyses were per-
formed. If membrane residues were present, then we would
expect to see a prevalent phosphorus signal, with phosphorus
even detected at low counts (see SI Appendix, Fig. S7), linked to
the phospholipid nature of the membrane, and this was not the
case (see SI Appendix, Fig. S7). As an additional test, we synthe-
sized magnetite nanoparticles contained in phosphatidylcholine
liposomes (L-MNPs) (32) (Fig. 1 and SI Appendix, Table S4).
The rationale behind this approach was to estimate the maximum
C signal that could be associated with the membrane if the
organic chemical signal detected in the magnetosomes was the
result of membrane residues. The APT chemical estimate, using
the peaks at 6 and 12 Da as representative of C, clearly indicated
that C represented only averages ∼3 atomic % for L-MNPS

nanoparticles, quite below the minimum (∼8 atomic %) detected
in BM nanoparticles (Table 1 and SI Appendix, Tables S2 and
S4). However, most of this C was attributed to contamination
based on APT 3D reconstructions (Fig. 3), so the ∼3 atomic %
measured could represent an overestimate. This hypothesis was
confirmed because the SIMS data showed that C was not a sig-
nificant component on the surface of L-MNPs particles (see SI
Appendix, Table S3). Overall, these results reaffirmed that the C
signal detected in magnetosome magnetite particles is not signifi-
cantly derived from magnetosome membrane residues.

Our hypothesis was that the C–N signature is related to
intracrystalline organic components incorporated within the
magnetite crystal lattice and as such can be used as a biomineral
signature. This hypothesis is supported by SIMS analysis of
BMNPs, synthesized in the laboratory by the mediation of the
protein MamC from M. marinus, that have been suggested to
incorporate or at least to have MamC strongly attached to the
magnetite crystal (33). SIMS data indicated that the C signal is
higher for BMNPs than other synthesized particles, which
could be in part attributed to proteins (SI Appendix, Table S3).
Bulk APT carbon data (Fig. 3 and SI Appendix, Table S4) did
not show a significant increase of the C signal associated to
BMNPs, as only few and part of the particles are analyzed in a
single tip. In addition, BMNPs were made with a low concen-
tration of a single protein, whereas magnetosome particles
would have the contribution of several proteins involved in
mineral formation, so in the latter case a more uniform distri-
bution of organics would be expected. This would explain the
strong detection and colocation of C and N in the 3D APT
reconstructions of tips extracted from the magnetosome magne-
tite crystals (see Fig. 3 and SI Appendix, Fig. S3). On the other

Fig. 3. Comparison of APT 3D reconstructions of bacterial magnetite (tip 514) (Top) and control samples (Bottom) for IM-SDS (Left; tip 3480), BMNPs (Middle;
tip 3468), and L-MNPs (Right; tip 3733) (see also SI Appendix, Tables S1, S2, and S4). For the BM, note the presence of C and N (occupying spaces inside
C layers), reconstructed as isosurfaces at the same atomic % as that measured for these elements in these specific tips (see SI Appendix, Table S1), inside
magnetite (represented by the FeO distribution). For the control samples, C resulting from contamination (red arrows) is not inside the magnetite but is
rather found on the outside of the tips.
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hand, APT 3D analysis of tips composed of abiogenic nanopar-
ticles exposed to organics from the SDS treatment (IM-SDS)
or the liposome (L-MNPs) did not show the incorporation of
C or N inside the magnetite crystals (Fig. 3). These observa-
tions, in combination with the APT and SIMS bulk chemical
data, support our hypothesis that the C–N signature is likely
the result of the incorporation of part- or whole-magnetosome
proteins, such as Mms6 and MamC, and it could be an expla-
nation for variations in lattice parameters previously reported in
magnetosome magnetite crystals (34). These proteins have been
shown to control the nucleation and growth of magnetite
in vitro, and the incorporation of the protein or amino acid res-
idues in the growing crystal has been suggested and/or indi-
rectly evidenced (35–39). However, APT cannot provide an
absolute quantification of the amount of protein inside the
magnetite crystals because ion loss, especially for elements with
lower masses, is known to occur in the analysis of biominerals
(25, 40). This prevents making more precise estimates of chem-
ical element ratios (i.e., C–N) and identifying the contributions
of specific magnetosome proteins.
In conclusion, we present evidence that a coupled C–N signal,

likely linked to intracrystalline organic matter from proteins, is
unique to BM crystals. The presence of the C signature is further
confirmed by SIMS analysis. This is in great contrast to
laboratory-synthesized magnetite nanocrystals used as examples of
abiogenic magnetite nanometer-sized particles to rule out contami-
nation in our analysis of magnetosome crystals. The presence of a
newly established biogeochemical fingerprinting of magnetosome
magnetite has significant implications for the use of nanometer-
sized magnetite crystals as potential magnetofossils. The chemical
signal of intracrystalline organics can be preserved in magnetofos-
sils, while the magnetite crystal structure is not degraded. Magne-
tite in sediments can be altered during diagenesis because of the
oxidation of magnetite to maghemite (with the same spinel ferrite
structure as magnetite) and/or dissolution of the magnetite crystal
by the H2S generated by the anaerobic respiration of sulfate-
reducing bacteria (41). Therefore, magnetosomes preserved from
oxygen and anaerobic sediments rich in SO4

2� would be less
prone to being altered (42). Furthermore, magnetite in ancient
geological deposits is usually preserved, and isolated from micro-
organisms, in silicate- or iron-rich rock layers (13, 42, 43) or by
other mineral phases in extraterrestrial samples (4, 41). In addi-
tion, the high spatial-chemical resolution of combining APT and
nano-SIMS is ideal for probing the biogenic origin of isolated
magnetite crystals from bacteria, in contrast to previous chemical
approaches requiring large quantities of crystals and/or knowledge
about bacteria and environmental parameters (19, 21, 22),
recently found magnetite nanocrystals in other organisms (44),
and the nanometer- to μm-sized magnetofossils (13). Finally, our
approach, using magnetosome magnetite crystals as a model bio-
mineral, is applicable to detecting the biogenic origin of other
nanometer-sized minerals crucial for exploring the presence of life
in the Earth’s geological record and in extraterrestrial materials.

Materials and Methods

Samples. For a comprehensive understanding of the biogeochemical finger-
printing of BM, we compared magnetosome magnetite samples to a suite of
synthesized magnetite nanoparticles (Fig. 1). Samples used in this study, with a
detailed sample preparation methodology in SI Appendix, are described as
follows: 1) BM—magnetite nanoparticles were obtained from magnetosomes
precipitated by M. gryphiswaldense MSR-1 (18); 2) magnetite nanoparticles—
inorganically synthesized magnetite nanoparticles, resembling those produced

by the bacteria, were used to evaluate potential sources of C–N contamination
during sample preparation and magnetosome membrane removal. Two set
of samples, one with untreated particles (IM) and another washed with SDS
(IM-SDS), were produced. To understand the biological origin of the C and N
signal recorded in BM, we compared magnetosome magnetite particles to
BMNPs and magnetoliposomes (L-MNPs).

Scanning transmission electron microscopy and transmission electron
microscopy. Details of the transmission electron microscopy (TEM) characteriza-
tion of BM nanoparticles, including additional images, can be found in Prozorov
et al. (18). For the characterization of synthesized nanoparticles, further details
and images can be found in Jabalera et al. (31).

FIB work. The preparation of APT tips of BM nanoparticles was conducted at The
University of Alabama in Tuscaloosa, whereas the preparation of APT tips of syn-
thesized nanoparticles was carried out at the Ames National Laboratory (Ames,
IA). APT tips were fabricated by FIB in dual-beam scanning electron microscopy, a
TESCAN LYRA XMU housed at the Alabama Analytical Research Center (AARC) of
The University of Alabama, and an FEI Helios NanoLab G3 Ultimate Characteriza-
tion at the Ames National Laboratory, respectively, by adapting a well-established
FIB-based lift-out protocol (24,45). Specific details of sample preparation with the
two scanning electron microscopy instruments can be found in SI Appendix.

LEAP work and data analysis. BM samples and the synthesized magnetite
nanoparticle samples were analyzed with a LEAP 5000 XS equipped with a pico-
second 355 nm ultraviolet laser from CAMECA Instruments, housed at the AARC.
Representative analysis conditions for the BM and abiogenic magnetite samples
(IM and IM-SDS) can be found in SI Appendix, Table S1 (the same running
parameters were used for samples of BMNPs and L-MNPs).

The data were reconstructed using Integrated Visualization and Analysis Soft-
ware (IVAS, version 3.8.8) from CAMECA Instruments. Peak ranges were defined
as the entire visible peak or were adjusted manually when large thermal tails
were present. The reconstructions were completed by fitting the time-of-flight
mass spectrum iteratively using the voltage and bowl-fitting parameters within
the IVAS platform (SI Appendix, Figs. S5 and S6). The 3D reconstructions of APT
data for BM (Fig. 3 and SI Appendix, Fig. S3) and one tip of the control samples
of IM-SDS, BMNPs, and L-MNPs (Fig. 3), as representative of C atomic distribu-
tion from contamination, were performed using the “shank” tip profile method.
For all nanoparticles, the shank methodology had to be used because the ioniza-
tion of nanoparticles produced numerous voltage outbursts during runs.

SIMS and nano-SIMS. Both SIMS and nano-SIMS analysis was conducted at
the NSF Multiuser Facility of Arizona State University.

SIMS (SI Appendix, Fig. S7): The sample surfaces used to extract the tips for
APT analysis, from samples of BM, IM, IM-SDS, BMNPs, and L-MNPs, were ana-
lyzed with SIMS after plasma cleaning of the surface. Analyses were done using
a CAMECA SIMS 6f instrument (MRP 3,300; lp = 5 nA; 75 μm image field;
fourth field aperture). Initially, exploratory measurements were made with a 30
μm spot size and final data were collected using a 4 μm spot size (SI Appendix,
Fig. S7). Counts were collected for 12C, 16O, 12C14N, 31P, 32S, and 56Fe, and
ratios are reported for 12C/56Fe and 12C/12C14N using the average of 3 analy-
ses per sample (SI Appendix, Table S3).

Nano-SIMS (SI Appendix, Fig. S8): For the magnetosome magnetite sample,
a region adjacent to where APT and SIMS analyses were conducted, a high-reso-
lution map (25*25 μm, 256*256 pixels, 5 ms/pixel dwell time, and 30 planes),
after adding 20 sift-corrected images, was carried out using a CAMECA Nano-
SIMS 50 L and a 25 nm Cs+ beam (SI Appendix, Table S3).

Data Availability. All data related to the manuscript, including samples and
aspects of methodology, are included in the main manuscript or as part of SI
Appendix. Requests for additional data (i.e., APT data files), details of protocols,
materials, and for any questions related to the manuscript, should be addressed
to the corresponding author, Dr. Alberto P�erez-Huerta (aphuerta@ua.edu).
Original IVAS files (RHIT and HITS) data are available in Figshare (45).
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