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biomineralizing microorganisms, MTB serve as a useful model for
understanding the evolution and mechanism of biomineralization
(4, 5, 11, 12). In addition, they provide an easily accessible system
to study the significance of biomagnetism for detection and use of
the local Earth’s magnetic field in other living organisms.
Imaging and quantifying magnetic properties of MTB have
been achieved with several techniques, including superconducting
quantum interference device (SQUID) magnetometry (13), magnetic force microscopy (MFM) (14), and electron holography in
transmission electron microscopy (TEM) (15). However, SQUID
microscopy only provides the integral properties of ensembles of
magnetic particles, whereas the magnetic characterization of individual particles is still inaccessible (16). MFM has a spatial
resolution of better than 10 nm, but the direct extraction of
quantitative information from MFM images is challenging (17).
Although electron holography in TEM provides quantitative information about the magnetic structure of individual magnetosomes with high spatial resolution (18), radiation damage and the
strict requirement for sample thickness (less than 50 nm) limit its
application. In addition, the presence of the magnetic field in
electron holography might influence the internal magnetic structure of MTB, and there is no element or site specificity. In this
Significance

| magnetotactic bacteria | biomineralization | STXM |

Magnetotactic bacteria are one of the simplest systems that
perform biomineralization: organisms that create inorganic
materials using biochemistry under genetic control. They synthesize magnetosomes, which are intracellular, membranebound nanoscale single crystals of magnetite, a magnetic iron
oxide. We studied the magnetism of individual magnetosomes
inside individual cells with spectro-ptychography, a new technique of high-resolution X-ray microscopy. Our results help us
to understand how the cells biomineralize magnetosomes and
their function in the cell ecophysiology. In addition to demonstrating a large improvement in spatial resolution relative to
earlier nonptychography studies, the results presented provide
insights into magnetosome biomineralization.

M

icroorganisms have long been thought to play crucial roles
in ecosystems because they are actively involved in the
global cycles of principal elements necessary to life, such as C, O,
N, P, S, and Fe (1, 2). These living organisms selectively take up
certain elements from the local environment, transform their
chemical state, and synthesize minerals inside or outside the cells
under strict biochemical and genetic control, a process known as
biomineralization. To date, over 60 different minerals of biological
origin have been identified (3). One of the most fascinating examples of biomineralization is the formation of single-domain
magnetic nanocrystals, termed magnetosomes, within magnetotactic bacteria (MTB) (4, 5). The magnetosomes, made of magnetite (and, less commonly, greigite), are surrounded by lipid
membranes and organized in chains inside MTB. The chain of
magnetically aligned magnetosomes imparts a sufficiently large
magnetic moment to the cells so that they are spatially oriented by
the magnetic interaction with the Earth’s geomagnetic field (4, 5).
This alignment, coupled with chemical aerotaxis, is believed to
help MTB locate and maintain position at the oxic/anoxic transition zone, their preferred habitat. Ferromagnetic particles have
also been found in other organisms, such as algae (6), fish (7),
insects (8), birds (9), and even humans (10). As one of the simplest
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Characterizing the chemistry and magnetism of magnetotactic
bacteria (MTB) is an important aspect of understanding the biomineralization mechanism and function of the chains of magnetosomes
(Fe3O4 nanoparticles) found in such species. Images and X-ray absorption spectra (XAS) of magnetosomes extracted from, and magnetosomes in, whole Magnetovibrio blakemorei strain MV-1 cells have
been recorded using soft X-ray ptychography at the Fe 2p edge. A
spatial resolution of 7 nm is demonstrated. Precursor-like and immature magnetosome phases in a whole MV-1 cell were visualized, and
their Fe 2p spectra were measured. Based on these results, a model
for the pathway of magnetosome biomineralization for MV-1 is proposed. Fe 2p X-ray magnetic circular dichroism (XMCD) spectra have
been derived from ptychography image sequences recorded using
left and right circular polarization. The shape of the XAS and XMCD
signals in the ptychographic absorption spectra of both sample types
is identical to the shape and signals measured with conventional
bright-field scanning transmission X-ray microscope. A weaker and
inverted XMCD signal was observed in the ptychographic phase
spectra of the extracted magnetosomes. The XMCD ptychographic
phase spectrum of the intracellular magnetosomes differed from
the ptychographic phase spectrum of the extracted magnetosomes.
These results demonstrate that spectro-ptychography offers a superior means of characterizing the chemical and magnetic properties of
MTB at the individual magnetosome level.
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context, synchrotron-based soft X-ray spectromicroscopy, which
detects the intrinsic magnetism of a sample through the X-ray
magnetic circular dichroism (XMCD) effect (19), is an ideal tool
to probe valence state, site occupancy, and element-specific
magnetic moments in biologically generated magnetic structures
with nanoscale spatial resolution (19, 20).
XMCD is the difference of X-ray absorption spectra (XAS)
recorded with circularly polarized X-rays parallel and antiparallel to the magnetization direction. XMCD measured with a
scanning transmission X-ray microscope (STXM) has been successfully applied as a tool to study the chemistry, magnetism, and
biomineralization mechanism of MTB on an individual magnetosome basis (21–23). STXM-XMCD has also been used to
probe the magnetic and chemical properties of extracellular
magnetic iron oxides produced by bacteria (24). However, the
spatial resolution of current STXMs is typically ∼30 nm when
generated by a 25-nm outer zone, Fresnel zone plate (ZP), and
the monochromaticity and lateral coherence of the X-rays are
such that the spot size is diffraction-limited. This resolution is
just sufficient to resolve and measure the XMCD of individual
magnetosomes (21–23), but the size, morphology, and orientation of magnetosomes are not well resolved, which makes extraction of spectral information difficult.
Ptychography is a coherent diffractive imaging technique (25).
In ptychography, coherent scattering patterns are measured from
an array of spots in a region of interest (ROI). When the spots
are chosen with sufficient overlap, the set of measured elastic
scattering patterns can be reduced reliably to the amplitude
(modulus) and phase information of the object’s transmission, as
well as an illumination probe function (25, 26). Unlike conventional
lens-based microscopic imaging techniques, such as STXM, ptychography is not limited by the properties of the X-ray optics used,
has the potential to reach near atomic-scale spatial resolution with
very short-wavelength X-rays (27), and can image with Rayleigh
wavelength-limited resolution in the soft X-ray region (at the Fe L3
edge, the wavelength is 1.8 nm). Ptychography has been used to
image biological cells (28, 29), labyrinthine domains in magnetic
multilayers (30), and 3D structure with 16-nm spatial resolution
(31). Recently, soft X-ray spectro-ptychography was developed at
the Advanced Light Source (32–35), which opens up the possibility
of chemical speciation via X-ray spectroscopy with spatial resolution
of a few nanometers. Here, we present the application of spectroptychography to measure X-ray absorption and XMCD spectra
at the Fe L2,3 edge to study spatially resolved chemistry and
magnetism of magnetosomes extracted from cells and inside
whole MTB cells. A preliminary report of some of these results
has been presented elsewhere (36).
Results

Fig. 1. (A) Ptychography modulus image of magnetosomes extracted from
MV-1 MTB cells. The ptychography data were measured using a photon
energy of 708.2 eV, with an image size of 2 × 2 μm (40 × 40 points) and a
dual-sampling approach where the diffraction pattern was measured at
each pixel with both 15- and 150-ms dwell times. A ZP with a 60-nm outer
zone width was used. (B) FRC analysis (32) of the image in A. The spatial
resolution is 7.2 nm if the 0.5 threshold is used and 6.8 nm if the half-bit
threshold is used (beamline 11.0.2).

Fe 2p Spectro-ptychography Study of Extracted Magnetosomes. Fig.
1A shows the ptychography modulus (amplitude) image of a set
of chains of magnetosomes extracted from Magnetovibrio blakemorei strain MV-1 cells using the procedure described by
Alphandéry et al. (37). This image was measured with a ZP with
a 60-nm outer zone width, and thus a 72-nm diffraction-limited
spot size. Fig. S1 presents the conventional bright-field STXM
image of a larger region of the same sample, which includes the
area imaged by ptychography, recorded using the same ZP. In
that image (Fig. S1), only the outline of magnetosome chains
could be identified. In contrast, the individual magnetosomes are
spatially well resolved with ptychography using the same ZP (Fig.
1A). Fig. S2A shows a conventional STXM image of magnetosome chains using a higher resolution ZP, one with a 25-nm
outer zone width. Although the magnetosomes are better resolved, the achieved spatial resolution (31 nm diffraction-limited)
is significantly worse than the spatial resolution that was achieved
with ptychography using a 60-nm ZP, as can be seen by a direct
comparison with an expanded-scale ptychography modulus image

of part of the magnetosome chains (Fig. S2B). A close examination of the ptychography modulus image shows evidence for some
lower density material surrounding the extracted chains (indicated
by red arrows in Fig. S2B). The C 1s spectrum of this material
(Fig. S3) indicates it is organic and that it has a lipid-like signature,
consistent with it being a residue of the lipid membranes that
surround magnetosome chains in MTB.
After the ptychography measurement, the same region of this
sample was imaged by TEM (Fig. S4). The TEM bright-field
image shows a pattern of magnetosomes with identical size,
morphology, and orientation as seen in the ptychography modulus
image. The TEM also showed that the ptychography measurement
had generated a significant build-up of carbon contamination (dark
rectangular region in Fig. S4). Further discussion of this signal is
given below.
To quantify the spatial resolution of the ptychography images,
several methods were used. Fig. 1B presents the calculated
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age (Fig. 2A) of multiple MV-1 cells with the ptychography
modulus (Fig. 2B) image of the same region. The data were
measured at 710 eV (peak around Fe L3 absorption) using a ZP
with an 100-nm outer zone width. Here, the typical morphology
of chains of well-resolved individual magnetosomes is observed
in the ptychography modulus image, although the magnetosomes
are not individually resolved and are barely differentiated from
the cell structure in the STXM image due to the low-resolution
ZP used (120-nm diffraction-limited resolution). Fig. 3A presents
ptychography absorption, and ptychography phase images of the
region outlined in red in Fig. 2 at five of the 76 photon energies
measured. The ptychography absorption images are obtained
by converting the ptychography modulus images to optical density (OD) images using the Lambert–Beer law [OD = −ln(I/Io)],
where I is the ptychography modulus intensity and Io is the
reference signal taken from the ptychography signal in a region
unobstructed by the cells (more details are provided in Materials
and Methods, Ptychographic Reconstruction). Movies of the full
ptychography absorption and phase stacks (76 images from 700
to 732 eV) are presented in Movies S1 and S2. Fig. 3B plots the
ptychographic phase (green) and absorption spectra (red) over
the full photon energy range, and averaged over all of the
magnetosomes in one cell (location is shown in Inset). The ptychographic absorption spectrum (red in Fig. 3B) corresponds to
excitation of Fe 2p electrons to final states dominated by (2p−1,
Fe 3d) configurations. The maximum L3 ptychographic absorption signal occurs at 709.5 eV, which is in good agreement with

Fig. 2. (A) Conventional STXM image of multiple MV-1 cells using a 100-nm
outer zone ZP. (B) Ptychography modulus image of the same region. Both
images were measured using the Nanosurveyor I instrument on beamline
5.3.2.1. The photon energy was 710 eV. A 100-nm outer zone ZP was used.
The STXM image was recorded with 60 × 76 points and a dwell time of 5 ms,
whereas the ptychographic data were measured with 43 × 50 points and a
dwell time of 300 ms. The red rectangle is the area where the detailed
spectro-ptychography stack was measured (beamline 5.3.2.1).
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Ptychographic XMCD Study of Extracellular and Intracellular Magnetosomes. Fig. 5A presents the ptychographic XMCD absorp-

tion signals of an extracellular magnetosome chain measured
at 708.2 eV, 709.5 eV, and 710.5 eV. The XMCD signal is generated by taking the difference of two images, one recorded with
the photon polarization parallel and the other antiparallel to
PNAS | Published online December 7, 2016 | E8221
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Fe 2p Spectro-ptychography Study of Magnetosomes in Whole MV-1
Cells. Fig. 2 compares the conventional STXM transmission im-

literature reference XAS of magnetite (21–23, 38, 39). The ptychographic phase images (Fig. 3A) show that magnetosomes can
be clearly visualized in the phase signal in the pre-edge region
(energies below 707 eV) at photon energies where the magnetosomes are barely visible in the ptychographic (or STXM) absorption signal. As the photon energy approaches the absorption
peak, magnetosomes become less visible in the phase reconstruction and increase in visibility in the absorption signal.
The phase signal is at a minimum at 708.5 eV, and the contrast
then inverts after 709.5 eV, as shown in Fig. 3B and Movie S2.
Maiden et al. (29) reported the ptychography phase spectrum of
CoFe2O4 in the Fe 2p region and found the minimum phase
around the same energy, whereas Shapiro et al. (32) found the
minimum in the ptychography phase spectrum at 708.0 eV in
LiFePO4 and 708.5 eV in FePO4. The ptychography absorption
spectrum of magnetosome chains tracks the X-ray absorption
spectrum. The significant change in the contrast and morphology in
the phase signal several electronvolts below the absorption maximum means that the phase signal might offer advantages in terms
of chemical differentiation and mapping. Often, the changes in
phase signal across an edge provide more detail, and clearer features than the absorption signal (29, 32), at energies where the
X-ray absorption is smaller, which gives advantages with respect
to reducing radiation damage. In addition, analysis of the combined phase and absorption signals provides improved chemical
contrast, as shown by Shapiro et al. (32).
Fig. 4A displays an average of 76 ptychography OD images of
a single MV-1 cell recorded from 700 to 732 eV, in which four
different regions (A, B, C, and D) are labeled. Fig. 4B presents
the ptychography absorption spectra extracted from these four
areas in comparison to reference spectra of Fe(II) and Fe(III)
(40). Region A corresponds to a gap between two magnetosome
subchains, whose absorption spectrum exhibits a two-peak feature in the L3 region with the stronger peak at around 708 eV
and the weaker one at 710 eV. The reference spectra of Fe(II)
and Fe(III) (Fig. 4B) clearly show that Fe(II) species have their
main intensity around 708 eV, whereas Fe(III) species have their
main intensity around 710 eV (41). The spectrum of the gap
region between two magnetosome subchains shows that it consists of both Fe(II) and Fe(III), with the Fe(II) character
stronger than the Fe(III) character. Region B represents a region
close to one end of a magnetosome chain, where a weak precursor-like structure can be visualized. Similar to the spectrum of
region A, the spectrum of region B also has a two-peak feature in
the L3 region, but with an inverted intensity ratio of the 708 eV peak
to the 710 eV peak. Although it is challenging to determine
quantitatively the amount of Fe(III) and Fe(II) ions in region B, it is
evident that there is more Fe(III) in precursor B than in gap area A.
Region C corresponds to a single immature magnetosome, whereas
region D represents a mature magnetosome. Compared with the
spectrum of mature magnetosomes (D), the spectrum of the immature magnetosome (C) is rather different, with a shoulder evident on the low-energy side of the L3 region, labeled with a red
arrow in Fig. 4B, suggesting that these immature magnetosomes
might be an Fe2O3 phase (42). In our previous study, we showed
that these immature magnetosomes are nonmagnetic because they
have zero XMCD signals (23). In a real-time XMCD study of
Magnetospirillum gryphiswaldense strain MSR-1, Staniland et al. (11)
reported the presence of a surface layer of a nonmagnetic phase,
hematite (α-Fe2O3), in immature magnetosomes that is rapidly
converted to magnetite in a very short time.
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Fourier ring correlation (FRC) (32) of the reconstructed image
in Fig. 1A. The FRC curve (blue, Fig. 1B) drops below the
chosen threshold line of 0.5 (dashed gray line, Fig. 1B) at a
spatial frequency of 0.147 nm−1, which corresponds to a spatial
resolution of 6.8 nm. A simple 10–90% edge sharpness evaluation gave an estimate of 7 nm (36), whereas a power spectral
density method estimated a spatial resolution of 5 nm. A similar
resolution was also achieved in Fe L2,3 ptychography studies of
LixFePO4 crystals (33). A yet higher spatial resolution of 3 nm
was reported by Shapiro et al. (32), but that resolution was
measured using considerably shorter wavelength X-rays (1,500 eV,
0.85 nm) on a very high-contrast, 1D test pattern.

Fig. 3. (A) Reconstructed ptychography absorption and ptychography phase images of MV-1 cells at five photon energies: 703.0 eV, 706.7 eV, 708.5 eV, 709.5 eV,
and 712.0 eV. (B) Fe L2,3-edge ptychographic absorption (red) and phase (green) spectra averaged over all of the mature magnetosomes in the MV-1 cells in A.
(Inset) Average of all ptychography absorption images in the stack. The region from which the spectra are extracted is indicated in red (beamline 5.3.2.1).

the magnetosome magnetization. A movie of the full ptychographic XMCD absorption stack, ranging from 704 to 716 eV, is
shown in Movie S3. Fig. 5B shows the Fe L3 XAS spectra of the
extracellular magnetosome chain recorded with the photon polarization parallel (red) and antiparallel (green) to the sample
magnetization, which were extracted from the full sequence of
ptychographic absorption images. The corresponding XMCD
spectrum (blue), the difference of the two ptychographic absorption spectra (parallel and antiparallel), is also plotted in Fig. 5B.
The ptychographic XMCD absorption spectrum of the magnetosomes (Fe3O4) in Fig. 5B has three distinct peaks, B1 (708.2 eV),
A (709.5 eV), and B2 (710.5 eV), which are mainly associated with
Fe(II) in the octahedral site, Fe(III) in the tetrahedral site, and
Fe(III) in the octahedral site, respectively (43). In addition, the
sign of each of these three peaks is determined by the spin direction (spin up or spin down) of the Fe ions, which is related to
antiferromagnetic coupling between the spins on the octahedral
and tetrahedral sites (43). As a result, the B1 and B2 peaks are
negative-going, whereas the A peak is positive-going, leading to
systematic contrast changes in the ptychographic XMCD absorption images at the energies of peaks B1, A, and B2, which show an
alternation of contrast at the magnetosomes as the energy increases
from 708.2 to 710.5 eV. The extracted magnetosome sample was
partly oxidized due to exposure to air over many months. As a reE8222 | www.pnas.org/cgi/doi/10.1073/pnas.1610260114

sult, the oxidized state of this sample leads to a shoulder at 708.5 eV
in the ptychography absorption spectrum and a much stronger B2
peak in the XMCD absorption spectrum (38).
Fig. 5C presents the ptychographic XMCD phase signals of
the extracellular magnetosome chain measured at 708.2 eV,
709.5 eV, and 710.5 eV. A movie of the full ptychographic
XMCD phase stack, ranging from 704 to 716 eV, is presented as
Movie S4. Fig. 5D shows the Fe L3 ptychographic phase spectra
of the extracellular magnetosome chain recorded with the photon polarization parallel (red) and antiparallel (green) to the
sample magnetization, which were extracted from the full sequence of ptychographic phase images. Contrary to the “negative-positive-negative” contrast change of magnetosomes in
ptychographic XMCD absorption signals, an almost reversed
“positive-negative-positive” contrast change is observed in the
ptychographic XMCD phase signals in Fig. 5C. Although the
interpretation of ptychography phase spectra is not well established, the phase spectra recorded with the two opposite elliptical polarizations do have different spectral fine structures.
More importantly, the ptychographic XMCD phase spectrum in
Fig. 5D (blue) derived from the difference of the two ptychographic phase spectra (parallel and antiparallel) also exhibits a
three-peak feature in the L3 region but with an opposite sign to
the sign in the ptychographic absorption spectrum in Fig. 5B. In a
Zhu et al.
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Fe L3 XAS spectra of the intracellular magnetosome chain
recorded with the photon polarization parallel (red) and antiparallel (green) to the sample magnetization, which were
extracted from the full sequence of ptychographic absorption
and phase images, respectively. The corresponding XMCD
spectra (blue) are also plotted in Fig. 6 B and C. The measured
XAS and XMCD ptychography absorption spectra are in good
agreement with reference XAS and XMCD spectra of magnetosomes recorded in conventional transmission mode (21, 22,
38), suggesting that the magnetic information is retrieved properly with ptychography absorption. As with the ptychographic
XMCD absorption signals of the extracellular magnetosome
chain (Fig. 5A), the intracellular magnetosome chain exhibits a
negative-positive-negative contrast pattern as the energy increases from 708.2 to 710.5 eV (Fig. 6A). However, the ptychography XMCD phase signals in Fig. 6A do not show the
alternating contrast change of magnetosomes with increasing
energy. In addition, the ptychographic XMCD phase spectrum of
the intracellular magnetosome chain is ill-defined in the 708- to
711-eV region (Fig. 6C). This case is in contrast to the case of the
extracellular magnetosome chain, where an XMCD phase
spectrum with a reversed sign relative to the XMCD absorption
spectrum was observed in phase mode (Fig. 5D). Possible reasons for this discrepancy are proposed in Discussion.
Reduction of Fe compounds by high doses of soft X-rays is
known to occur (45); thus, we need to consider the possibility
that the high X-ray doses used to measure the ptychography
signals from the whole cell may have changed the chemical state
of the Fe in magnetosomes. To check for this possibility, conventional STXM (using a ZP with a 35-nm outer zone) was used
PNAS | Published online December 7, 2016 | E8223
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previous study, Scherz et al. (44) applied soft X-ray holography
to magnetic Co/Pd multilayer samples using left and right circular polarization, and they also observed that the absorption
and phase differences had opposite signs in the resonance region. These results indicate that XMCD signals computed from
ptychographic phase spectra contain information related to
magnetic properties of the sample that can be used to probe site
occupancy and magnetic moments of different Fe environments
in magnetosomes. In addition, the spectral features in the range
of 710–716 eV in the XMCD phase spectrum change more significantly than the spectral features in 708- to 710-eV region. One
possible reason might be related to the successive mode used to
collect XAS data. In this study, the complete image stacks were first
measured with one polarization before an elliptically polarizing
undulator reverses the polarization. According to a previous study
(22), measurements made using the successive mode are of lower
quality and reliability, due to beamline instability and carbon buildup, than concurrent mode measurements, which alternate two opposite polarizations at each energy point.
Fig. 6A compares the XMCD signals of an intracellular MV-1
magnetosome chain, as observed in the ptychography absorption
and ptychography phase signals, respectively. These XMCD
images were measured at 708.2 eV, 709.5 eV, and 710.5 eV,
which correspond to the energies of the XMCD peaks B1, A, and
B2, respectively (Fig. 6B). Movies of the ptychographic XMCD
absorption and phase stacks of an intracellular chain measured
over the Fe L3 edge (700–716 eV) are presented as Movies S5
and S6. Conventional STXM OD images of this whole MV-1 cell
measured at 710 eV and 700 eV using a ZP with an outer zone
width of 60 nm are shown in Fig. S5. Fig. 6 B and C presents the
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Fig. 4. (A) Average of 76 ptychography absorption images of a single MV-1 cell from 700 to 732 eV. Four regions, labeled A, B, C, and D, are identified. (B) Fe
L3 spectra from a gap in the magnetosome chain (region A), a precursor-like region (B), an immature magnetosome (C), and a mature magnetosome (D). The
spectra of FeCl20.4H2O [Fe(II)] and FeCl30.6H2O [Fe(III)] are also plotted (40) (beamline 5.3.2.1).

Fig. 5. (A) Ptychography absorption XMCD signals (difference of images recorded with parallel and antiparallel 90% circular polarization) from an extracellular magnetosome chain measured at 708.2 eV, 709.5 eV, and 710.5 eV, respectively. The gray-scale range is −0.18 to 0.18 OD, −0.1 to 0.25 OD, and −0.47
to 0.15 OD, respectively. (B) Fe L3-edge ptychoabsorption integrated over the extracellular magnetosome chain in A. The XMCD spectrum (blue), the difference of two XAS spectra recorded with photon polarization parallel (red) and antiparallel (green) to sample magnetization, is also plotted in B.
(C) Ptychography phase XMCD signals from an extracellular magnetosome chain measured at 708.2 eV, 709.5 eV, and 710.5 eV, respectively. The gray-scale
range is −0.25 to 0.19 rad, −0.22 to 0.17 rad, and −0.39 to 0.22 rad, respectively. (D) Fe L3 ptychographic phase spectra of the extracellular magnetosome chain
recorded with the photon polarization parallel (red) and antiparallel (green) to the sample magnetization, which were extracted from the full sequence of
ptychographic phase images. The XMCD phase spectrum (blue), the difference of two XAS spectra recorded with photon polarization parallel (red) and
antiparallel (green) to sample magnetization, is also plotted in D (beamline 11.0.2).

to measure the Fe L3 XAS spectrum of the cell that had been
studied by ptychography (as shown in Fig. 6), along with the Fe
L3 XAS spectrum of several other cells on the same grid that had
not previously been exposed to the X-ray beam. These results
are presented in Fig. S6 and discussed in detail in Supporting
Information. We found that the Fe L3 spectrum of the magnetosomes in the cell measured by high-dose ptychography was
identical to the spectrum measured from four magnetosome
chains in multiple MV-1 cells that were not exposed previously to
the X-ray beam, indicating that the ptychographic XMCD
measurement had a negligible effect on the chemical composition of the magnetosomes. However, the high dose did cause
radiation damage to the cellular material in addition to causing
carbon build-up over the region scanned in the ptychography
measurement. Fig. S7 and accompanying discussion in Supporting Information compare the C 1s spectra of the heavily dosed
cell with the spectra of adjacent, unexposed cells. As expected,
comparison showed that the cell receiving the large dose in the
ptychography study was heavily modified with a negligible protein signature and a strong C 1s → π* transition at 285 eV, a
signature of partly crystalline graphitic carbon. In contrast, the
spectrum of unexposed cells exhibited the expected proteindominated C 1s spectrum.
E8224 | www.pnas.org/cgi/doi/10.1073/pnas.1610260114

Discussion
The existence of mineral precursors in the process of magnetosome biomineralization in MTB cells has been debated for some
time. Using Mössbauer spectroscopy, Frankel et al. (46) reported
that an amorphous ferrihydrite [(Fe3+)2O3·0.5H2O] precursor
formed, which was then partially reduced and dehydrated to
Fe3O4. In contrast, Abe et al. (47) suggested that ferric hydroxyl
phases of goethite (α-FeOOH) and lepidocrocite (γ-FeOOH)
are mineral precursors of Fe3O4 in a process mimicking bacterial
magnetosome synthesis. However, Faivre et al. (48) did not observe any mineral precursor in a time-resolved Mössbauer study
and suggested that Fe(II) and Fe(III) quickly coprecipitate to
form Fe3O4 within magnetosome vesicles. Using XAS combined
with XMCD techniques, Staniland et al. (11) observed that a
nonmagnetic hematite (α-Fe2O3) phase acted as a precursor of
Fe3O4, which then rapidly converted to mature Fe3O4 in 15 min.
It is notable that an immature magnetosome phase was observed
previously using conventional STXM (23). However, characterization by conventional STXM is very challenging, particularly when
the ROI is smaller than 10 nm. In this context, localization of
mineral precursors and the observation of a single immature magnetosome inside an MV-1 cell (Fig. 4A) show that ptychography
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i) Iron is taken up from the environment as Fe(II) or Fe(III).
ii) Part of the Fe(II) is then oxidized to Fe(III) to form a precursor, either inside or as the Fe(II) enters the cell.
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iii) The precursor is further oxidized and transformed to α-Fe2O3,
which is then ultimately converted to mature Fe3O4.
We have used soft X-ray spectro-ptychography to measure the
XAS and XMCD spectra from individual magnetosomes within
an individual MTB. By taking advantage of a fast CCD camera
and the Nanosurveyor-I instrument at the Advanced Light
Source (ALS) 5.3.2.1 beamline (33), Fe 2p XAS spectra (from
700 to 732 eV) were measured in ∼8 h on multiple MTB cells
over an area of 2.5 μm × 2.5 μm. This procedure allowed measurement of the full Fe L-edge ptychographic absorption and
phase spectra of magnetosomes in whole cells. Previously, other
studies showed that chemical differentiation can be achieved
through the phase signal derived from ptychographic measurements (29, 50, 51). However, the ptychographic data in those
prior studies were only collected at a few discrete energy points
so that the full ptychography spectra were missing. Recently,
ptychography absorption and phase spectra over the full energy
range of an absorption edge have been obtained (32, 33). In this
study, the ptychographic scan spanned from 700 to 732 eV with
76 points, which provided a detailed comparison of the absorption and phase signal over the full range of the Fe L2,3 absorption
and phase spectrum. The phase signal exhibited inverted contrast
compared with the modulus signal in the pre-edge region but
reversed its sign after the absorption edge (Fig. 3). Because the
phase signal changes more significantly than modulus signals
through the absorption resonance, it might possess unique advantages over the absorption signal in terms of chemical differentiation, especially around absorption resonances. Using the
high brightness and 90% circularly polarized light in the 11.0.2
undulator beamline at the ALS, we measured Fe L3 XMCD
spectra from both extracellular and intracellular magnetosomes.
PNAS | Published online December 7, 2016 | E8225
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will be a valuable tool to study the biomineralization process in
MTB cells.
Fig. 4B shows that the gap, precursor-like region, immature
magnetosome, and mature magnetosome have different Fe L3
absorption spectra, indicating that different iron species are
present in cells of MV-1. These results, and further systematic
ptychographic spectroscopy studies as a function of magnetosome development, will provide a better understanding of how
these Fe phases are converted and mediated to form Fe3O4.
Previous studies have shown that Fe(II) is taken up from the
environment and transported into magnetosome vesicles by
several types of MTB cells, including Magnetospirillum magnetotacticum MS-1 (46), Ms. gryphiswaldense MSR-1 (48), and
Magnetospirillum magneticum AMB-1 (49) strains. In this study,
over 70% of the iron in the culture medium used to grow MV-1
cells is Fe(II), so it is assumed that Fe(II) is also the major Fe
component that is taken up by cells of MV-1 (4). This assumption is consistent with the result that there is more Fe(II) than
Fe(III) in the gap area. However, the fact that the precursor-like
region has more Fe(III) than the gap area suggests that Fe(II) is
probably oxidized to Fe(III) to form the precursor phase. In
addition, it is likely that the precursor is further oxidized to a
hematite (α-Fe2O3) phase in the form of immature magnetosomes (Fig. 4A). The α-Fe2O3 may be considered as an intermediate phase before Fe3O 4 formation, as reported by
Staniland et al. (11). Based on these observations, we propose
that the pathway of magnetosome biomineralization for M. blakemorei strain MV-1 is as follows:

ENVIRONMENTAL
SCIENCES

Fig. 6. (A) Comparison of the XMCD signal from a single magnetosome chain in an individual MV-1 cell in the reconstructed ptychography absorption and
ptychography phase signals, respectively. The XMCD signal was measured at 708.2 eV, 709.5 eV, and 710.5 eV, respectively. Fe L3-edge absorption (B) and
phase signals (C) of the intracellular magnetosome chain in A are shown. The XMCD spectrum (blue), the difference of two XAS spectra recorded with photon
polarization parallel (red) and antiparallel (green) to sample magnetization, is also shown in each panel (beamline 11.0.2).

We showed that XMCD spectra could be derived from both
isolated and intracellular magnetosomes, and that the ptychography absorption spectrum is in good agreement with X-ray
absorption reference spectra (21–23). The ptychographic XMCD
phase spectrum was measured from magnetosomes extracted
from cells, and exhibited a negative-positive-negative feature
from 708 to 712 eV, similar to the absorption and ptychographic
modulus. However, the phase signal from intracellular magnetosomes differed. We speculate this difference may be due to the
presence of surrounding poorly crystallized biomaterials that
affect the phase. The results clearly indicate that both absorption
and phase ptychography signal can probe magnetic dichroic
information.
It is of interest to consider radiation damage in these types of
measurements. Clearly, the doses used for ptychography are such
that the biological components of these samples are extremely
modified (Fig. S7). However, as shown in the follow-up study
(Fig. S6), the ptychography dose was not sufficient to modify the
Fe L3 spectrum. The lower radiation sensitivity of the Fe L3
spectrum allowed for the detailed intracellular results presented
in Fig. 4. In general, the biological components of MTB cells can
be studied without significant radiation damage, albeit at lower
spatial resolution, using conventional STXM, as shown in many
studies of biological and environmental samples (22, 52–55).
With present soft X-ray ptychography capabilities, the doses
required are such that the C 1s, N 1s, and O 1s spectra, which are
those spectra most sensitive to the biological components, cannot be measured without damage. With improvements in the
sensitivity and reduced backgrounds of ptychography cameras,
better acquisition strategies, and improved reconstruction algorithms, there is hope that at least some biological and other soft
matter systems can be investigated with spectro-ptychography.
Operation under cryogenic conditions will likely help preserve
the morphology of the soft matter components to higher doses
but will likely have little influence on the rate of spectral transformations caused by radiation damage (56). We note that TEM
is also very much challenged by radiation damage, yet significant
improvements in the efficiency of column optics and detectors,
as well as improved acquisition strategies, have been made in
recent years, and these improvements are allowing increasingly
effective studies of soft matter. In a recent work, Suzuki et al.
(57) used a combination of ptychography and in-line holography
with 6.5-keV radiation to image MTB. This dark-field ptychography method demonstrated a spatial resolution of 15 nm on
high-contrast test patterns, and individual magnetosomes were
resolved in the images of whole MO-1 cells (as 300- to 400-nm
thick dried cells). However, spectroscopic information was not
obtained, and the estimated dose (2 × 109 Gy) was at least an
order of magnitude larger than the dose we estimate was used for
the full spectroscopic study in this work.
Summary
In this work, we applied spectro-ptychography at the Fe L3 edge
to study magnetosomes from the MTB M. blakemorei strain MV1, both extracted and intracellularly. The Fe L3 XAS and XMCD
spectra of individual magnetosomes were obtained with the ptychographic modulus and phase mode. A spatial resolution of
7 nm was achieved in this work. To the best of our knowledge,
this spatial resolution is the highest spatial resolution obtained so
far for soft X-ray imaging below 1 keV. Spectro-ptychography,
which combines high spatial resolution and chemical sensitivity, is
a promising probe for future biomineralization studies.
Materials and Methods
Sample Preparation. Cells of M. blakemorei strain MV-1 were cultured anaerobically in liquid cultures as described by Dean and Bazylinski (58).
Magnetosomes were extracted from MV-1 cells using the procedure developed by Alphandéry et al. (37).
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Experimental Methods. STXM measurements were made at beamlines 11.0.2
and 5.3.2.1 at the ALS at the Lawrence Berkeley National Laboratory (LBNL)
and at beamline 10ID1 at the Canadian Light Source. In STXM, a ZP with a
narrow outer zone width (typically 25 nm) is used to focus monochromated
X-rays to an ∼30-nm spot, and images are recorded by x–y raster scanning of
the sample, which is positioned at the focus of the ZP. The ZPs used in this
work were provided by the Centre for X-Ray Optics (LBNL), whose ZPs have
achieved the world record spatial resolution for direct 2D imaging in both
full-field and scanning transmission microscopy (59). We note in passing that
ZPs have also been used as focusing optics in hard X-ray microscopes (60) and
for monochromatization of femtosecond pulses in extreme UV light (61);
thus, they are an essential aspect of modern X-ray science.
Ptychographic measurements were carried out using the 5.3.2.1 bending
magnet and 11.0.2 undulator beamlines at the ALS, LBNL. Because a larger
spot size with uniform and highly coherent illumination is desirable in ptychography, low-resolution ZPs with outer zone widths of 60 nm (beamline
11.0.2) and 100 nm (beamline 5.3.2.1) were used to produce a focused X-ray
spot with high intensity and high coherence. The ptychographic results shown
in Figs. 1, 4, and 5 were measured with the STXM on beamline 11.0.2,
whereas the ptychographic results shown in Figs. 2 and 3 were measured
using the Nanosurveyor I instrument at beamline 5.3.2.1. At beamline 11.0.2,
a Princeton Instruments direct-sense X-ray camera was used for data
collection. The sample was scanned in focus with a step size of 50 nm. A
double-exposure mode that combined a short exposure (15 ms) and a long
exposure (150 ms) was used at beamline 11.0.2 to extend the dynamic
range as described by Shapiro et al. (32). At beamline 5.3.2.1, the sample
was scanned in focus with a step size of 70 nm. A custom, high-frame-rate
CCD detector, developed at the LBNL and Brookhaven National Laboratory
(BNL) was used to record the diffraction data. At beamline 5.3.2.1, a single
exposure time of 200 ms was used and a partially transmitting silicon beam
stop was used to increase dynamic range. In both systems, the incoherent
background signal was measured with the same CCD settings and the
beamline shutter closed. This background was then subtracted in the
data processing.
Ptychographic Reconstruction. The ptychography reconstruction provides a
complex valued result, where the real part is related to elastic scattering and
the imaginary part is related to absorption (34). If we denote the exit wave
reconstructed with ptychography as P, then the OD can be calculated as:
OD = -lnðjPj=jP_0jÞ,
where P_0 is the signal in the reconstruction in a region unobstructed by the
sample, or from a measurement in a featureless region containing nonsample
components, measured under the same instrumental conditions (ZP, incident
flux, sampling time, camera settings, etc.) and reconstructed in exactly the
same way. In this study, we refer to this result as ptychography absorption.
The wave function P can be divided into a real part (Re[P]) and an
imaginary part (Im[P]). Then, a relative phase term ϕ, referred to as the
ptychography phase in this study, can be calculated as:
ϕ = arctanðIm½P=Re½PÞ-arctanðIm½P_0=Re½P_0Þ.
The measured ptychography images were reconstructed using 200 iterations
of the relaxed averaged alternating reflection (RAAR) algorithm implemented in the SHARP Center for Applied Mathematics for Energy Research
Applications ptychography code (62, 63). Illumination and incoherent
background refinements were used in every other iteration.
Image and Spectral Analysis. Individual ptychography modulus and ptychography phase images were assembled into stacks and analyzed in
aXis2000 (64). The stacks were aligned using Fourier correlation methods. A
threshold masking procedure was used to establish ROIs, including individual and chains of magnetosomes, as well as intracellular regions. These ROI
masks were then applied to the ptychography stacks to generate XAS and
XMCD spectra. The ptychography modulus and STXM transmission signals
were converted to OD signals using the intensity through an area free of
iron and off the cell or extracted magnetosomes but close to the region
under study.
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