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ABSTRACT

Scanning transmission X-ray microscopy (STXM) at the C 1s, O 1s, Ni 2p, Ca 2p, Mn 2p, Fe 2p, Mg 1s, Al 1s and
Si 1s edges was used to study Ni sorption in a complex natural river biofilm. The 10-week grown river biofilm was
exposed to 10 mg L™" Ni?* (as NiCl,) for 24 h. The region of the biofilm examined was dominated by filamen-
tous structures, which were interpreted as the discarded sheaths of filamentous bacteria, as well as a sparse distri-
bution of rod-shaped bacteria. The region also contained discrete particles with spectra similar to those of
muscovite, SiO, and CaCOs. The Ni(ll) ions were selectively adsorbed by the sheaths of the filamentous bacteria.
The sheaths were observed to be metal rich with significant amounts of Ca, Fe and Mn, along with the Ni. In
addition, the sheaths had a large silicate content but little organic material. The metal content of the rod-shaped
bacterial cells was much lower. The Fe on the sheath was mainly in the Fe(lll) oxidation state. Mn was found in I,
Il and IV oxidation states. The Ni was likely sorbed to Mn—Fe minerals on the sheath. These STXM results have
probed nano-scale biogeochemistry associated with bacterial species in a complex, natural biofilm community.
They have implications for selective Ni contamination of the food chain and for developing bioremediation

strategies.
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INTRODUCTION

Micro-organisms abound in aqueous environments, where
they are capable of sorbing and concentrating large quantities
of metals, directly influencing the distribution, mobility and
bioavailability of trace and contaminant metals alike. In
nature, micro-organisms often congregate on surfaces to form
biofilms, which are complex assemblies of multiple microbial
species and extracellular polymeric substances (EPS), with
multifarious architectures and biochemistry (Hall-Stoodley
et al., 2004; Branda ez al., 2005). Lalonde ez al. (2007a),
among others, have shown that metals are adsorbed by surface
organic functional groups (e.g. carboxylic, amino) on micro-
bial cells, on their extracellular structures (e.g. sheaths,
S-layers) and by the EPS. The metal sorption capacity and
surface chemistry vary considerably among and even within
microbial species, which is attributed to differences in the
surface organic groups, which in turn are responsive to
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environmental parameters (e.g. pH, temperature, nutrients,
electron acceptors) and the metal species (Neal ez al., 2007,
Neu & Lawrence, 2008). Bioaccumulation of metals may
result in the formation of authigenic minerals (e.g. biominer-
als) on the microbial surface (Toner et al., 2005). These
(bio)minerals formed on the microbial surfaces may also be
capable of sorbing and concentrating metals from solution.
Like the microbial species, there is considerable variation in
the metal sorption capacity and properties among different au-
thigenic minerals. Besides organic constituents and authigenic
minerals, detrital materials trapped by the biofilm may also be
sites for metal sorption (Lalonde ¢z al., 2007a). Determining
the importance of each biofilm component (i.e. organic con-
stituents, authigenic minerals and entrapped detrital material)
in controlling metal sorption processes requires methods that
are capable of obtaining chemical and speciation information
about all of the biofilm components [microbial cells, EPS,
(bio)-minerals, and detrital materials] at a relevant spatial
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scale. Moreover, it is useful to carry out detailed assessments
of natural, environmentally relevant samples (Lalonde ez al.,
2007b) to evaluate whether processes observed in, or hypoth-
eses based on pure culture studies (e.g. Yee & Fein, 2001) are
consistent with these observations.

Soft X-ray scanning transmission X-ray microscopy (STXM)
uses near-edge X-ray absorption fine structure (NEXAFS)
spectroscopy as its contrast mechanism. It is capable of deter-
mining biochemical and metal speciation with a spatial resolu-
tion of better than 30 nm (Bluhm e# 4/, 2005). With suitable
reference spectra, sequences of images recorded over a span of
photon energies at core excitation edges can be converted to
quantitative maps of specific chemicals in biological samples in
hydrated environments. We have previously shown (Lawrence
et nl.,2003; Dynes et al.,2006b) that detailed analysis of image
sequences at the C 1s edge may be used to provide quantitative
maps of the major biomacromolecules (proteins, polysaccha-
rides, lipids). In a separate study, the methodology for specia-
tion and quantitative mapping of metals in complex biological
systems via studies at the metal 2p edges was demonstrated and
detection limits were evaluated (Dynes ez a/., 2006a).

Nickel is a toxic metal found in aqueous environments as a
result of various natural (e.g. acid rock drainage) and indus-
trial (e.g. smelting) activities. Micro-organisms are known to
bioaccumulate Ni (Rajendran ez al., 2002), and since micro-
organisms are an important food source for other organisms
(e.g. invertebrate grazers such as snails, mayflies, crustaceans),
particularly in rivers (Lawrence ez al., 2002b, 2004 ), there is a
concern that the food chain may be impacted in areas exposed
to excess levels of Ni. Procedures for bioremediation of
Ni-contaminated sites have been proposed (Salt ez al., 1998;
Rajendran ez /., 2002). Investigations of the fate of Ni in nat-
ural aquatic environments can help understand how Ni is
accumulated in the environment, which could give insight
into food-chain effects and lead to improved bioremediation
strategies. In a previous study (Dynes ez /., 2006a), a natural
river biofilm was exposed to 1 mg L' Ni?* for 24 h, and
examined with STXM at the O 1s and Fe, Mn and Ni 2p
edges. That study demonstrated the methodology for quanti-
tative metal mapping in complex biological systems and
showed that, in the region examined, Ni was associated with
Mn, and that Mn was associated with biology, possibly with a
sheath of a filamentous algae or cyanobacteria. In this study,
we examined a similar natural river biofilm exposed to
10 mg L™! Ni** for 24 h. The higher Ni concentration used
in this study vs. the earlier study addressed a number of issues
related to STXM sensitivity encountered at the lower Ni con-
centration. The 1 mg L' Ni** was just above the detection
limit using our acquisition conditions; a longer dwell time
could have been used to increase the sensitivity but the risk of
radiation damage would have increased. Also, at the lower
Ni concentration, we would have been less certain that we
were observing selective sorption of Ni by certain micro-
organisms in the biofilm. Nevertheless, Ni concentrations of
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10 mg ™" Ni?* are typically found in watersheds contami-
nated from mine wastes (Ferris et al, 1989a,b), thus the
higher level was also of environmental relevance.

In natural biofilms there are often associated mineral phases
containing Mn, Fe, Al, Si and Ca (Konhauser ez al., 1993,
1994; Lalonde et al., 2007a,b; Peng et al., 2007), which
might interact with dissolved Ni. Thus, in addition to using
STXM to quantitatively map the Ni, Fe and Mn species in the
biofilm, Al, Si, Ca, Kand Mg were also speciated and mapped.
As we were interested in Ni sorption primarily on the biologi-
cal entities in the biofilm, the C 1s edge was used to map
carbonates and the major biomacromolecules, specifically
protein, lipids and polysaccharides. The information from this
multiple-edge STXM study was correlated and integrated to
provide insight into Ni sorption mechanisms taking place in
the biofilm.

MATERIALS AND METHODS

Sample preparation

The river biofilm was grown on the surface of removable poly-
carbonate slides in a rotating annular reactor at ambient tem-
perature (20 °C), as described previously (Lawrence ez al.,
2000, 2002a,b). Natural river water (South Saskatchewan
River, Saskatoon, SK, Canada) collected in December 2004
and January 2005 was used as a source of nutrients and inocu-
lum. Methanol (2 mg L™') was added to the water as a
supplemental carbon source. The reservoir that fed the
reactors was filled every 7 days throughout the 10-week devel-
opment period. At the end of 10 weeks, the polycarbonate
slide containing the biofilm was removed from the reactor and
placed for 24 h in river water to which 10 mg L™ Ni?* (as
NiCl,) had been added. After the 24 h Ni reaction period, the
biofilm was aseptically scraped from the slide with a silicone
spatula and placed in a sterile 1-mL microcentrifuge tube. An
aliquot of the hydrated biofilm material was placed onto an
X-ray translucent silicon nitride membrane (75 nm; Silson
Ltd, Northampton, UK) and a second silicon nitride mem-
brane was placed on top of the biofilm. The resultant silicon
nitride sandwich (wet cell) was then sealed with acid-free
silicone sealant to prevent drying and maintain the integrity of
the biofilm. The sample was transported in a cooler via courier
to the synchrotron and examined using X-ray microscopy
within 7 days. The sample was stored at 4 °C when it was not
being examined using X-ray microscopy.

The basic chemistry of the Saskatchewan River water was as
follows: conductivity 45 mS m™', pH 8.5, turbidity 2.3
NTU, total Kjeldahl N 24 mg L™, and total hardness
185 mg L™ CaCOj; (City of Saskatoon, Water Quality
Department, personal communication). The typical concen-
trations of selected metals in the natural river water are listed
in Table 1 (City of Saskatoon, Water Quality Department,
personal communication). The chemical equilibria of the
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Table 1 Concentration of selected metals in the South Saskatchewan River
water at Saskatoon, SK, Canada

Metal Concentration (ug L™")
Mn 10-20

Ni 1-2"

Si 40-60

Al 5-20

Mg 16 000-18 000

Ca 43 000-47 000

K 2800-3400

Fe 20-60

*The 10-week old biofilm was exposed to 10 000 pg L™" Nias NiCl, for 24 h.
Source: City of Saskatoon, Water Quality Department, personal
communication.

Saskatchewan River water were modeled using PHREEQC
Interactive (version 2.8; Wateq4f database; Parkhurst &
Appelo, 1999). PHREEQC is based on an ion-association aque-
ous model and has capabilities for calculating the speciation
and saturation-index under various geochemical conditions.
Values of pH =8.5, P=0.04 mg L™}, N=0.7 mg L™,
pe = 4, and log P(COyg)) = —3.414 and the concentrations
listed in Table 1 were used to calculate the speciation expected
for these elemental concentrations.

Scanning transmission X-ray microscopy

X-ray imaging and spectromicroscopy were carried out at the
Advanced Light Source (ALS, Berkeley, CA, USA) using
STXM microscopes (Kilcoyne ez al., 2003) at beamlines 5.3.2
(Warwick ez al.,2002) and 11.0.2 (Warwick ez al., 2004). The
Mn 2p, Fe 2p, Ni 2p, Mg 1s, Al 1s, Si 1s and O 1s absorption
edge studies were performed on STXM beamline 11.0.2.
The C 1s, K 2p and Ca 2p absorption edge studies were per-
formed on STXM beamline 5.3.2. The measured transmitted
signals (I) were converted to optical densities [absorbance,
OD = —In (FIy™")] using incident flux (Iy) measured through
regions of the wet cell devoid of biofilm, to correct for the
absorbance by the silicon nitride membranes and the water in
the wet cell. For the data in this study, the biofilm sample was
fully wet during the first set of measurements (February,
2005), but was only partially hydrated at the time of the final
STXM measurements (November, 2005). The O 1s, Fe 2p,
Mn 2p, Ni 2p, K 2p, Ca 2p and C 1s data were collected (in
that order) in February 2005 (some repeated in November
2005), while the Si, Mg and Al 1s data were collected in
November 2005. The details of the Fe 2p, Mn 2p and Ni 2p
metal edge spectra extracted from the biofilm in the study area
at the two time periods were the same, indicating that the
change in the hydration state of the biofilm did not affect the
metal speciation. However, upon drying, there was some
deformation of some regions of the biofilm but not in the area
of'the sheaths.

Radiation damage is a significant concern in X-ray
microscopy, especially in this work as we have examined

exactly the same area at many different core edges. This was an
intentional strategy as we wished to use comparisons of the
speciation and spatial distribution of the different metals as a
major tool in understanding Ni sorption in the biofilm. To
minimize possible effects on our results, we measured those
edges where radiation damage is known to modify oxidation
state speciation — Fe 2p and Mn 2p (Toner et al., 2005) —
before measuring the Ni 2p or C 1s edges. To gain confidence
that the integrated dose was not causing significant changes to
the speciation, we regularly measured images over an area
larger than the main stack area. This is a useful routine strategy
as the microscope operates in a line-at-a-time mode whereby
the beam is sitting ~1 pm to the left of the start position of
each horizontal scan line for about 10 times longer than in
any pixel in the stack. If the material suffers radiation damage,
these start areas (and to a lesser extent, a deceleration region
at the right side of the stack area) become clearly visible as a
vertical line outside the imaged area, especially when mea-
sured at 289 ¢V [the ¢*(C-O) peak of polysaccharides]. The
Supporting Information (Fig. S1) contains a comparison of
these expanded area images taken throughout the whole mea-
surement period, and in addition shows an example of the
damage visualization in a case from a different sample where
damage has occurred. We do not claim that the measurements
reported herein were carried out without causing some radia-
tion damage to the sample. However, compared with many
other STXM measurements we have made, these are well
within the grouping of studies we consider to have experi-
enced ‘minimal radiation damage’. It is possible that some of
the metal speciation results are skewed towards a more
reduced state due to radiation reduction, but we think this is a
minor effect, and that issues with regard to availability of suit-
able reference spectral standards place greater limitations on
our results than radiation damage.

The absolute energy scale in the Fe 2p region was set by
assigning the energy of the second peakin the Fe 2p3 /5 signal of
FeCl3:6H,0 to 709.8 ¢V (Dynes et al., 2006a), the value
found when the spectrometer had been recently calibrated
using N, O, Ne and Al,Oz. We estimate the accuracy of
this calibration to be +0.2 ¢V. Similarly, for NiO and
MnSO47H,O0, the primary peaks in the 2p3,, signals were set
t0853.2 eV (vander Laan ez al.,1986) and 639.8 ¢V (Chen &
Sette, 1990) respectively; for O 1s, the peak of the 7* signal of
proteinwassetto 532.1 eV (Stewart-Ornstein ez a/.,2007); for
Al 1s, the 1s — 4p peak of muscovite was set to 1570.4 eV
(Yoon et al., 2004); for Si 1s, the t, peak of SiO, was set to
1846.8 ¢V (Li et al., 1994); for Ca 2p, the main 2p,,, — 3d
peakin CaCOzwassetto 352.6 ¢V (Benzerara ezal.,2004).

Data analysis

The methodology used to quantitatively map the major
biomacromolecules and metal species in the biofilm has been
described in detail elsewhere (Dynes ez al., 2006a,b). Briefly,
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the total concentration of a given species was mapped in one
of two ways: (i) the difference between two images, one
measured at the energy of a strong characteristic absorption
feature and the other measured at an energy below the onset
of absorption for that species. The image difference map was
made quantitative by converting the change in the optical
density (AOD) scale to effective thickness (in nm) using a
scaling factor determined from the linear absorbance (optical
density per nm) for a specific compound at the two photon
energies. (ii) The difference in the sum of images in the core
level continuum and those before the onset of the core edge
structure, taken from the image sequence. The first method
gave more detailed maps since a greater pixel density was used.
However, in cases where there was multiple oxidation states
(Mn 2p), we preferred to use the continuum signal as this
would not be affected by spatial variation in the oxidation
states. For majority species, there is an estimated 20% uncer-
tainty in the quantification that is associated with possible
systematic errors in the conversion from optical density to
effective thickness, as discussed in detail elsewhere (Dynes
et al., 2006a). These values reflect our limited knowledge of
the actual composition and thus inability to provide an
accurate set of reference spectra. The energies and scaling
factors used for the quantification of the image difference
maps (on-resonance minus off-resonance) for each element
are listed in Table 2.

The metal and biochemical speciation were derived from
the analysis of image sequences, a series of images (typically
60-100) collected at each absorption edge. The mapping pro-
cess involves fitting a linear combination of quantitative refer-
ence spectra (see below) and the calculated spectrum of H,O,
which has no spectral features at the edges examined (Dynes
et al., 2006a), to the measured spectrum at each pixel. Subse-
quent spectral checks (e.g. examination in the energy domain,
optimum number of components, amplitude of the residual
remaining after the fit; Dynes ez al., 2006a,b) lead to an itera-
tive improvement of the selection of reference spectra used to
explain the data at each edge. The component maps were

Table 2 Energies, scaling factor and reference compounds used to map the
total concentration of each element using image difference maps

Scale

Pre-edge  Peak factor
Edge (eV) (eV) (hm™")  Reference compound
C1s 282.0 288.2 0.0091  Albumin
O1s 529.0 5321  0.0096  Albumin
Mn 2p 637.0 639.7 0.035 Rhodochrosite (MnCOs3)
Ni2p 848.0 850.0 0.008 NiO
Sils 1830.0 1846.8 0.0015  CSi;Oq0H10*
Al1s 1555.0 15704 0.002  Muscovite (KAL(AISis040)(OH),)
Mg1s  1303.0 13140 na' na
Ca2p 350.2 352.6 0.015 Aragonite (CaCOs)
Fe 2p 704.0 709.8 0.015 FeCl;-6H,0O

*See text for details.
+Not applicable.
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obtained by singular value decomposition (SVD) (Dynes
et al., 2006a). Image and spectral processing was performed
with aXis2000 (Hitchcock, 2008).

The elemental composition of the filamentous sheaths was
determined by fitting the measured optical density edge jumps
to scaled mass absorption coefficients (Henke ez al., 1993).
This approach desensitizes the analysis to the exact species that
may be present, which is a concern with regard to the spectral
fitting procedure used to generate the speciation maps.
However, there are uncertainties associated with differences in
density among the chemical species present in a given area of
interest, so one must be cautious in interpreting these results
in terms of an atomic composition.

Reference spectra

Reference spectra of well-known, homogenecous model
compounds were used to identify and quantify the unknown
species in the samples. The reference spectra were placed on
an absolute linear absorbance scale by matching them to the
predicted response for the compound based on its elemental
composition and density, using tabulated continuum absorp-
tion coefficients (Henke ez 2/, 1993). Using these quantita-
tive reference spectra yielded quantitative effective thickness
scales (in nm) from the fitting analysis or from the image dif-
ference mapping. The precision of the SVD fitting procedure
has been estimated previously to be in the range of a few per
cent (Dynes et al., 2006b). The accuracy is more limited
because of systematic errors such as incorrect linear absor-
bance scales of the reference spectra and incorrect selection of
model compounds for fits.

Quantitative reference spectra of FeCl3:6H,O [Fe(III)],
FeCl,4H,0 [Fe(1I)], NiO [Ni(II)], human serum albumin
(protein), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (lipid),
xanthan gum (polysaccharide) and K* (K,COj3 with the signal
of CaCOj subtracted to remove the C 1s spectrum of the car-
bonate anion) were determined previously (Dynes et al,
2006a,b). The Al 1s and Si 1s reference spectra of muscovite
were determined for this study using a muscovite sample from
the Stanford Mineral Collection. A density of 2.82 g cm™ and
a structural formula of KAI,(AlSi;O4¢)(OH), were used. Other
Si 1s reference spectra used in the fitting included: coesite
(Si0,) (d = 3 g em™>; Li et al., 1994), an organo-silicon com-
pound (CH3)3Si-OCH3 (d = 2 g cm™3; Urquhart ez al., 1997)
and an internal reference spectrum for an ‘organosilicate’ species
that dominated the sheath region, derived as described below in
the Results section. The Mn 2p reference spectra were digitized
from the literature (Waychunas, personal communication) and
included rhodochrosite (MnCOj3) [Mn(Il)] (d=3.69
g cm™?), reagent grade MnOOH [Mn(III)] (4 = 4.34 g cm™)
and ramsdellite (MnO,) [Mn(IV)] (4 = 4.37 g cm™). In all
cases, the reference spectra were made quantitative using the
tabulated continuum absorption coefficients (Henke ez al,
1993) and indicated densities.
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RESULTS

Biofilms in natural environments develop heterogencous
microbial communities with complex architectures and chem-
istries at the nano- and micro-scale, and STXM allows one to
access the chemical conditions present at these spatial scales.
Large area survey image difference maps provide a means to
rapidly locate areas of interest, ones containing specific metals
along with microbial communities. Figure 1A presents an
overlay of the Ni 2p image difference map (Igs».7—Igs0) on the
O 1simage difference map (Isz35-I529) fora 140 x 80 pm area
of the river biofilm. The 532-¢V signal is dominated by O
1s — =n*c_o transitions in protein and readily reveals the
microbes. Even at this relatively low spatial resolution, the
individual microbial cells/cellular components, the extracellu-
lar polymeric structures (EPS) and areas with significant Ni
(bio)-accumulation are clearly evident. From this larger
region, we selected a 16 x 20 pm subregion (white dotted
rectangle, Fig. 1A) for a detailed study. This area was rich in

both Ni and biology, allowing study of the dependence of Ni

Ni Biology

20 pm

Fig. 1 Scanning transmission X-ray microscopy optical density (OD) images of
the wet river biofilm. (A) Overview-overlay of Ni map (ODgs»7~ODgso) (blue)
on the biology map (ODs3,1-ODs50) (green) over a large region (140 pm x
80 um). (B) Protein map (OD,gg>,-OD>g;) in a 30 um x 30 um subarea
defined by the dotted rectangle in Figure 1A. The white dotted rectangle in
Figure 1B shows the area where the metal speciation and biochemistry were
studied in detail. The gray scales indicate OD. The short and long arrows indi-
cate typical examples of rod-shaped bacteria and the sheaths of filamentous
bacteria respectively.

sorption on microbial morphotypes, biochemistry and the
presence of other metal species. The C 1s image difference
map (I,gs2-I2g0) of this subregion is presented in Fig. 1B.
The signal at 288.2 ¢V is dominated by the strong C
1s — 7*c_o band of the amide carbonyl of protein (Stew-
art-Ornstein ez al., 2007), although there are also spectral
contributions at this energy from lipids and polysaccharides
(Lawrence et al., 2003; Brandes et al., 2004 ). With the higher
spatial sampling, individual microbial cells/cellular compo-
nents and the EPS are now clearly distinguishable. Both
sheaths of filamentous bacteria and rod-shaped bacterial cells
are visible. Typical examples of each are indicated by short and
long arrows respectively in Fig. 1B.

Mapping biochemistry

The C 1s X-ray absorption spectra of the major biomacromol-
ecules (i.e. protein, lipids, polysaccharides) and carbonates
have characteristic features that allow them to be differentiated
and mapped in a biofilm (Lawrence et al., 2003; Dynes et al.,
2006Db). Spectral fitting of the C 1s image sequence with pro-
tein, lipid, polysaccharide, carbonate and K was conducted,
giving rise to the component maps presented in Fig. 2A-E.
Note that the K2p and C 1s signals overlap and thus both can
be measured in the same image sequence. The K results are
discussed in a later section. Spectra derived from the protein,
lipid, polysaccharide and carbonate component maps, based
on threshold masking of the regions with high-intensity pixels
(regions not shown), are plotted in Fig. 3, allowing compari-
son with the reference spectra. The match to the reference
spectra is not perfect, in part, because the selected regions
contain a mixture of the biomacromolecules and carbonate.
Nevertheless, it is clear that this region of the biofilm contains
proteins, lipids, polysaccharides and carbonates. Figure 2F
presents a color-coded composite map of the lipid, protein
and carbonates. The major biomacromolecules mapped in the
rod-shaped bacteria were protein and lipids, whereas only lip-
ids were detected in the sheaths of the filamentous bacteria.
The sheaths of the filamentous bacteria only contained a little
carbonate (5 + 3 nm) but there was no detectible carbonate
signal associated with the rod-shaped bacteria. Discrete parti-
cles of carbonate were also present in this region of the biofilm
with an average thickness of 50 = 20 nm. Extracellular poly-
meric structures were apparent in the biofilm from the poly-
saccharide map; however, they were not found in association
with the rod-shaped bacteria or the sheaths of the filamentous
bacteria (i.e. it was unbound EPS).

Metal speciation and mapping
Nickel

Figure 4A displays the Ni image difference map showing the
distribution of Ni in this region of the biofilm. Comparing the
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Fig. 2 C 1s and K 2p results. Component maps (A) protein, (B) polysaccha-
rides, (C) lipids, (D) carbonates (red = 50-140 nm effective thickness) and (E)
K. The component maps were derived by spectral fitting of the image sequence
(84 OD images between 280 and 310 eV) using the spectra of the reference
compounds (Fig. 3), and (F) color-coded composite map of lipid, protein and
carbonates (red = lipid, green = protein, blue = carbonate). The gray scales
indicate thickness in nanometers. The band in the middle of each map is a
region of missing data that was not sampled, as the C 1s data was recorded in
two sections.

Ni map to the biology map (Fig. 1B) indicates that essentially
all of the Ni was located on the sheaths of the filamentous
bacteria, with a distinctly enhanced level of Ni at the edges of
the filamentous sheaths. Ni(II) compounds are easily distin-
guishable from Ni metal as the main Ni 2p;,, peak occurs
about 2 ¢V higher and is much more prominent for the Ni(II)
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Fig. 3 C 1s and K 2p X-ray absorption spectra of the reference compounds
aragonite (CaCOs), protein (human serum albumin), lipid (1,2-dipalmitoyl-sn-
glycero-3-phosphocholine), polysaccharide (xanthan gum) and K* (K,CO3 with
the signal of CaCO5 subtracted to remove the C 1s spectrum of the carbonate
anion) compared with spectra derived by threshold masking of high-intensity
pixels in the respective component map (Fig. 2).

compounds (Krasnikov ez al., 2007). It is clear that the Ni in
the biofilm is in the IT oxidation state, which is not unexpected
as it was added as Ni(II). The Ni 2p absorption spectra of
different Ni(II) compounds have only subtle differences in
spectral lineshape (van der Laan et al., 1985, 1986; van Elp
et al., 1994), which precluded us from identifying more than
one Ni(II) species in the biofilm. The Ni 2p image sequence
was fit using the spectrum of NiO as a reference. The spec-
trum derived from the Ni(II) component map, based on
threshold masking of the regions with high-intensity pixels
(region not shown) is plotted in Fig. 4B, in comparison with
the spectrum of NiO. The Ni(II) component map derived by
spectral fitting (not shown) was similar to that of the image
difference map (Fig. 4A).

Manganese

The total distribution of Mn in this region of the biofilm,
determined from the difference of a set of 10 post-edge
images and 14 pre-edge images in the Mn 2p image sequence,
is shown in Fig. 5A. Comparison with the biology map
(Fig. 1B) showed that the Mn was mostly located on the
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Fig. 4 Ni 2p results. (A) Niimage difference map (ODgs, 7~ODgs0). The gray
scale indicates effective thickness in nanometers. (B) Ni 2p X-ray absorption
spectrum of NiO compared with the spectrum derived by threshold masking of
high-intensity pixels in the Ni(ll) component map determined by spectral fitting
of the Ni 2p image sequence (36 OD images between 846 and 858 eV) using
the NiO spectrum.

filamentous bacterial sheaths and that there were localized hot
spots of Mn at the edges of the filamentous sheaths. The
details of the Mn 2p absorption spectrum depend strongly on
the Mn oxidation state (Toner ez al., 2005), as shown for the
reference compounds MnCO3 [Mn(II)], MnOOH [Mn(I1T) ]
and MnO, [Mn(IV)] (Waychunas, personal communication)
plotted in Fig. 5B. In some cases, the site symmetry and
ligands can be identified from the differences in spectral

lineshape (Grush et al., 1996). The Mn 2p image sequence
was fit using the spectra of MnCO3, MnOOH and MnO,.
Spectra derived from the Mn(II), Mn(III) and Mn(IV) com-
ponent maps (Fig. 5C-E), based on threshold masking of the
regions with high-intensity pixels (regions not shown), are
plotted in Fig. 5B, in comparison with the reference spectra.
It is clear that this region of the biofilm contained Mn in each
of these three oxidation states. However, it was not possible
to identify particular Mn species, in part because each of the
selected regions contained a mixture of Mn(II), Mn(III) and
Mn(IV) species, and in part due to the possibility of mixed-
oxidation-state Mn species. The relative amounts of Mn(II),
Mn(I1T) and Mn(IV) in this region of the biofilm were 40%,
20% and 40% respectively, determined by summing the signal
for each Mn species from the component maps. We note that
we did not make spectroscopic checks for radiation damage at
the Mn edge by repeating the measurement. Toner ez al.
(2005) examined radiation damage by repetitive measure-
ments of the Mn 2p spectrum of acid birnessite (Mn(IV)
oxide) suspended in organic medium, and determined that
there was relatively minor changes in the shape of the Mn 2p
spectrum but a measurable loss of the total Mn(IV) signal,
amounting to 5% reduction after the first of three successive
stacks. In this multi-edge study, very short dwell times were
used (0.4-0.6 ms pixel™) and the Mn edge was the third
image sequence measured. The Supporting Information
(Fig. S1) shows images of the studied region acquired
throughout the whole sequence of measurements. There is
very little evidence of radiation damage as judged by changes
in morphology, a criteria also used by Toner ez al. (2005) in
monitoring damage in their study. Although we are reason-
ably confident that radiation damage plays a minimal role in
our study, it is possible that the amount of Mn(III) and
Mn(IV) may be underestimated on account of some reduc-
tion. The issue of possible radiation damage affecting the Mn
speciation is discussed in greater detail in the Supporting
Information, which shows results of an analysis in which the
Mn 2p signal is isolated from the total signal by subtracting
the non-Mn signal. Figure 5F presents a color-coded compos-
ite map of the three Mn oxidation state species. The Mn
species are spatially heterogencous. In general, there is a
greater amount of the higher oxidation states of Mn at the
exterior of the sheaths, and greater amounts of the lower oxi-
dation states towards the interior of the sheaths, although
there are some sheath areas with predominantly Mn(II) (top
right), and others with predominantly Mn(IV).

Iron

Figure 6A presents the Fe image difference map showing the
distribution of Fe in this region of the biofilm. Note that
regions with more than 10 nm of Fe per pixel are indicated in
red. The sheaths of the filamentous bacteria were encrusted
with Fe. The rod-shaped bacteria did not bioaccumulate Fe.
There were also some discrete particles containing Fe in the
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Fig. 5 Mn 2p results. (A) Total Mn map determined from the difference of the sum of 14 images from 634 to 638 eV (pre-Mn 2p) and the sum of 10 images from
645 to 650 eV (Mn 2p continuum). (B) Mn 2p X-ray absorption spectra of reference compounds rhodochrosite (MnCO3), MnOOH reagent and ramsdellite (MnO,)

(Waychunas, personal communication), compared with spectra derived by threshold

masking of the high-intensity pixels in the Mn(Il), Mn(lll) and Mn(IV) compo-

nent maps (C-E). (C) Mn(ll)component map, (D) Mn(lll) component map and (E) Mn(IV) component map. The component maps were derived by fitting the image
sequence (58 OD images between 634 and 650 eV) to the spectra of the Mn(Il), Mn(lll) and Mn(1V) reference compounds and a spectrum extracted from the image
sequence from regions without detectible Mn. (F) Color-coded composite map of the Mn(ll) (red), Mn(lll) (green) and Mn(IV) (blue) component maps. The gray

scales indicate thickness in nanometers.

biofilm that were not in association with the bacterial sheaths
or rod-shaped bacteria.

The Fe oxidation state was determined from the shape of
the Fe 2p;,, signal that has two main peaks, with the peak at
708 ¢V being the strongest for Fe(II) species and that at
709.8 eV the strongest for Fe(III) species (Dynes ez al.,
2006a), as seen in the FeCl3:6H,0O and FeCl,4H,O refer-
ence spectra (Fig. 6B). Although it is frequently assumed that
the intensity of the 708-¢V peak can be used as a measure of
Fe(II) content and the intensity of the 710-¢V peak as a mea-
sure of the Fe(III) content, this is incorrect as the relative
intensities of these two peaks depend on other factors such as
local geometry and the nature of the ligands, in addition to
the oxidation state. This assumption is particularly suspect for
Fe-containing minerals with mixed oxidation states
[Fe(ILIID)] (Peng et al., 1995; Supporting Information of
Dynes et al., 2006a). Rather than making this questionable
assumption, we have chosen to fit the Fe 2p image sequence
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using two iron chloride reference spectra to obtain Fe(II) and
Fe(III) component maps (Fig. 6C,D). We note that, although
this choice is improvement over the simple assumption of cor-
relating the 708- and 710-eV peaks with Fe(II) and Fe(III),
the accuracy of the answer obtained will depend on how
similar the spectra of the Fe(II) and Fe(III) species present in
the sample are to the spectra of the iron chloride species.
Spectra from Fe(II)-rich and Fe(III)-rich regions were derived
by threshold masking regions with high-intensity pixels in the
maps (regions not shown). These spectra are plotted in
Fig. 6B, in comparison with the reference spectra. This
spectral comparison suggests there were at least two distinct
Fe species in this region of the biofilm. This conclusion is
based on changes in different regions of the relative intensities
of the double peaks at the Fe 2p3,,-edge (708 and 710 eV)
and a slight difference in lineshape. The 710-¢V peak was the
most intense in both types of spectra, indicating that both Fe
species contained Fe(IIT). However, the spectrum where the
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Fig. 6 Fe 2p results. (A) Fe image difference map (ODq9 g~OD-04). The red areas represent areas with Fe effective thickness between 10 and 40 nm. (B) Fe 2p X-ray
absorption spectra of reference compounds FeCl;-6H,O and FeCl,-4H,O compared with spectra derived by threshold masking of the high-intensity pixels in the Fe(Il)
and Fe(lll) component maps (C-D). (C) Fe(lll) component map (red areas represent areas with Fe effective thickness between 10 and 40 nm) and (D) Fe(ll) compo-
nent map (red areas represent areas with Fe effective thickness between 10 and 15 nm). The component maps were derived by spectral fitting of the image sequence
(53 OD images between 698 and 713 eV) using the spectra of the reference compounds. (E) Color-coded composite map (individually rescaled) of the Fe(lll) and
Fe(ll) species component maps [red = Fe(lll), blue = Fe(I)]. The contrast in the composite map has been adjusted to better visualize the Fe(lll) component in the bio-
film, particularly in the region of the filamentous sheath. The gray scales indicate thickness in nanometers.

708- and 710-¢V intensities were more similar, and had a
broader 708-e¢V peak, was interpreted to mean that these
regions also contained some Fe(II) species. It is possible that
some of the Fe(II) signal could have originated from beam
damage. However, based on our previous study (Dynes et al.,
2006a), radiation damage was not evident at the Fe 2p-edge
after a similar irradiation period of a similar biofilm. It was not
possible to identify either Fe species as a specific compound
but rather to map the amounts of the Fe(III)-rich and (rela-
tively) Fe(II)-rich species. The amounts of Fe(III)-rich and
Fe(IT)-rich species in the study area were 70% and 30% respec-
tively, determined by summing the effective thickness per
pixel for each Fe species from the component maps. Figure 6E
displays the color-coded composite map of the two Fe-oxida-
tion states species. The sheaths of the filamentous bacteria
bioaccumulated mainly the Fe(III)-rich species, and only a

small amount of the Fe(IT)-rich species. In contrast, some of
the discrete particles contained mainly Fe(III), while other
particles appeared to be predominantly composed of Fe(II).

Calcium

Ca 2p absorption spectra exhibit a complex fine structure,
which is well suited to differentiate CaCO3 polymorphs and
Ca phosphates (Himpsel et al., 1991; Naftel et al., 2001;
Benzerara et al., 2004). There is a strong Ca2p 2p;,, — 3d
peakat 352.6 ¢V in all species and this was used for Ca quanti-
tation. The distribution of Ca in this region of the biofilm is
displayed in the Ca image difference map (Fig. 7). Ca 2p signal
was found on the sheaths of the filamentous bacteria but not
on the rod-shaped bacterial cells. There were also discrete
particles containing Ca, which, when compared with the car-
bonate map (Fig. 2D), can be identified as CaCOj. The C 1s
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Fig. 7 Ca 2p results. Ca image difference map (OD3s556-OD3s0.3). The gray
scale indicates thickness in nanometers.

spectrum of the sheath (see the separate section on the sheath
below) showed the characteristic sharp peak at 290.3 eV,
from C Is — 7*c_o transitions only very weakly, such that
most of the Ca in the filamentous sheaths must be from
some other mineral, perhaps a calcium silicate or calcium
phosphate.

Silicon
The distribution of Si in the biofilm is shown in Fig. 8A. This
was determined from the difference in sums of 10 pre-edge
images, and 20 images in the Si ls continuum (1852-
1862 ¢V), taken from the Si 1s image sequence. Comparison
with the biology map (Fig. 1B) shows that Si was found on
the sheaths of the filamentous bacteria but not on the rod-
shaped bacterial cells. There were also discrete particles that
contained Si, some, but not all of which matched the discrete
particles that were found to be high in Al (see next section).
The Si 1s-edge absorption spectra of Si compounds have
different shapes and the position of the absorption maximum
is dependent primarily not only on the oxidation state [the net
Si(0)-Si(IV) shift is ~8 eV], but also on the coordination
number, polymerization of Si04*", $i-O bond distance, Si—O
bond valence, distortion of SiO4* tetrahedra, and chemical
substitution in both tetrahedral and octahedral sites (Li ez al.,
1993, 1994, 1995; Urquhart et al., 1997). The Si 1s spectra
of silicate minerals have their strongest peak centered at
1846.4 = 0.3 ¢V (Li et al., 1995), the polymorphs of SiO,
(e.g. coesite, o-quartz) have a maximum centered at
1846.7 + 0.3 eV (Li et al., 1994), while organosilicon com-
pounds have their maximum centered considerably lower,
between 1844 and 1845 ¢V (Urquhart ez al., 1997).
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Fig. 8 Si 1sresults. (A) Total Si map determined from the difference of the sum
of images from 1839 to 1844 eV (pre-Si 1s) and the sum of images from 1852
to 1862 eV (Si 1s continuum). (B) Si 1s X-ray absorption spectra of reference
compounds muscovite and coesite (Li et al., 1994) and (CH3)3Si-OCH5 (Urqu-
hart et al., 1997), compared with spectra derived by threshold masking of the
high-intensity pixels in the muscovite, organo-silicate and SiO, component
maps. (C) organo-silicate component map; (D) muscovite component map and
(E) SiO; (coesite) component map. The component maps were derived by spec-
tral fitting of the image sequence (70 images between 1835 and 1860 eV) to
the spectra of coesite, muscovite and an internal organo-silicate spectrum. (F)
Rescaled color-coded composite map of the muscovite, SiO, and organo-silicate
component maps (red = muscovite, green = organo-silicate, blue = SiO,). The
gray scales indicate thickness in nanometers.

The Si 1s image sequence was fit to muscovite (silicate
mineral), coesite (SiO,) and (CHjz)3Si-OCHj; (organosil-
icon) using the reference spectra plotted in Fig. 8B. The
derived organo-silicate, muscovite and coesite maps are
shown in Fig. 8C-E respectively. There are discrete
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Fig. 9 Al 1s results. (A) Al distribution determined
from the difference of the sum of images from 1555
to 1562 eV (pre-Al 1s) and the sum of images from
1565 to 1575 eV (Al 1s continuum). Note that the
diagonal streaking pattern is an artifact. The gray
scale indicates thickness in nanometers. (B) Al 1s
X-ray absorption spectrum of muscovite compared
with the spectrum derived by threshold masking of
high intensity pixels in the Al component map

Muscovite

particles of SiO, in this region of the biofilm and a very
low level of the muscovite signal, but the majority of the
signal detected is associated with the organo-silicate com-
ponent. Spectra derived by threshold masking of the
regions with high-intensity pixels in the muscovite, coesite
and organo-silicon component maps are also shown in
Fig. 8B, in comparison with the reference spectra. The
spectrum extracted from intense pixels in the organo-sili-
cate component map exhibits a broad, two-component
peak with the lower component similar in energy to the
main peak in the organo-silicon reference spectrum, and
the higher energy component well matched to the peak of
that in silicate minerals. It was not possible to divide the
organo-silicate component map into regions where the
ratio of these two peaks differed. This suggests that either
this broad, approximately double-peaked signal was associ-
ated with a single compound, or there were two com-
pounds, but for specific chemical reasons, they were always
found together in a similar ratio. Note, the filamentous
sheath and the immediate surrounding area were the domi-
nant locations of this organo-silicate species. Figure 8F
presents a color-coded composite map of the muscovite,
organo-silicate and SiO, components. The bacterial sheaths
have relatively uniform distributions of the organo-silicate.
There are discrete particles of SiO, and muscovite in this
region of the biofilm. The filamentous sheath and the
immediate surrounding area are the dominant location of
the organo-silicate species, and the organo-silicate was rela-
tively uniformly distributed over the bacterial sheaths. Note
that the majority of the Si signal detected is associated
with the organo-silicate component. To quantify the org-
ano-silicate, the chemical formula was assumed to be
CSi,0190H o with a density of 3 g cm™!. There was only
about a 20% change in the quantitation result when the
amount of Si or oxygen in the postulated chemical formula
was doubled.

[ N [ M 1 M 1 M
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determined by spectral fitting of the Al 1s image
sequence with muscovite.

Aluminum

The distribution of Al in this region of the biofilm is displayed
in Fig. 9. This was determined from the difference of the sum
of images from 1555-1562 ¢V (pre-Al 1s) and the sum of
images from 1565-1575 ¢V (Al 1s continuum). The Al
occurred mostly as discrete particles that were not in direct
association with the sheaths of the filamentous bacteria nor
with the rod-shaped bacteria. A weak Al 1s signal was detected
in the region of the filamentous sheaths. The Al 1s edge has
been used to differentiate Al minerals (Ildefones ez al., 1998;
Yoon et al., 2004). The Al 1s image sequence was fit using
muscovite as the reference compound, which gave a compo-
nent map that was very similar to that of the Al 1s image differ-
ence map. The spectrum derived by threshold masking the
component map to select high-intensity pixels (region not
shown) is plotted in Fig. 9B, in comparison with the Al 1s
spectrum of muscovite. The two spectra are very similar, sug-
gesting that muscovite, or a mineral with a similar local envi-
ronment of the Al atom to that of muscovite, was present in
this region of the biofilm.

Potassium

It is possible to differentiate K species using the K 2p-edge
(Sette et al., 1989; Hasselstrom et al., 2000), specifically the
multiplet structure of the 2p3z,» — 3d and 2p,,, — 3d
transitions depends strongly on the local environment in crys-
talline K species. The distribution of K in this region of the
biofilm determined by spectral fitting is displayed in Fig. 2E.
The spectrum derived by threshold masking regions with high
intensity in the K component map is plotted in Fig. 3, in
comparison with the spectrum of K in K,COj. Since there is
no Cls — =* signal from carbonate at the point where the
K signal was observed, it is clearly not K,COjz but must be
some other K-containing mineral, such as muscovite, and
indeed there is a reasonable correlation of the position of
the strong K signals with the Al-rich particles (Fig. 9).
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A comparison of the distribution of K with the biology map
(Fig. 1B) and protein, lipid and polysaccharide maps (Fig. 2)
showed that K was not associated spatially with the rod-
shaped bacterial cells, unbound EPS or with the sheaths of the
filamentous bacteria.

Magnesium

The magnesium spectrum collected from a single particle in
another part of the biofilm is presented in Fig. S2A. It was
found to have a lineshape similar to that of cordierite and fos-
terite (Trcera et al., 2008). The Mg 1s image difference map
for the region of detailed study was measured and is displayed
in Fig. S2B. There were a few discrete particles that contained
Mg but neither the filamentous sheaths nor the rod-shaped
bacteria sorbed Mg.

Elemental composition of the filamentous sheath

Clearly one of the most interesting aspects of these results is
the relatively high concentration of several metal ion species
on the sheath of the filamentous bacteria. On close examina-
tion of the maps (see, especially, the Ni map in Fig. 4 and the
Mn(III) map in Fig. 5), the metal ions are not uniformly dis-
tributed but concentrated at the surface — if the metal ions
were uniformly distributed through the filament one would
expect to see a lower intensity at the edge whereas the metal
ion signals are strongly enhanced at the edges. Although the
analysis presented above tries to identify dominant chemical
species (or at least oxidation states) from the fits to the NEXA-
ES spectra of specific compounds, it is also interesting to look
at the compositional analysis of the filamentous sheaths from a
purely elemental perspective. This has been carried out for
those elements where full image sequences were recorded (C,
O, Mn, Fe, Ni, Al and Si), by extracting the spectrum from
isolated regions of the filamentous sheaths, and estimating the
elemental content by the magnitude of the edge jump (i.c.
without using the resonant signals, which are speciation-
dependent). To quantify the amount of each element, we have
matched the absorption edge jumps to the mass absorption
cocfficients of each element (Henke et 2., 1993), which thus
gives the product of thickness and density, rather than just
thickness, as is derived in our fit analysis. Figure 10 plots the
measured spectra of the sheath in comparison with the sum of
the elemental amounts deduced from this approach. The
lower part of Fig. 10 plots the spectra of the individual edges
along with the elemental edge jump signals (after background
subtraction). The elemental amounts and approximate atomic
percentages are summarized in Table 3. While the fit to the
absorption over the 250- to 2000-¢V range measured is not
perfect, the general trends are reasonable, and the individual
edge jumps can be quantified at the 10-30% level, and in large
part are limited due to the measurement of too short energy
ranges, rather than statistical precision. The overall result is
also hampered by the absence of images sequences for the P
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2p edge (too low to reach casily) and the Ca 2p edge (not
measured due to oversight). Still, given the very small area
being analyzed (~2 pm?), the result is considered significant
and worthy of discussion.

One of the big surprises is that the most abundant elements
found in the filamentous sheath are Siand O. In part, this may
be a result of a low level of organic matter due to the absence
of the bacteria, which made the sheath that left due to chang-
ing environmental conditions including the high local con-
centration of toxic Ni** (see below). Although this sheath
cannot be linked to a specific organism, as that would require
very specific morphology or molecular analyses, we think it is
bacterial and not diatomaceous, because: (i) the Si content is
well below that typical of diatoms which is >95% SiO, (Dynes
et al., 2006b); (ii) diatom frustules are highly structured with
striac and punctae, whereas the sheath was not ornamented
and is associated with lipid; (iii) the scale of the filamentous
structures (<1/2 um by a few micrometers) are consistent
with bacteria or bacteria-like organisms; (iv) during the
bio-reactor growth, a small amount of methanol was used to
stimulate that biofilm growth and methanol is highly toxic to
algae; (v) these sheaths appear to have developed during the
reactor growth phase, and not to have been deposited from
the water phase; (vi) scanning laser microscopy of this biofilm
indicated that the sheath was not autofluorescent nor were
any autofluorescent pigment (chlorophyll) bearing filaments
observed; and (vii) sheath-like fine filamentous, non-fluores-
cent structures were also seen with lectin staining of the bio-
film. There are various examples in the literature of bacterial
sheaths, cell walls, etc. concentrating silica during life and after
death (Toporski ez al., 2001; Konhauser, 2007)

The intense organo-silicon signal in the Si 1ls spectrum
(Fig. 10) suggests that the silica deposition is guided by the
filament to form a porous 3d organo-silicon scaffold. This
eventually converts to a more oxidized form and the
combined ‘organo-silicate’ structure is the site of the metal
adsorption. Konhauser (2007) outlines specific mechanisms
for binding silicates to cell surfaces. The close spatial associa-
tion with an initial organo-silicon environment with the more
oxidized silicate environment conveniently rationalizes why
we are not able to separate these two components in our
fitting analysis of the Si 1s map.

Spatial relationship between Ni and selected metals

To show more explicitly the close spatial relationship of Ni,
Mn, Fe, Caand Si on the sheaths, color-coded composite maps
overlaid on the biology map are presented in Fig. 11. This dis-
play clearly shows there is selective sorption of Ni by the fila-
mentous sheaths and not by the rod-shaped bacteria. It also
shows that the sheaths are very rich in metals (Mn, Fe, Ca and
Si) relative to their surroundings, suggesting that the selectiv-
ity for the sheaths to sorb Ni was due, at least in part, to the
presence of the Mn, Fe, Caand/or Si sorbed on the sheaths.
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Fig. 10 Upper part: Optical density spectrum of the filamentous sheath in the C 1s, O 1s, Mn 2p, Fe 2p, Ni 2p, Al 1s and Si 1s edges, compared with the sum of the
mass absorption coefficients in the amounts given in Table 3. The spectrum of Ca is that of Ca(H,PO,), scaled to match the Ca edge jump, which was deduced from
the signal in the filamentous sheath in the Ca map in Fig. 7. The insert is the sum of six images from 526 to 530 eV in the O 1simage sequence. The manually selected
area defining the filamentous sheath is indicated. Lower part: Linear background subtracted spectra of the filamentous sheath at the C, O, Mn, Fe, Ni and Si edges,
along with the elemental edge jump signals (and uncertainties) used to deduce the elemental amounts reported in the label and in Table 3.

DISCUSSION

This study has used STXM at a variety of absorption edges to
map metal and organic species in a complex natural microbial
biofilm grown in a model system that had been exposed to
10 mg L™ Ni?* for 24 h at the end of a 10-week incubation
period. The results show that Ni was sorbed only on the
sheaths of filamentous bacteria, which was also the location
where high levels of Mn, Si, Ca and Fe were found. The Ni
was not sorbed on the rod-shaped bacteria, unbound EPS or
discrete particles of muscovite, SiO, and CaCOj. The sorp-
tion of the Mn, Si, Fe and Ca (bio)minerals, as discussed
below, likely occurred prior to exposing the biofilm to Ni. We
interpret these results to indicate that sorption to (bio)miner-
als already formed on these filamentous sheaths was the major
reason for the selective adsorption of Ni in the biofilm.
To put the Ni sorption in a proper perspective, the (bio)

mineralization within the sheath and the sheath organic
sorption sites are discussed prior to discussing possible
mechanisms of Ni sorption on to the sheaths and associated
minerals.

Biominerals on the sheaths

The lack of a protein signal in the sheaths of the filamentous
bacteria (Fig. 2A) indicated that they were devoid of bacterial
cells, as cells contain roughly 50% protein (Ingraham et al.,
1983). One of the main functions of sheaths is to protect the
cell from being encrusted by minerals, through the shedding
of mineral-encased sheaths (Hallberg & Ferris, 2004; Phoenix
& Konhauser, 2008), which may be the reason for the dis-
carded sheaths in the biofilm. Another function is to protect
cells from toxic species, including metals (Benning ez al.,
2004). Ni is typically toxic at the 10 mg L™ level towards
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Table 3 Amounts of selected species in the filamentous sheath derived from
fits to edge jumps

Mass absorption* Atom
Edge (nmcem g™ wA % Comment
P 1351 1.1 (6l Indirect*
S2p 0(5) 0 0 See Fig. S3
Cl2p [0] 0 0 See Figs S3 and S4
C1s 40(2) 33 18 (1)
Ca2p 10(5) 0.25 1 From resonant peak
O1s 140 (10) 8.8 49 (3)
Mn 2p 5(2) 0.09 0.5(2)
Fe2p 5(2) 009 05(2)
Ni2p 5(2) 0.08 0.5(2)
Na1s 0(2) 0 0 See Fig. S3
Mg 1s 0(2) 0 0 See Fig. S3
Al1s 3(2) 0.1 0.6 (4)
Sils 115 (6) 4.1 23 (1)

*Since the image sequences were measured in slightly differing areas, manual
identification of approximately the same region of the sheath was used. Care
was taken not to include areas with a different morphology. It is considered that
the errors from this approach are within the errors estimated from the match to
the scaled elemental mass absorption coefficients (see the lower part of

Fig. 10).

+This assumes the materials are all at unit density, which likely represents an
under-estimation for the mineral component. Bold values are elements present
at>10atom%.

1This amount of P as added to bring the pre-edge intensity below the C 1s
onset in the sum of the elemental amounts in agreement with the pre-edge
intensity in the C 1s spectrum of the sheath.

micro-organisms, thus it is possible that the sheaths were shed
in response to the sorption of Ni (Phoenix & Konhauser,
2008). The experimental design employed in this study did
not allow us to determine how the sheaths were discarded.
Mineral formation by microbes involves complex interac-
tions between metal ions in solution and reactive components
of the biofilm (Drews & Weckesser, 1982; Douglas &

Fig. 11 Color-coded composite maps (individually
rescaled) of (A) Mn, Fe and Ni derived from image
difference maps (Figs 5A, 6A and 4A respectively),
and (B) Ca, Si and Ni derived from image difference
maps (Figs 8A, 7B and 4A respectively). All maps were
superimposed on the biological map (C 1s image
difference map, Fig. 1B).
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Beveridge, 1998; De Yoreo & Vekilov, 2003). Metal ion
binding to biological surfaces appears to be at least a two-step
process. The first step is passive adsorption, whereby there is
an electrostatic interaction between the metal ion and the sur-
face reactive groups (e.g. carboxyl, phosphate) on the cell walls
and/or outer external cell layers (e.g. EPS, sheath) (Weckesser
et al., 1988; Urrutia et al., 1992). These surface functional
groups are highly reactive towards metal ions on account of
their amphoteric nature and low isoelectric point. The second
step involves further metal deposition on the metal species ini-
tially bound to the surface, usually as a result of protonation
and deprotonation reactions of surface hydroxyl or water
groups (Miyata & Tazaki, 1997; Tazaki, 2000). With time
and favorable thermodynamics, the process eventually leads to
biomineral formation. Such biominerals are in turn capable of
sorbing metal ions (Jackson et al, 1999). On bacterial sur-
faces, there are a variety of negatively charged functional
groups, including amino, carboxylic, hydroxyl and phosphate
(Ferris et al., 1987; Beveridge, 1989; Schultze-Lam et al.,
1992; Ledin ez al., 1999) that can serve as sites for sorption of
metal cations. Also, some minerals carry a negative charge due
to cation vacancies in oxide layers, as found in Mn(III) and
Mn(IV) oxides (Lanson et al., 2002; Saratovsky et al., 2000;
Villalobos et al., 2006), or due to isomorphic substitution in,
for example, phyllosilicates (Caillerie ez al., 1995), providing a
driving force for cation sorption and intercalation. In addition
to the negatively charged functional groups, bacterial surfaces
also have groups with positive charges such as amino and
amide groups that can serve as sorption sites for metal anions
(e.g. SiO3*7) (Urrutia & Beveridge, 1993, 1994). Also,
sorbed cations on bacterial surfaces can sorb anionic species
(e.g. CO3%7), acting as cation bridges (Konhauser, 2007).
Thermodynamic equilibrium calculations using PHREEQC
indicated that the Saskatchewan River water was super-

Ca Si Ni
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saturated with respect to the following species; aragonite
(CaCO3), calcite (CaCO3), hydroxyapatite [Cas(PO4);OH],
dolomite [CaMg(CO3),], birnessite (MnO,), bixbyite
(Mn,03), hausmannite (MnzO4), manganite (MnOOH),
gibbsite [Al(OH)3], diaspore (AIOOH), ferric hydroxides
[Fe(OH)3], goethite (FeOOH), hematite (Fe,O3), magnetite
(Fe304), Ni(OH), and Ni,Si0,4. Which species actually forms
is of course a function of kinetic factors as well as thermody-
namics, and the role of the microbes in bioaccumulation is
played through their influence on the crystallization kinetics.

The sheaths of the filamentous bacteria in this study were
found to bioaccumulate Mn species in the (II), (III) and (IV)
oxidation states (Fig. 5). In natural waters, solid Mn(IV)
oxides are ubiquitous (Shiller & Stephens, 2005). Toner ¢z al.
(2005) added an*(aq) to Psendomonas putida biofilms and
observed that the Mn(II) was oxidized to solid Mn(III) and
Mn(IV) oxides, which bioaccumulated on the bacterial
surfaces. Many other laboratory studies have shown that
Mn2+(aq) is oxidized by bacteria to Mn(IIT) and Mn(IV) oxi-
des and bioaccumulated by bacterial surfaces (Bargar et al.,
2000; Pecher et al., 2003; Jirgensen ez al., 2004; Tebo et al.,
2004). Generally, in those laboratory studies, there was a
near-complete conversion of the an"(nq) species to Mn(I1I)
and Mn(IV) oxides, in contrast to this study, where a large
amount of the Mn (40%) occurred in the Mn(II) oxidation
state. The Mn concentration in solution was expected to be
relatively constant for the entire 10-week growth period
because the water was continually renewed (about 20%
exchanged per day) as the bioreactor system was set up to sim-
ulate the adjacent river. Thus, there was a constant supply of
Mn, presumably as Mn2*<aq> species, to the biofilm. Bargar
et al. (2005) showed that Mn(II) could act as a reductant
towards biogenic Mn(IV) oxides as it is readily sorbed by
them (Adams & Ghiorse, 1988; Nelson ¢z /., 1999; Haack &
Warren, 2003), resulting in mixed Mn oxidation (III, IV)
products. This fact, and the continued exposure of the biofilm
to an*(aq) species, may account for our observations. Our
results also provide evidence that Mn(III) and Mn(IV)
(bio)minerals are formed in nature at low Mn concentrations
(0.4 um) (Fig. 5, Table 1); previous laboratory studies had
shown the same phenomenon but Mn concentrations of
10 um to 12 mm were used (Bargar et al., 2000, 2005;
Villalobos ez al.,2003; Toner et al., 2005).

Both Fe(II) and Fe(III) species were detected; however,
Fe(III) was the dominant Fe species found on the sheaths.
Ferric iron is known to bind tenaciously to bacterial surfaces
and form insoluble biominerals (Konhauser, 1998; Warren &
Ferris, 1998; Konhauser & Urrutia, 1999; Banfield ez al.,
2000; Chan ez al., 2004). Thus, ferric oxyhydroxide forma-
tion on bacterial surfaces is widespread in nature, particularly
in oxygenated environments (Konhauser & Urrutia, 1999).
The ferric iron may originate from cell-bound ferrous iron
(Chétellier et al., 2004), where it undergoes oxidation and
hydrolysis, a process recently studied using STXM and other

techniques by Miot et al. (2009). Other sources of Fe(III)
include sorption of soluble ferric or colloidal species, or from
the spontaneous oxidation of ferrous species that come into
contact with oxygen, with the bacteria serving as the nucle-
ation sites. The relatively large amount of ferric iron sorbed to
the sheaths seems to preclude cell-bound ferrous iron as a
significant source. The water used in this study was initially
well oxygenated and remained as such in the rotating annular
reactor. Thus, soluble ferric species should be present,
although ferric colloidal species may dominate as the pH of
South Saskatchewan River water was 8.5 (Ferris et al,
1989a,b). Previous studies have demonstrated that bacterial
surfaces bioaccumulate ferric species under acid conditions
(Ferris et al., 1989a,b; Warren & Ferris, 1998). However, at
near-neutral pH bioaccumulation of Fe is much higher than at
low pH. Under these oxygenated conditions, Fe(II) is
expected to be readily oxidized to Fe(III) (Konhauser, 2007).
In natural waters, Fe(II) can be stabilized through complexa-
tion with organic compounds (Theis & Singer, 1974), which
may account for the presence of Fe(II) species in this region of
the biofilm. Note that many rivers, including the South
Saskatchewan river, receive anoxic groundwater containing
organic chelated ferrous iron. Another possibility is that some
of the Fe(II) species are stabilized in lower pH, or anoxic
micro-environments, a situation that has been documented
to occur in Psendomonas aeruginosa biofilms (Hunter &
Beveridge, 2005; Hunter ez a/., 2008). In summary, it could
not be determined whether the Fe(III) bioaccumulation by
the sheath was from sorption of soluble Fe(I1I) species, colloi-
dal Fe species, or by oxidation of Fe(II) species. Moreover, Fe
is often associated with Mn as a ferromanganese [Mn(II),
Fe(II)] precipitate in natural systems (Dean et al, 1981;
Konhauser, 2007), forming in an aerobic environment from
the reduction of Mn(III), Mn(IV) and Fe(III) oxides bioaccu-
mulated by cyanobacteria or algae. Tazaki (2000) examined
natural microbial mats from river water using an electron
microscope and observed that Fe-Mn oxides were sorbed only
after the sorption of layer silicates. They proposed that bio-
accumulated Mn(IV) oxides oxidize Fe(II) with a concomi-
tant reduction to Mn(II), and that Fe(III) (ferrihydrate) was
sorbed by the bacterial surfaces. Our observations appear to
be consistent with this proposal since silicates were the domi-
nant chemical component of the sheaths.

It has been proposed that aqueous silica is heterogeneously
sorbed onto bacterial surface functional groups via three
mechanisms: (i) hydrogen bonding, (ii) bonding to the
positively charged functional groups and (iii) cation bridging
(Urrutia & Beveridge, 1993; Schultze-Lam ez al., 1995;
Westall et al., 1995; Jones et al., 1997; Konhauser, 2007,
Peng et al., 2007). Urrutia & Beveridge (1993, 1994)
showed that Fe pretreatment of bacterial cells at pH 8
enhanced the binding of silicate, whereas at acidic values
silicate was more favorably bound when the cells were not
treated with Fe. Similar results have been obtained by other
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researchers (Scheidegger et al., 1993; Manceau et al., 1995;
Fortin et al., 1998; Fein et al., 2002). Under such conditions,
Konhauser & Urrutia (1999) suggested that Fe sorbs to the
bacterial surfaces followed by Si and Al sorption. In this study,
the pH of the river water was 8.5, and Fe(III) was sorbed by
the sheath. From the analysis of the Si 1s image sequence
(Fig. 8) and the detailed elemental analysis (Fig. 10), it is
evident that the organo-silicate component dominated the
composition of the sheath of the filamentous bacteria. The
presence of the organosilicon spectroscopic signal indicates
that a C-O-Si bond was present. Heinen (1965) used IR to
study the interaction of Si with the bacteria Proteus mirabilis
and also observed C-O-Si signals.

Ca** was bioaccumulated by the sheaths (Fig. 7), but there
was relatively little carbonate (Fig. 2D). CaCOj3 minerals are
ubiquitous in nature (Riding, 2000; Braissant et al., 2003;
Dittrich & Obst, 2004; Benzerara et al., 2006). It is well
known that micro-organisms, particularly cyanobacteria, facil-
itate carbonate precipitation by the adsorption of Ca?* cations
to their cell surfaces and photosynthetic uptake of HCO3™ and
the concomitant release of OH™ under limited CO, supply
(Obst et al., 2006, 2009; Ercole e al., 2007; Lalonde et al.,
2007a). That is, Ca®* acts as a cation bridge between the nega-
tively charged functional groups on the bacterial surface and
the carbonate anion. The amount of Ca?* on the sheath was
much higher than the amount of carbonate. Obst ez al.
(2009) have shown that Ca®* is sorbed by planktonic cyano-
bacteria cells on surface EPS. Aragonite-like CaCOj3 was then
nucleated and grown from the adsorbed Ca?*, and both co-
existed on the cyanobacterial surface. Therefore, in this study,
it is likely that both CaCOj and adsorbed Ca®* were present
on the sheaths. Note that the formation of siderite (FeCO3)
and rhodochrosite (MnCOj3) was unlikely to have occurred in
our system as these minerals usually form in anaerobic envi-
ronments in the presence of microbes (Konhauser, 2007).

Although small, there was some Al detected on the sheaths.
The low level of Al was surprising since Al-silicates are ubiqui-
tous in natural environments (Konhauser ez a/., 1993, 1994;
Konhauser & Urrutia, 1999; Peng et al., 2007). The fact that
the aqueous Al concentration (5-20 pg L) in this study was
1-2 orders of magnitude lower than that of the other natural
freshwater systems studied (Konhauser ez al, 1993, 1994)
may account for the low levels of Al in the biomineralized
sheaths. The concentration of Mg (Table 1) in the natural
water was significantly larger than most of the other metals,
except Ca; however, it was not sorbed by the sheaths or the
rod-shaped bacteria. This is attributed to the fact that Mg>* is
very soluble, i.e. it prefers to bind to a water molecule rather
than a phosphate or carboxylate oxyanion (Collins, 2000).

Ni sorption

Even though all of the biofilm components were exposed
simultaneously to Ni under the same environmental condi-
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tions, the natural river biofilm selectively sorbed Ni only on
the sheaths of the filamentous bacteria. Ni sorption was not
apparent on the rod-shaped bacteria, the unbound EPS or
on the discrete mineral particles (i.e. muscovite, SiO,,
CaCOy3). This stark contrast in Ni sorption capabilities by the
various components led us to examine and compare the bio-
chemistry and mineralogy of these components to under-
stand the Ni sorption processes taking place in the biofilm.
In solution, simple Ni** salts immediately dissociate to
[Ni(OH,)e|** with the original ligands acting as non-coordi-
nating or weakly coordinating counter-anions (Richens,
1997). STXM showed that the Ni species that sorbed to the
sheath in this study was in the +2 oxidation state (Fig. 4),
confirming that the Ni?* cation was sorbed without oxida-
tion or reduction. Bacterial surfaces have negatively charged
surface functional groups that could serve as sites for adsorb-
ing Ni** (Beveridge & Murray, 1980; Sar ez al, 1999;
Konhauser, 2007). Ni adsorption by the cell wall of a pure
culture of the cyanobacteria Anabaena cylindrical has been
demonstrated (Campbell & Smith, 1986). Our results
(Figs 5-8 and 11) indicate that extensive (bio)mineralization
on the sheath had occurred with a strong preference to the
sheath surface. Jackson et al. (1999), studying Cu adsorption
on benthic communities, not only showed that blockage of
cell wall ligands by Si-, Al- and Fe-bearing mineral deposits
occurs but also showed extensive sorption of Cu by the cell
walls, although the sorption was weaker than that observed
for the mineral phases. Other researchers (Beveridge &
Murray, 1980; Doyle et al., 1980) studying pure bacterial
cultures have shown that the introduction of positive charges
into cell walls and/or alteration of the charge on carboxyl
groups (making them neutral or electropositive) resulted in a
decrease in the number of metal-binding sites, thus severely
limiting metal sorption onto bacterial surface anionic groups.
Templeton er al. (2001, 2003) used the long-period
X-ray standing wave technique to probe the sorption of
Pb>* by Burkholderin cepacin biofilms formed on mineral
surfaces (e.g. a-Al, O3, a-Fe;O3). At low-Pb concentrations
(~200 pg L), the reactive sites on the metal oxides were
not passivated by the formation of the biofilm. That is,
Pb was preferentially sorbed by the mineral surfaces rather
than the biofilm surfaces. When the Pb concentration was
increased tenfold, Pb was also sorbed by the biofilm surfaces.
In our system, the sheaths were encrusted by the biominer-
als, whereas in the Templeton et al’s system the minerals
were covered by the biofilm. Thus, it may be expected that
the biominerals were the preferred sorption sites. However,
the Ni
(10 mg L™, thus sorption to the surface groups on the

concentration used in this study was high
sheath probably occurred. Nevertheless, even at this high Ni
concentration, Ni sorption by the rod-shaped bacteria was
not observed. In the case of the rod-shaped bacteria, the type
and abundance of their surface anionic functional groups
may have been significantly different than those on the
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sheath surface, so as to exclude Ni sorption (Konhauser,
2007).

We believe that the (bio)mineral(s) that formed on the
sheaths prior to the addition of Ni were a major site for Ni
sorption. Adsorption of bivalent metal ions on metals oxides
has been documented (Tamura & Furuichi, 1997). The
sheaths were encrusted by a number of metal species/
(bio)minerals (Figs 5-8), all of which may have served as Ni
sorption sites on the sheath. Note, however, that co-locali-
zation does not necessarily imply chemical interaction
between Ni and the metals/(bio)minerals. The Ni-Mn color
composite map (Fig. 11A) shows very clearly that the Ni and
Mn distributions were very similar. Mn species occurred on
the sheath as Mn(IT), Mn(III) and Mn(IV) species (Fig. 5).
Biogenic manganese oxides (Mn**) are known to bioaccumu-
late many metals, including Ni (Tani ez al., 2004; Tebo et al.,
2004). Villalobos et al. (2005) indicated that organic sorption
sites in biofilms do not appear to compete effectively with
Mn(IV) oxides in scavenging trace metals such as Pb(II) and
Mn(II). This observation may also be applicable to Ni**. Ni**
adsorption on MnO, was shown to occur above pH 4, with
maximum adsorption at pH > 7 (Tamura & Furuichi, 1997).
In this system, the pH of the water was 8.5; thus, there should
have been ample Mn(IIT) and Mn(IV) oxide sites available for
Ni sorption. Besides these pH-dependent sites, Mn(III) and
Mn(IV) oxides also carry a negative charge due to cation
vacancies in the oxide layers (Saratovsky et al, 2006), and
these sites appear to be favorable for Ni sorption. The extent
of Ni(II) substitution for Mn(IT) in manganese oxides is extre-
mely limited (Kay ez al., 2001); thus, it is unlikely that Ni
substituted for Mn(II) in the oxides. Rather, we believe that
Ni was adsorbed to the Mn(IIT) and Mn(IV) oxide biominer-
als on the sheath. Moreover, it was observed that Zn>* sorp-
tion to the organic sites only occurred after depletion of the
Mn sorption sites on the Mn(IV) oxides (Toner ez al., 20006),
supporting the contention that Ni has a preference for Mn
over organic sorption sites. In addition, biogenic Mn oxides
showed about tenfold higher efficiency than synthetic Mn oxi-
des (y-MnOs) for sorbing Ni**, and also had higher irrevers-
ibility of Ni sorption on biogenic Mn oxides (Tani et al.,
2004). The amount of Ni sorbed appears to be large com-
pared with the amount of Mn(IV) oxides, which may be due
to the formation of a Ni biomineral or that Ni was sorbed on
other sites.

Fe(III) species were also present on the sheaths of the
filamentous bacteria (Fig. 6). Ni** sorption by ferric miner-
als (e.g. hydrous ferric oxides, goethite) was 100% at
pH > 7 (Fischer et al.,2007; Xu et al., 2007). At pH 8.5, the
ferric iron species on the sheaths are expected to be deprotonat-
ed, thus Ni sorption was also likely on Fe(III) species on the
sheaths.

The organo-silicate dominates the chemistry of the sheath
(Fig. 8). Silica has been shown to adsorb Ni from solution (Xu
& Axe, 2005). In the environment silica is often associated

with iron oxides. Xu & Axe (2005) also showed that goethite
coated with silica adsorbed Ni, and that both the silica and
goethite surfaces were available for Ni adsorption. In fact, Ni
sorption was greater on the goethite silica-coated material
than on the sum of goethite and silica, apparently due to a
change in the goethite-coated silica surface properties vs. that
of the goethite and silica themselves. Hence, Ni sorption was
also likely on organo-silicate species on the sheath.

Muscovite is a non-expandable clay, thus ion exchange is
limited to the surface ions, i.¢. the potassium and sodium ions
in the interlayers are not exchangeable under ambient condi-
tions (Osman et al, 1998). The muscovite in this study
sorbed Fe(III), K* and Ca®* but the number of surface sites
were apparently too low to result in significant Ni adsorption,
and/or the sorbed cations were not readily exchangeable, or
the effective Ni concentration was too low due to sorption to
the other biominerals on the sheaths.

CONCLUSIONS

Scanning transmission X-ray microscopy combines high
spatial resolution with speciation and quantitative mapping
of metal and major biomacromolecules, based on reasonably
well-understood X-ray absorption spectroscopy. This enables
detection, identification and quantitative mapping of metal
species on individual microbial species in complex natural
biofilms, which in turn has provided useful insight into Ni
sorption processes. In the mixed microbial species biofilm
examined in this study, Ni was selectively sorbed on organo-
silicate-rich sheaths of filamentous bacteria. This was attrib-
uted to the presence of Mn, Fe and Si minerals on the
sheaths. Thus, the fate and effects of Ni ions in aquatic eco-
systems are intimately linked to that of Mn(II), Mn(III) and
Mn(IV) oxides, Fe(IIT) hydroxides/oxides, as well as silicates
bioaccumulated on particular species in biofilms and the
availability of suitable sorption sites at the microscale. This
specificity with regard to Ni sorption demonstrates that Ni
distributions, mobility and bioavailability in natural systems
can be influenced by a few select microbial species. Also, this
work highlights the complexity of natural systems in that
sorption sites on microbes may be occupied by previously
sorbed metals or mineral phases. Thus, some of the experi-
mental work on individual species in controlled solutions
may not be applicable to natural systems. Studies in natural
systems are critical to understanding the role of microbes in
mineralization processes. These results may have implications
with regard to bio-amplification in the food chain as toxic
metal ions such as Ni** may be concentrated in specific
microbial species, which might be preferential food sources
for higher organisms. Furthermore, our results suggest that,
if the microbial species responsible for the filamentous sheath
formation could be isolated and cultured, they could be
used to treat Ni-contaminated sites, which are a significant
environmental problem.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Fig. S1 Damage check images. (A) First detailed image of study area
(<2 ms pixel™" total). (B) After first stack (O 1s , 70 images at 0.6 ms pixel™";
~45 ms total integrated). (C) After all February 2005 STXM 11 experiments: O
1s stack, Fe stack (53 images at 0.45 ms pixe|’1), Mn stack (50 images at
0.3 ms pixel™") and Ni stack (35 images at 0.45 ms pixel™") ~120 ms total
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integrated), (D) after C 1s stacks on STXM 532 in February 2005 (85 images at
0.8 ms ~200 ms total integrated), (E) after STXM 11 Si 1s stack in October
2005 [(F) after Si 1s stack (12 images at 0.8 ms ~210 ms total integrated], (F)
after additional stacks at S 1s (65 images at 1 ms) and Al 1s edges (136 images
at 2 ms). Although the dose changed a lot from edge to edge, all the data
recorded required only ~500 ms pixel™" for total time, integrated over all mea-
surements, a time where only the most radiation sensitive materials (such as
PMMA) would show a significant damage.

Fig. S2 (A) Mg 1s spectrum of a Mg-rich region outside of the study area, com-
pared with the spectra of cordierite and fosterite (Trcera et al., 2008). The inset
figure shows the Mg map of this area. (B) OD images at (i) 1303 and (i)
1315.5 eV of the study area, along with (iii) their difference, and (iv) an overlay
of the Mg signal (blue) and the 1303 eV image (gray scale). Aside from a few
small particles, no Mg is detected.
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Fig. S3 (A) OD image at 637.0 eV, before the onset of Mn 20 absorption. (B)
OD image at 639.6 eV [peak of Mn(ll) absorption]. (C) Difference.

Fig. S4 (A) Image at 639.6 eV. (B) Image at 642.4 eV taken from the
Mn 2p stack, after the non-Mn signal had been subtracted. (C) Spectra
extracted from the color regions showing strong differences in different
regions of the sample.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.



