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Abstract

Electron energy loss spectroscopy (EELS) techniques were used to determine oxidation state, at high spatial resolution, of

chromium associated with the metal-reducing bacteria, Shewanella oneidensis, in anaerobic cultures containing Cr(VI)O4
2� .

These techniques were applied to fixed cells examined in thin section by conventional transmission electron microscopy (TEM)

as well as unfixed, hydrated bacteria examined by environmental cell (EC)-TEM. Two distinct populations of bacteria were

observed by TEM: bacteria exhibiting low image contrast and bacteria exhibiting high contrast in their cell membrane (or

boundary) structure which was often encrusted with high-contrast precipitates. Measurements by EELS demonstrated that cell

boundaries became saturated with low concentrations of Cr and the precipitates encrusting bacterial cells contained a reduced

form of Cr in oxidation state + 3 or lower. Published by Elsevier Science B.V.

Keywords: Cr(VI); Electron energy loss spectroscopy; Environmental cell; Microbial metal reduction; Shewanella oneidensis; Transmission
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1. Introduction

Chromium is a redox active 3d transition metal

with a wide range (� 2 to + 6) of possible oxidation

states of which only two are stable. Thermodynamic

calculations predict hexavalent chromium, Cr(VI), is

energetically favored for oxic conditions and the

insoluble trivalent form, Cr(III), predominates under

anoxic or suboxic conditions. Hexavalent chromium

species are strong oxidants which act as carcinogens,

mutagens, and teratogens in biological systems (see

Cieslak-Golonka, 1995). The structural similarly of

chromate (Cr(VI)O4
2 � ) anions (dominant Cr(VI)

species at pH < 6.1, Brito et al., 1997) to biologically

important inorganic anions, such as SO4
2 � and

PO4
3� , is likely responsible for their ability to readily

transverse cell membranes, via the sulfate transport

system, and be incorporated into cells (for a review

see Cervantes et al., 2001). The high mobility (sol-

ubility), bioavailability (uptake), and toxicity of

Cr(VI) make it a particular environmental concern.

The list of bacterial strains that tolerate or resist

Cr(VI) continues to expand (for a review see Cer-

vantes, 1991; Lovley, 1993; Fendorf et al., 2000;

Wang, 2000). Several mechanisms have been pro-

posed for microbial response to toxic metal exposure.
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Of these, mechanisms for Cr(VI) reduction are of

particular technological and biological importance

because they convert a toxic, mobile element into a

less toxic, immobile form. The study of microbial

Cr(VI) reduction, such as the identification of reduc-

tion intermediates, has been hindered by the lack of

an analytical technique that can identify the oxida-

tion state of chromium with subcellular spatial reso-

lution. The most widely used method for following

Cr(VI) reduction is the diphenylcarbazide colorime-

tric method (see Clesceri et al., 1999). Absorption at

540 nm by stoichiometric oxidation products of di-

phenylcarbazide reagent in acid solutions is assumed

to be specific for a Cr(VI) complex. However, Cr(V), a

possible intermediate in the microbial reduction proc-

ess for Pseudomonas ambigua G-1 (Suzuki et al.,

1992) and Shewanella oneidensis (formally classified

S. putrefaciens MR-1) (Myers et al., 2000), also reacts

with diphenylcarbazide producing a compound that

absorbs at 540 nm (Eckert et al., 1991). Furthermore,

hexavalent molybdenum, hexavalent vanadium, mer-

cury and other metals, will react with diphenylcarba-

zide to form complexes which can contribute to the

absorption at 540 nm (see Clesceri et al., 1999). Other

methods used to determine oxidation state in bacteria

cultures include electron spin resonance (ESR) (also

called electron paramagnetic resonance (EPR) and

electron magnetic resonance (EMR)) spectroscopy,

and X-ray photoemission spectroscopy (XPS). Al-

though insensitive to oxidation state, flame atomic

absorption spectroscopy and inductively coupled plas-

ma spectroscopy are routinely used to measure total

chromium concentrations. All of these are bulk tech-

niques and cannot provide detailed information on the

subcellular (submicron) level necessary for under-

standing microbial reduction processes.

Both transmission electron microscopy (TEM) and

scanning electron microscopy (SEM) have sufficient

resolution to study the spatial relationship between

cells and reduction products, as well as their chem-

istry. With electron microscopy, energy-dispersive X-

ray spectroscopy (EDXS) can be used to measure the

characteristic X-rays emitted when atoms in a speci-

men return to their ground state following core-level

ionization by the electron beam. For example, EDXS

has been used to identify elements present in reduc-

tion products associated with bacteria (Hill and Cow-

ley, 1986; Fude et al., 1994; Badar et al., 2000;

McLean et al., 2000; Smith and Gadd, 2000; McLean

and Beveridge, 2001) and wetland plants (Lytle et al.,

1998). Although straightforward to use for elemental

identification, EDXS is insensitive to oxidation state.

On the other hand, electron energy loss spectroscopy

(EELS), which directly measures the energy loss of

incident electrons inelastically scattered from atoms in

the specimen, is a direct probe of the electron config-

uration around atoms, and can determine the oxidation

state of 3d and 4d transition metals at high spatial

resolution (Krishnan, 1990; Paterson and Krivanek,

1990; Cressey et al., 1993; van Aken et al., 1998).

Furthermore, EELS techniques have been used to

produce oxidation state maps using energy filtered

imaging (Wang et al., 1999, 2000).

Determination of oxidation state by EELS is ac-

complished by analyzing valence-induced differences

in fine structure of L2 and L3 (or collectively L2,3)

absorption edges by comparison of unknowns to

standards of known oxidation state. In an EELS

core-loss spectrum, an absorption ‘‘edge’’ is a sudden

increase in electron energy loss that immediately

follows the threshold energy for ionization of a core

electron. Edges are denoted by electronic level ion-

ized, K, L, M, etc., following standard spectroscopic

nomenclature. The L2,3 absorption edges arise from

transitions to unoccupied d levels from two spin-orbit

split levels, 2p1/2 level (producing the L2 edge) and

the 2p3/2 level (producing the L3 edge). The valence of

a transition metal is related to the number of holes in

the d level, (i.e., the 3dn or 4dn) configuration. For

example, tetrahedral Cr(VI) has an empty d orbital

(3d0 configuration) and octahedral Cr(III) has a 3d3

configuration. Since L2,3 absorption edges are inher-

ently dependent on the number of unoccupied d levels

in 3d and 4d transition metals, they are sensitive to

valence state.

In general, oxidation state can affect the position,

shape and relative intensity of L2,3 absorption edges.

Techniques used to determine mixed/single valence

states involve analysis of the following: (a) the posi-

tion of the L2,3 absorption edges, which depends on

the screening of the nuclear field of a metal atom by

the presence of valence-electron charge; absorption

edges generally shift to higher energy with increased

oxidation state, (b) the ratio of the I(L3)/I(L2) inte-

grated-peak intensity (henceforth abbreviated as L3/

L2) which depends on the number of electrons in the
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final (4d or 4f) state; white-line ratios generally

decrease with increased oxidation state (e.g., van Aken

et al., 1998), and (c) least squares fits of summed

spectra of standards or calculations to the shape of L2,3

absorption edges (e.g., Cressey et al., 1993). Further-

more, the total L2,3 absorption edge (or white line)

intensity, normalized to the post L-edge continuum,

has been used to determine the d-electron occupancies

in transition metals (e.g., Pearson et al., 1993). How-

ever, L3/L2 peak ratios are more sensitive to valence

state than the normalized white line intensities as

shown by energy-filtered imaging (Wang et al., 1999).

The application of TEM EELS techniques to actual

microcharacterization of mineral oxidation state has

been under utilized because of the difficulties in

applying the techniques. For example, despite the

detailed, submicron-scale information they can pro-

vide, to our knowledge, EELS techniques have never

been applied in microbial reduction studies. In fact,

previous TEM studies only assume microbial Cr(VI)

reduction products are Cr(III) (e.g., McLean et al.,

2000; McLean and Beveridge, 2001). Although this

assumption is likely correct, since Cr(III) is a stable

and insoluble reduced form, the oxidization state of

the Cr associated with bacteria has not yet been

determined by direct measurement.

The purpose of this paper is to demonstrate the

application of EELS techniques for the determina-

tion of oxidation state of metals associated with bac-

teria. A description of methods for collecting EELS

spectra, selection of standards, spectra analysis, and

data interpretation are discussed. In particular, Cr(VI)

reduction by S. oneidensis (previously S. putrefa-

ciens strain MR-1; Venkateswaran et al., 1999) was

studied.

2. Cultures, methods, and techniques

2.1. Cultures

S. oneidensis (Venkateswaran et al., 1999), previ-

ously classified S. putrefaciens strain MR-1 (Mac-

Donell and Colwell, 1985), and as Alteromonas

putrefaciens (Lee et al., 1977), was isolated from

the anaerobic zone of Mn-rich sediments in Oneida

Lake, NY (Myers and Nealson, 1988b). S. oneidensis

is a Gram-negative, facultative bacterium, capable of

respiring aerobically and anaerobically using a variety

of terminal electron acceptors, including: Fe(III),

Mn(IV), NO2
� , NO3

� , SO2, sulfite (SO3
2� ), thio-

sulfate (S2O3
2� ), tetrathionate (S4O6

2� ), trimethyl-

amine N-oxide, fumarate, glycine, Cr(VI), U(VI), and

Tc(VII) (see Myers and Nealson, 1988a,b; Lovley

et al., 1991; Lloyd and Macaskie, 1996). The bac-

teria were initially grown under aerobic conditions

at 30 jC for 18 to 24 h in Luria–Bertani (LB)

broth (Difco Laboratories, Detroit, MI, USA) with

continuous agitation. An aliquot (5 ml) of the initial

culture was transferred to flasks containing 250 ml

of an anaerobic growth medium (adapted from Myers

and Nealson, 1988a). The growth medium consisted

of autoclaved dH20, a salt component (9.0 mM

(NH4)2SO4, 5.7 mM K2HPO4�3H2O, 3.3 mM

KH2PO4, and 2.0 mM NaHCO3), and a trace metal

component (70 AM Na2EDTA�2H2O, 60 AM H3BO3,

10 AM NaCl, 6 AM FeSO4�7H2O, 5 AM CoCl2�6H2O,

5 AMNi(NH4)(SO4)2�6H2O, 4.0 AMNa2MoO4�2H2O,

1.5 AM Na2SeO4 (anhyd), 1.3 AM MnSO4�H2O, 1.0

AM ZnSO4�7H2O, and 0.2 AM CuSO4�5H2O). The

following amino acids and vitamins were present in

the medium: 10�4 mg l�1 casamino acids, 10�3 mg l�1

vitamin B1 (Thiamine), 0.02 mg l�1
L-arginine HCl,

0.02 mg l�1
L-glutamic acid, 0.02 mg l�1

L-glutamine,

and 0.04 mg l�1
L-serine. The following co-factors

were present in the medium: 1 mM MgSO4�7H2O and

0.5 mM CaCl2�2H2O. The carbon source was sodium

lactate (18 mM).

For reduction rate experiments, cells were grown to

an optical density of 0.5 (at 600 nm), approximately

108 cells cm� 3. Five experimental runs were per-

formed: live resting cells, cell-free supernatant, sodium

azide-treated cells (to inhibit respiration), heat-treated

cells (to terminate metabolic and reductase functions),

and sterilized cell-free media. Live cells were treated

with antibiotic chloramphenicol (final concentra-

tion = 100 Ag/ml) to inhibit protein synthesis, stop cell

division, and maintain a constant cell population. The

second culture of cells was treated with 1% sodium

azide for 15 min. Cells were centrifuged at 104 rpm for

10 min (supernatant discarded), washed with sterile

1� phosphate-buffered saline, centrifuged, and resus-

pended in LB media. The third culture of cells was

heat-treated in a 60 jC water bath for 15 min with

periodic shaking. In all reduction rate experiments,

K2CrO4 was added to the anaerobic medium to a con-
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centration of 100 AM of CrO4
2� , to serve as an elec-

tron acceptor. The cultures were purged with N2 for 20

min with out-gassing to remove dissolved O2. Samples

were periodically removed and Cr concentration was

estimated using the diphenylcarbazide method.

For conventional TEM studies, cells were grown

anaerobically in the defined medium with K2CrO4

(concentration of 100 AM CrO4
2� ). Cultures were

incubated at room temperature on a bench-top stir

plate attached to a N2 gas line for 30 days. Samples (1

ml) from the 30-day culture were pelleted by centri-

fugation (1 min at 104 rpm), and fixed in 1 ml, 5%

aqueous solution of glutaraldehyde (Grade I, Sigma)

overnight at room temperature. Fixed cells were

washed three times in distilled water, and treated with

2% osmium tetroxide (aqueous solution) for 1 h. After

washing three times in distilled water, the pellets were

processed through a gradual ethanol dehydration

sequence (in 35%, 50%, 75%, then 95% ethanol in

deionized water), three 10-min washes in 100% etha-

nol, and three 10 min washes in propylene oxide. The

specimen was embedded in Spurr’s resin (Spurr,

1969) for its low viscosity. Increasing concentrations

of Spurr’s resin in propylene oxide were infiltrated

into the pellets at mixtures of 1:1, 2:1, 3:1 and 100%

resin for 1 h each. Cell pellets were infiltrated again

with fresh Spurr’s resin for 1 h and cured at 70j for 2

days. Specimens of 80 nm thickness were sectioned

from the embedded blocks using a Leica UltraCut

UCT microtome and mounted on amorphous carbon

(a-C) coated Cu TEM grids.

For environmental cell (EC)-TEM studies, cells

were grown anaerobically in the defined medium with

K2CrO4 (100 AM CrO4
2� ). Initial pH was approx-

imately 6.7. Cultures were incubated at room temper-

ature on a bench-top stir plate attached to a N2 gas

line. The culture was aseptically sampled and ana-

lyzed for Cr(VI) concentration using the diphenylcar-

bazide method during the course of the incubation.

The culture was spiked with K2CrO4 after 96, 120,

144, 168, 408, 672, 840, 1008, and 1128 h. A total of

0.275 mol K2CrO4 was added to the culture. After a

51-day incubation, 200 ml of culture were removed

from the flask, sealed in a test tube, and shipped for

EC-TEM examination. Bacteria were examined 53

days after inoculation. In contrast to conventionally

prepared TEM specimens, EC-TEM specimen prepa-

ration was minimal. The sample was centrifuged,

supernatant removed, and the pellet rinsed with dis-

tilled water to remove trace salts. An aliquot (several

microliters) containing suspended bacteria was quick-

ly loaded into the EC-specimen holder and examined

under an atmosphere at 100 Torr of air saturated with

water vapor.

2.2. Transmission electron microscopy

A JEOL JEM-3010 transmission electron micro-

scope operating at 300 keV with a LaB6 filament was

used in this study. This instrument is equipped with an

EDXS system, a Gatan imaging filter (GIF200) capa-

ble of EELS, and a JEOL EC system with two inter-

changeable EC-specimen holders. Both in-situ EC-

TEM specimen holders are capable of circulating dry

or water-saturated gas at flow rates of 0–15 Torr l

min � 1 through the specimen chamber at 10� 3 to 250

Torr pressure. The EC-TEM system is of the closed

cell type (Fukami et al., 1991), and confinement of the

pressurized environment within the EC is achieved

with electron-transparent, a-C with the specimen sup-

ported on the lower EC window.

2.3. EELS techniques for oxidation state determina-

tion

In this study, two EELS techniques were used to

identify oxidation state of Cr associated with bacteria.

Oxidation state is determined by both the chemical

shift of L2,3 edges and the ratio of L3/L2, integrated-

peak intensities, the two most sensitive and straight-

forward techniques. Results of both techniques are

used here, in combination, to yield higher confidence

(and accuracy) of the oxidation state determination. In

contrast, previous EELS studies have focused on

demonstrating the capability of one technique, rather

than applying techniques in combination to actual

microcharacterization in physical systems.

In the first technique, L3 edges are more suitable

for measuring chemical shift than L2 edges because

their intrinsic line widths are narrower and better

defined. The extra broadening of the L2 threshold

peak results from the shorter lifetime of the excited

state associated with L2 which can decay by an extra

Coster–Kronig Auger decay channel not available

for the excited state associated with the L3 edge

(e.g., see Zaanen and Sawatzky, 1986). The chemical
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shift technique is more straightforward, and previ-

ously published results on well-characterized stand-

ards can be readily used. However, this technique

cannot be used for quantitative determination of

mixed oxidation states because the shift in absorp-

tion edges is small (e.g., c 2 eV between Cr(VI) and

Cr(III)) in comparison to typical peak widths (i.e.,

EELS resolution). The L3/L2 intensity ratio technique

can be quantitatively applied to materials with mixed

oxidation states. However, it is sensitive to analysis

conditions such as the subtraction of background

intensity due to transitions to unoccupied states in

the continuum, as well as peak integration widths.

These details can vary among researchers. Since it is

necessary to analyze standards and unknowns using

identical procedures, published L3/L2 peak ratio re-

sults are of limited use. Furthermore, in the selection

of oxidation state standards it is important that the

standards are not sensitive to electron beam damage

where they could change oxidation state in addition

to crystal structure and/or composition.

2.4. EELS experimental parameters

The following conditions were used during collec-

tion of EELS spectra under EC-TEM and TEM

conditions: an illumination angle 2a = 4–10 mrad, a

collection angle of 2b = 10.8 mrad, a 2-mm entrance

aperture, and an energy dispersion of 0.1 eV/channel.

Low-loss spectra were acquired with an integration

time of 0.128 s and core-loss spectra between 0.512

and 1.02 s. For each acquisition, 10 (EC-TEM) or 25

(conventional TEM) spectra were summed. Spectra

were collected in diffraction mode of the transmission

electron microscope (i.e., image coupling to the EELS

spectrometer) and were corrected for dark current and

channel-to-channel gain variation of the charge

coupled device (CCD) detector.

Energy calibration of the core-loss regime and

measurement of energy drift during data acquisition

were performed by collecting zero-loss spectra before

and following collection of core-loss spectra. Energy

of core-loss spectra was calibrated using the average

position of the two zero-loss peaks. The error in the

energy calibration corresponded to the energy drift of

the zero-loss peaks. In addition, a C–K edge spectrum

was acquired immediately following spectrum collec-

tion from the O–K/Cr–L core-loss regime. The

position of the C–K (1s) peak at 284.9 eV (arising

from transitions to the k* molecular orbital) from the

TEM a-C support film was used to evaluate the energy

calibration. Only sets of spectra whose energy cali-

bration was consistent with the position of the C–K,

k* peak were used. Either the pre-O–K edge back-

ground or the pre-Cr–L edge background (depending

on the analysis to be performed) was subtracted from

core-loss spectra using a power law and plural inelas-

tic scattering was removed by Fourier deconvolution

methods (Egerton, 1996).

Chromium standards were analyzed by conven-

tional TEM. Standards were produced by placing high

purity Cr(II)F2, Cr(II)Se, Cr(III)Cl3, Cr(III)2O3, KCr-

(III)(SO4)2�12H2O, and K2Cr(VI)O4 powders directly

on Cu TEM grids coated with holey a-C. Once the

standard was prepared, it was examined immediately.

For each standard, 20 individual grains were analyzed

by EELS. Results were averaged and the errors re-

ported for themean represent the standard error of those

measurements.

Fig. 1. Relative rates of Cr(VI) reduction in S. oneidensis-

inoculated, antibiotic chloramphenicol-treated (cell division inhib-

itor to maintain a constant cell population), sodium azide-treated

(respiratory inhibitor), and heat-treated (to terminate cell metabolic

activity) cultures. A colorimetric assay using spectrophotometry

was used to measure Cr(VI) concentration. To guide the eye, data

points are connected by straight lines, and a dotted line is used to

differentiate two close data sets.
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3. Results

3.1. Reduction rate experiments

To establish that respiring cells were responsible for

the reduction of Cr(VI), the reduction rate of live,

resting cells of S. oneidensis were compared to cell-

free supernatants, sodium azide-treated bacteria (to

inhibit respiration), heat-treated bacteria (to terminate

metabolic and reductase activity), and sterile (cell-free)

medium. The concentration of Cr(VI) in cultures was

periodically measured using the diphenylcarbazide

colorimetric assay (Fig. 1). Each data point represents

the average of three measurements and the error bars

represent the standard error of the mean. Live, resting

cells of S. oneidensis reduced approximately 80% of

100 AM Cr(VI) in 1 h. In comparison, no significant

Cr(VI) reduction occurred in cell-free supernatants

(data not shown), azide-treated cells, heat-treated cells,

and sterile (abiotic) medium controls (Fig. 1).

3.2. Direct imaging

Examination of S. oneidensis by EC-TEM at 100

Torr, under a circulation of air saturated with water

vapor (2 Torr l min � 1), showed the rod-shaped

Fig. 2. S. oneidensis imaged by EC-TEM at 100 Torr: (a, c) bacteria exhibiting low contrast in bright-field imaging and (b, d) bacteria encrusted/

impregnated with electron dense particulate. The arrowhead in panel (d) points to a low-contrast bacterium in the same field of view as a

bacterium with electron dense particulate, illustrating the dramatic contrast difference. The low-contrast, diffuse background, best seen in panel

(a), represents the extracellular polymeric substances that surround the cells.
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morphology typical of the species (Fig. 2). The mi-

crographs demonstrate that bacterial membranes were

intact and did not show evidence of rupture from

partial decompression. Cells remain plump/hydrated

while extracellular polymers surrounding the cells

retain moisture. In comparison, unfixed cells depos-

ited on a holy a-C film and examined under high

vacuum by conventional TEM (not shown), exhibit

ruptured cell membranes, as well as loss of both cell

and extracellular polymer mass through dehydration.

Direct imaging reveals two distinct populations of

S. oneidensis in the cultures: bacteria exhibiting low

image contrast (Fig. 2a,c) and bacteria exhibiting

electron dense, high-contrast cell boundaries often

encrusted with high-contrast precipitates (Fig. 2b,d).

Cross-sectional images of bacteria by conventional

TEM (Fig. 3) show no evidence of intracellular pre-

cipitates, suggesting precipitates are restricted to the

outer surface of the bacteria. Precipitates ranged in

size between c 10 and 200 nm, and selected area

diffraction indicated that the grains were predomi-

nantly amorphous perhaps due to a high degree of

hydration. Often the cells exhibited a 30- to 49-nm

thick, high-contrast perimeter, indicating that the cell

boundary became saturated with absorbed elements of

heavy mass.

3.3. Chemical analysis by EELS

Fig. 4 shows EELS low-loss and core-loss spectra

collected from an encrusted bacterium examined by

EC-TEM. The dominant feature in the low-loss spec-

trum is the zero-loss peak corresponding to electrons

that escaped inelastic collisions. The width of the

zero-loss peak is a measure of the energy distribution

of the incident beam and corresponds to the best

energy resolution of the spectrometer (energy resolu-

tion typically decreases with increasing energy loss).

The narrow zero-loss peak (Fig. 4) shows energy

resolution is not significantly affected by transmission

through the hydrated, pressurized environment of the

EC. The broad feature around 25 eV in the low-loss

spectrum corresponds to plasmon excitations (i.e.,

collective excitations of valence electrons). The ratio

of the integrated intensity under the zero-loss and

plasmon peaks is related to specimen thickness. The

relative height of the two peaks illustrates that multi-

ple scattering is not severe in the EC. The total

thickness traversed by the electron beam, estimated

by the log-ratio technique (Egerton, 1996), is 1.13k,
where k is the total mean free path for inelastic

scattering through the EC windows and specimen.

The low-loss spectrum also exhibits a sharp feature at

13.2 eV that is only observed in EELS spectra

collected in the EC. It is consistent with the EELS

K-edge of hydrogen (Geiger and Schmoranzer, 1969),

which can be produced by electron beam radiolysis of

water in the hydrated specimen. For example, similar

EELS edges at 13 eV have also been observed con-

currently with electron beam-induced bubble forma-

tion from frozen-hydrated biological specimens and

attributed to hydrogen formation (Leapman and Sun,

1995).

In the core-loss spectrum of encrusted S. oneiden-

sis examined by EC-TEM, a strong O–K edge signal

produced by O 1s transitions was observed at

537.1F 0.5 eV due to H2O in the hydrated bacterium

and extracellular substances. A less intense feature at

529.2F 0.5 eV can be attributed to oxygen 2p hybrid-

ization with the Cr 3d band, while the broad feature at

558 eV can be attributed to plural (O–K core-loss

Fig. 3. S. oneidensis imaged by conventional TEM in c 80-nm

thick, thin section. The field of view displays several bacterial cells

in random, oblique cross-section. Cross-sectional images show

precipitates occur on the outer cell surface and no evidence of

intracellular precipitates is observed.
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plus plasmon) scattering. The presence of Cr is clearly

shown by the characteristic pair of Cr–L2 and Cr–L3

edges in the EELS spectrum indicating that the

precipitates are Cr-rich.

Bacterial cultures were also examined in cross-

section by conventional TEM. Spectra collected from

individual precipitates encrusting the outer cell boun-

dary of S. oneidensis (Fig. 5) showed characteristic

Cr–L2,3 edges. The sectioned precipitates selected for

analysis were those loosely attached to the bacterial

outer surface where spectra could be collected without

contributions from the bacteria. In addition, the elec-

tron-dense cell boundary of S. oneidensis cells that

lacked precipitates encrusting the surface was exam-

ined by EELS in cross-section. Spectra from the cell

boundary revealed characteristic Cr–L2,3 edges indi-

Fig. 5. S. oneidensis imaged by conventional TEM in c 80-nm

thick, thin section: (a) cell is encrusted with electron dense

particulate; (b) EELS spectra from the isolated precipitates

demonstrates the presence of Cr. The particulates analyzed are

labeled and the diameter of the circle corresponds to the electron

probe diameter.

Fig. 4. S. oneidensis imaged by EC-TEM at 100 Torr: (a) cell is

encrusted with electron dense particulate. (b) EC-TEM EELS

spectrum from the bacterium demonstrates the presence of Cr. Both

the low-loss spectrum containing the zero-loss peak (ZLP) and the

core-loss spectrum of the O–K and Cr–L absorption edges are

shown. The ZLP represents electrons that have undergone elastic

and quasi-elastic (mainly phonon) interactions. Its full width at half

maximum is a measure of the instrumental resolution, which under

these EC-TEM conditions is c 1 eV. The top abscissa corresponds

to the low-loss spectrum and the bottom abscissa corresponds to the

core-loss spectrum.
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cating the cell boundary was saturated with absorbed

Cr at concentrations likely too low to be detected by

EDXS; EELS has higher sensitivity than EDXS.

A comparison of core-loss spectra from encrusted,

hydrated S. oneidensis (collected by EC-TEM) and Cr

standards of known oxidation state (collected by

conventional TEM) is shown in Fig. 6. The spectrum

of KCr(SO4)2�12H2O exhibited a peak at 535.7 eV

similar to the stronger feature observed in the spec-

trum from hydrated S. oneidensis, and likely corre-

sponds to H2O bound in the structure. More impor-

tantly, systematic differences in Cr–L2,3 fine structure

are apparent in the spectra of standards (Fig. 6). For

example, the Cr–L2,3 lines for the standards show a

systematic shift in edge-peak energy and variation in

relative intensity with oxidation state (Fig. 6). In ad-

dition, the Cr–L2,3 lines of the K2CrO4 peaks are

further differentiated in that they appear asymmetric

because each is split into two separate peaks separated

by f 2 eV.

3.4. EELS oxidation state analysis of standards

Oxidation state was identified by both the L3 peak

positions and the ratio of L3/L2 integrated-peak inten-

sities. Measurement of the L3 peak positions is

straightforward and the results for Cr standards are

shown in Fig. 7 and summarized in Table 1. For

measurement of the ratio of L3/L2 integrated-peak

intensities, two methods of background subtraction

were used. The first method, illustrated in Fig. 8, is

similar to the double step function used by Pearson et

al. (1993). In this method, the Cr–L3 pre-absorption

edge was fit to a power law and subtracted. A linear

function was then fit to the Cr–L2 post-edge region

over a 20-eV window (extending from 600 to 620

eV). Typically, background windows are chosen

Fig. 6. A comparison of the core-loss EELS spectra of encrusted S.

oneidensis in the EC at 100 Torr and Cr standards of known

oxidation state. Spectra were normalized to the intensity of the L3

peak and offset from one another. The spectra shown for the Cr

standards represent the sum of 20 individual spectra acquired. The

error bars shown for S. oneidensis represent the error in energy loss

calibration for that spectrum only. For the errors associated with the

other spectra, see Table 1.

Fig. 7. The measured L3 peak positions for the Cr oxidation-state

standards. The error bars for the data points represent the measured

drift in the EELS spectrometer during acquisition. The bar

represents the mean of the measured values. Roman numerals

along the abscissa indicate the formal valence state of Cr in the

standard.
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Table 1

Cr–L3 (2p3/2) and Cr–L2 (2p1/2) adsorption edges

XPS—binding energies, EELS—L-edge peak positions

Compound Formal Valence Cr–L3 (2p3/2) (eV) Cr–L2 (2p1/2) (eV) Technique Refs.

Cr 0 573.8 583.0 XPS Allen and Tucker, 1976

574.1 XPS Moffat et al., 1995

574.1 583.5 XPS Asami and Hashimoto, 1977

574.3a 582.8a EELS Fink et al., 1985a

576.5F 1.0 585.0F 1.0 EELS Leapman et al., 1982b

CrP 0 574.2 XPS Moffat et al., 1995

Cr(CO)6 0 577.6 586.3 XPS Allen and Tucker, 1976

CrF2 II 574.2F 0.1 583.5F 0.1 EELS This study

CrSe II 574.2F 0.1 583.1F 0.1 EELS This study

CrCl3 III 574.9F 0.1 583.4F 0.1 EELS This study

576.4 587.4 XPS Allen and Tucker, 1976

CuCrO2 III 576.4F 0.2 586.2F 0.2 XPS Allen et al., 1973c, Allen and Tucker, 1976

NaCrO2 III 577.0F 0.2 586.9F 0.2 XPS Allen et al., 1973c, Allen and Tucker, 1976

Cr2O3 III 575.9F 0.1 584.3F 0.1 EELS This study

576.5 586.0 XPS Asami and Hashimoto, 1977

576.6–576.8 XPS Moffat et al., 1995

576.8F 0.2 586.2F 0.2 XPS Allen et al., 1973c, Allen and Tucker, 1976

576.8 584.8 EELS Krivanek and Paterson, 1990

576.8 586.7 XPS Ikemoto et al., 1976

577.9F 1.0 585.8F 1.0 EELS Leapman et al., 1982b

FeCr2O4 III 576.0 584.0 XPS Kendelewicz et al., 1999

KCr(SO4)2�12H2O III 576.0F 0.1 584.5F 0.1 EELS This study

581.0 590.5 XPS Allen et al., 1973c, Allen and Tucker, 1976

LaCrO3 III 576.1F 0.09 585.8F 0.05 XPS Konno et al., 1992

LiCrO2 III 577.0F 0.2 586.8F 0.2 XPS Allen et al., 1973c, Allen and Tucker, 1976

CrOOH III 577.0 586.9 XPS Ikemoto et al., 1976

Cr(OH)3�0.4H2O III 577.0 586.4 XPS Asami and Hashimoto, 1977

577.1 XPS Moffat et al., 1995

CrP III 577.4 XPS Moffat et al., 1995

CrCl3�6H2O III 577.5 XPS Moffat et al., 1995

CrPO4 III 577.8 XPS Moffat et al., 1995

CrBO3 III 578.0 XPS Moffat et al., 1995

Cr2(SO4)�15H2O III 578.6 XPS Moffat et al., 1995

CrO2 IV 576.3 586.0 XPS Ikemoto et al., 1976

LaCrO4 V 578.8F 0.21 588.0F 0.22 XPS Konno et al., 1992

CrO3 VI 578.3F 0.2 587.0F 0.2 XPS Allen et al., 1973c

579.1 588.3 XPS Asami and Hashimoto, 1977

CaCrO4 VI 578.9F 0.2 588.1F 0.2 XPS Allen et al., 1973c, Allen and Tucker, 1976

BaCrO4 VI 579.1F 0.2 588.4F 0.2 XPS Allen et al., 1973c, Allen and Tucker, 1976

K2Cr2O7 VI 579.4F 0.2 588.8F 0.2 XPS Allen et al., 1973c, Allen and Tucker, 1976

579.8 589.1 XPS Ikemoto et al., 1976

Na2Cr2O7 VI 579.4F 0.2 588.5F 0.2 XPS Allen et al., 1973c, Allen and Tucker, 1976

Rb2Cr2O7 VI 579.4F 0.2 588.7F 0.2 XPS Allen et al., 1973c, Allen and Tucker, 1976

Cs2Cr2O7 VI 579.5F 0.2 588.7F 0.2 XPS Allen et al., 1973c, Allen and Tucker, 1976

SrCrO4 VI 579.6F 0.2 588.6F 0.2 XPS Allen et al., 1973c, Allen and Tucker, 1976

K2CrO4 VI 578.6F 0.1 587.2F 0.1 EELS This study

579.6F 0.2 588.9F 0.2 XPS Allen et al., 1973c, Allen and Tucker, 1976

PbCrO4 VI 578.6 587.2 XPS Kendelewicz et al., 1999

580.9 587.8–589.5 EELS Brydson et al., 1993

Cs2CrO4 VI 579.8F 0.2 588.8F 0.2 XPS Allen et al., 1973c, Allen and Tucker, 1976

Li2CrO4 VI 579.8F 0.2 589.0F 0.2 XPS Allen et al., 1973c, Allen and Tucker, 1976

Na2CrO4 VI 579.8F 0.2 589.1F 0.2 XPS Allen et al., 1973c, Allen and Tucker, 1976
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between 50 and 100 eV because smaller windows are

susceptible to plural scattering effects. However, there

were insufficient channels in the data to use a larger

window since the O–K edge region was included.

The fitted background was extrapolated into the L2

threshold region. A linear step function was inserted

at the L2 maximum and a straight line (of the same

slope as that fitted to the Cr–L2 post-edge region) was

extrapolated into the L3 threshold. A second step

function was inserted at the L3 maximum and set to

zero below the L3 maximum. The ratio for the step

heights was set at 2:1, consistent with the multiplicity

of the initial states, that of four 2p3/2 electrons and two

2p1/2 electrons. It should be noted that the ratios of L3

to L2 intensities do not follow the expected 2:1 ratio

for early 3d transition metals (Leapman and Grunes,

1980). These anomalous ratios can be partially

explained by atomic multiplet effects producing over-

lapping transitions from 2p3/2 and 2p1/2 states (Zaanen

et al., 1985). Nonetheless, an approximation of 2:1 is

sufficient for this work.

Although the first subtraction method approxi-

mates the decreasing background, the fit of Cr–L2

post-edge region was often affected by a broad

post-edge feature, containing plural scattering effects

Fig. 9. The measured L3/L2 integrated-peak intensity ratios for the

Cr oxidation-state standards: (a) background subtraction method I

and (b) background subtraction method II. The bar represents the

mean of the measured values. There is no straightforward method to

determine experimental errors for the individual measurements so

none are reported. Roman numerals along the abscissa indicate the

formal valence state of Cr in the standard.

Fig. 8. Core-loss EELS spectrum for K2CrO4 illustrating the

background subtraction used in method I. The step function (bold

line) used to subtract the background from the L2,3 edges and the

areas integrated to yield peak intensities (shaded regions) are shown.

The fitting parameters a, b, s, and m are: the L3 maximum, the L2

maximum, the slope of the linear function fitted to the 20 eV post L2

edge region (600–620 eV), and the intercept of the linear function.

The parameter mV is given by mV=(2m� as)/3.

Notes to Table 1:
a As reported in reference as binding energies.
b EELS L-edge onsets quoted in reference, however L-peak positions are shown here.
c After recalibrating the XPS, Au 4 f7/2 line from 82.8 to 84.0 eV.
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not completely removed from the spectra. The post-

edge feature varied with each spectrum, introducing

scatter in the L3/L2 peak ratio measurements. To

provide a more consistent background subtraction

for all spectra, a second method using a flat, two-

step function was applied. The second background

fitting procedure is identical to the first except the

slope of the linear function is set to zero and it is

fit to a 2-eV wide window immediately following

the Cr–L2 peak, in the edge tail, prior to the post-

edge feature.

Once the background was subtracted using either

of the two methods, the Cr–L peaks were integrated

over a 5 eV window. The L3/L2 peak ratios for the Cr

standards are shown in Fig. 9 and summarized in

Table 2. The flat, two-step background subtraction

method yielded lower values, however, less relative

scatter in the data. The core-loss spectra for K2CrO4

exhibited almost no post L2 edge features and this

may account for the close similarity in L3/L2 peak

ratios determined using the two background subtrac-

tion methods (Table 2).

The correlation between measured L3/L2 inte-

grated-peak intensity ratios and L3 peak positions

for the Cr oxidation-state standards is shown in Fig.

10a. Measurements of the standards demonstrate that

Cr oxidation states fall within well-separated regions

in the correlation plot. Since the local electronic

structure of the atom is responsible for the fine

structure of absorption edges, other factors, in addi-

tion to valence state, influence L2,3 fine structure, such

as atom coordination, spin-orbit interactions, crystal

field splitting, atomic coulomb repulsion, and ex-

change effects. For example, within a given oxidation

state in Fig. 10a, spectra for the individual standards

fall within separate groupings reflecting possible dif-

ferences from these factors which must be considered

to correctly interpret fine structure of absorption edges.

The correlation plot represents a map of the possible

range in fine structure (including influences from fac-

tors other than valence state) that a particular Cr oxi-

dation state can display.

3.5. EELS oxidation state analysis of bacterial

cultures

The EELS measurements of the bacterium exam-

ined by EC-TEM and precipitates examined in thin

Table 2

Cr–L adsorption edge ratios

Compound Formal L3/L2 integrated ratio

valence
Background

method I

(Pearson et al., 1993)

Background

method 2

(Flat Two Step)

CrF2 II 2.97F 0.07 2.37F 0.03

CrSe II 2.60F 0.06 2.04F 0.02

CrCl3 III 1.75F 0.03 1.68F 0.01

Cr2O3 III 1.81F 0.01 1.70F 0.01

KCr(SO4)2�12H2O III 1.77F 0.02 1.60F 0.01

K2CrO4 VI 1.42F 0.01 1.44F 0.01

Fig. 10. The correlation between measured L3/L2 integrated-peak

intensity ratios and L3 peak positions for (a) the Cr oxidation-state

standards, (b) bacteria and precipitates. Plotted L3/L2 ratios were

determined using background subtraction method II. The different

Cr oxidation states fall within separate regions in the plot and are

labeled II, III, and VI. The solid data points represent the mean of

the data for a particular Cr standard.
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section by conventional TEM are summarized in

Table 3. The error reported for the precipitates repre-

sents the standard error of the mean of 10 measure-

ments. The error reported for the encrusted bacterium

is a conservative estimate.

4. Discussion

4.1. EC-TEM techniques for microbial studies

Conventional TEM studies of microbial reduction

of metals have provided important information. How-

ever, they are limited because the techniques of

fixation, embedding, and microtoming, necessary to

prepare thin specimens, are known to alter delicate

cellular structures. Fixation and dehydration preserve

some of the structure, but buffer and organic solvent

washes remove extracellular polymers as well as

soluble ions from extracellular and intracellular sour-

ces. Therefore, soluble, reduction intermediates can be

lost. Furthermore, dehydration causes extracellular

biopolymers to collapse into a filamentous, web-like

network. Data on dehydration artifacts related to

microorganisms has been provided by environmental

scanning electron microscopy (ESEM) (Little et al.,

1991). Environmental cell techniques, particularly

when coupled with TEM, can be advantageous

because unfixed, hydrated bacteria, still encapsulated

by biopolymers, can be examined at high spatial

resolution. However, damage to the unfixed, hydrated

cells observed by EC-TEM occurs within minutes of

electron-beam exposure during imaging. Furthermore,

analysis of the L-edge spectra by EELS requires

significantly higher electron doses than during imag-

ing. In some cases, the cell boundary is ruptured

during analysis with potential mass loss. Nevertheless,

if an element is detected it certainly must be associ-

ated with the bacteria, particularly when absent in the

surrounding medium.

4.2. Oxidation state determination

It is difficult to explicitly deconvolve the influen-

ces on fine structure, for example, from atom coordi-

nation, spin-orbit interactions, and crystal field split-

ting from that of valence state. Nonetheless, the mean

oxidation state of an unknown can be determined by

plotting its L3 peak position and L3/L2 integrated-peak

intensity ratio in a correlation plot of oxidation state

standards (see Fig. 10a). However, it is important that

the correlation plot contain the broadest collection of

standards feasible to map the full range in fine

structure a particular oxidation state can display. The

better these ranges are known, the more confidence

can be placed in the oxidation state determination. In

this regard, the data in Table 1, supplements that of

Fig. 10a. Table 1 includes published L2,3 peak posi-

tions (absorption edge maximums) from previous

EELS studies as well as core-level (or inner-shell)

binding energies measured from XPS studies. In XPS,

a bulk specimen is illuminated with monochromatic

X-rays and the kinetic energies of ejected photoelec-

trons are measured. In comparison, EELS measures

the energy loss of electrons that travel through a

specimen. The EELS edge onset, the sudden rise in

intensity preceding each of the L2,3 peaks, represents

the ionization threshold that approximately corre-

sponds to the inner-shell binding energy measured

by XPS. The difference in chemical shift measured by

EELS and XPS for oxides has been suggested to be on

the order of the band-gap energy (Leapman et al.,

1982), and may arise from many-body relaxation ef-

fects (more dominant in XPS) in which nearby elec-

tron orbitals are pulled towards a core hole (Egerton,

1996). Table 1 gives an indication of the range of L2,3

peak positions expected for each Cr oxidation state

and their relative overlap (note that XPS values are

reported as binding energies, not edge maxima).

The oxidation state of an unknown can be accu-

rately determined using a correlation plot supported

by a range of standards. If an unknown has compo-

nents with different oxidation states, the correlation

plot will reveal the predominant form. To quantify the

Table 3

Cr–L3 (2p3/2), Cr–L2 (2p1/2) adsorption-edges and L3/L2 integrated

ratios

Specimen CrL3 Cr–L2 L3/L2 integrated ratio

(2p3/2) (eV) (2p1/2) (eV) Background

method I

Background

method II

Encrusted

S. oneidensis 575.7F 0.5 584.5F 0.5 2.75F 0.30 1.90F 0.30

Isolated

precipitates 575.7F 0.1 584.3F 0.1 1.72F 0.02 1.85F 0.02

576.3F 0.1 584.7F 0.1 1.77F 0.02 1.91F 0.02
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relative abundance of mixed oxidation states, the L3/

L2 integrated-peak intensity of an unknown can be

compared to those measured from a series of solid

solutions that span a range of mixed oxidation states

(van Aken et al., 1998).

The EELS measurements of the bacterium exam-

ined by EC-TEM and precipitates examined in thin

section by conventional TEM are plotted in Fig. 10b.

The correlation plot (Fig. 10b) indicates that Cr

associated with S. oneidensis is most consistent with

mean oxidation state of + 3 or lower. Measurements

of hydrated, unfixed bacteria acquired in the EC are in

good agreement with the analysis of isolated precip-

itates measured in cross-section by conventional

TEM, illustrating EELS techniques yield accurate data

even under the more onerous experimental conditions

of the environmental cell.

4.3. Microbial reduction

Bioaccumulation of metal precipitates by bacteria

has been shown in previous SEM and TEM studies.

However, only qualitative elemental identification of

the precipitates associated with the bacteria was per-

formed using EDXS (Hill and Cowley, 1986; Fude et

al., 1994; Badar et al., 2000; McLean et al., 2000;

Smith and Gadd, 2000; McLean and Beveridge, 2001).

In none of the above mentioned studies was the

oxidation state of the precipitated reduction products

determined. In this work we measured the oxidation

state of Cr(VI) reduction products associated S. onei-

densis. Measurements of both the chemical shift in L3

peak position and the ratio of L3/L2 integrated-peak

intensities of encrusted bacteria indicate the presence

of Cr in oxidation state + 3 or lower. Furthermore,

EELS spectra showed electron dense cell boundaries

with low concentrations of Cr. However, cross-sec-

tional TEM images of S. oneidensis show no evidence

of intracellular precipitates. Precipitates were extrac-

ellular, in all cases, and often encrusted cells. The total

mass of the encrusting Cr precipitates, in many cases,

surpass the mass of the encased bacteria.

5. Summary

A method for determining oxidation state, with

high spatial resolution, of metals associated with

bacteria is described. Specifically, microbial reduction

of Cr(VI) by S. oneidensis was studied. Reduction

rates suggest Cr(VI) reduction by S. oneidensis is

mediated by living cells. Sterile medium and heat-

killed or sodium-azide-treated cells did not show

Cr(VI) reduction. Two distinct populations of bacteria

were observed by TEM: bacteria with low image

contrast and bacteria with electron-dense, high-con-

trast cell boundaries often encrusted with high-con-

trast precipitates. Chemical and oxidation state in-

formation was acquired with high spatial resolution

using EELS, and showed precipitates encrusting the

bacteria contained Cr of oxidation state + 3 or lower.

Cell boundaries were shown to be saturated with low

concentrations of Cr, while no evidence of precipitates

in the cytoplasm was observed. Despite the fact EELS

has high sensitivity to trace elements and can deter-

mine oxidation state at subcellular scale, to our know-

ledge this is the first time EELS has been applied to

microbial metal reduction studies. Furthermore, we

demonstrate quantitative EELS oxidation state meas-

urements can be performed using EC-TEM, which

could provide data, for example, on soluble ions lost

by conventional specimen preparation. To our knowl-

edge, this is the first demonstration of EELS micro-

analysis by EC-TEM. Use of these techniques to study

microbial reduction can reveal data on intermediate

reduction products, spatial distribution of reduction

products, and speciation of oxidation state necessary

for determining the mechanisms(s) for microbial me-

tal reduction or oxidation.
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