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Abstract

Microbially mediated in situ reduction of soluble U(VI) to insoluble U(IV) (as UO,) has been proposed as a means of pre-
venting the migration of that radionuclide with groundwater, but preventing the oxidative resolubilization of U has proven
difficult. We hypothesized that relatively slow rates of U(VI) bioreduction would yield larger UO, precipitates that would be
more resistant to oxidation than those produced by rapid U(VI) bioreduction. We manipulated U(VI) bioreduction rates by
varying the density of Shewanella putrefaciens CN32 added to U(VI) containing solutions with lactate as an electron donor.
Characterization of biogenic UO, particles by extended X-ray absorption fine-structure spectroscopy and transmission elec-
tron microscopy revealed that UO, nanoparticles formed by relatively slow rates of U(VI) reduction were larger and more
highly aggregated than those formed by relatively rapid U(VI) reduction. UO, particles formed at various rates were incu-
bated under a variety of abiotically and biologically oxidizing conditions. In all cases, UO, that was formed by relatively slow
U(VI) reduction was oxidized at a slower rate and to a lesser extent than UO, formed by relatively rapid U(VI) bioreduction,
suggesting that the stability of UO, in situ may be enhanced by stimulation of relatively slow rates of U(VI) reduction.

Published by Elsevier Ltd.

1. INTRODUCTION

Uranium contaminates aquifers where that element was
mined and processed for the production of weapons and
fuel. Uranium is predominantly encountered in these aqui-
fers in an oxidized (+VI) valence state, which is quite solu-
ble and easily migrates with the groundwater, threatening
nearby water supplies (Murphy and Shock, 1999). How-
ever, in a reduced valence state (+IV), uranium is quite
insoluble, so the reduction of soluble U(VI) to insoluble
U(IV) (as uraninite) is a reaction that may be exploited to
prevent the migration of U with groundwater (Murphy
and Shock, 1999). Most naturally occurring uraninite con-
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tains U(VI) “defects’ and is most precisely identified by the
formula UO; 4 , (where 0 < x < 0.25) (Burns, 1999), but
for simplicity will be identified as UO,. Anaerobic microbi-
ological activity may lead to U(VI) reduction via the reac-
tion of that element with products of anaerobic
respiration (Fe(II) or sulfide) or by enzymatic U(VI) reduc-
tion, coupled with oxidation of organic carbon or H, (Lov-
ley et al., 1991; Gorby and Lovley, 1992; Wersin et al.,
1994; Liger et al., 1999). Therefore, a strategy for stimulat-
ing bacterially mediated U(VI) reduction is to inject a phys-
iological electron donor into a U(VI) contaminated aquifer
that will bring about anoxic conditions, and consequently,
stimulate U(VI) reducing bacterial activity (Anderson
et al., 2003; Istok et al., 2004).

Unfortunately, the stability of U(IV) once it is immobi-
lized in an aquifer is difficult to predict. Recent work has
illustrated the susceptibility of biogenic U(IV) to chemical
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oxidation by O, (Abdelouas et al., 1999; Duff et al., 1999),
nitrite (Senko et al., 2002; Senko et al., 2005b), and Fe(III)
(hydr)oxides (Nevin and Lovley, 2000; Senko et al., 2005b;
Ginder-Vogel et al., 2006), and to biological oxidation cou-
pled with O, (DiSpirito and Tuovinen, 1982) or nitrate
(Finneran et al., 2002; Beller, 2005) reduction. Conse-
quently, strategies for reductive immobilization of U must
include considerations for preventing or minimizing its oxi-
dative remobilization.

The rate of mineral formation (whether biologically cata-
lyzed or abiotic) can control the physical properties of those
minerals. For instance, rapidly formed minerals may be less
crystalline and/or smaller than their relatively slowly formed
counterparts (Cornell and Schwertmann, 2003; Fredrickson
etal.,2003; Glasauer et al., 2003; van der Zee et al., 2003; Han
etal., 2005; Senko et al., 2005a), and these differences in phys-
ical characteristics may have a profound effect on their reac-
tivity (Lovley and Phillips, 1987; Deng and Stumm, 1994;
Zacharaetal., 1998; Glasauer et al., 2003; Roden, 2003; Han-
sel et al., 2004). In light of this observation, we hypothesized
that relatively slow rates of U(VI) bioreduction would give
rise to larger and less reactive U(IV) phases that would be
more resistant to oxidation than relatively rapidly formed
biogenic U(IV) phases.

To assess the effect of U(VI) bioreduction kinetics on the
characteristics of resultant U(IV) precipitates, we manipu-
lated rates of U(VI) reduction by varying the density of
the U(VI)-reducing bacterium Shewanella putrefaciens
CN32 in U(VI) reduction incubations. Biogenic U(IV) pre-
cipitates formed at different rates were characterized by ex-
tended X-ray absorption fine-structure spectroscopy
(EXAFS) and transmission electron microscopy (TEM).
To assess the redox stability of UO, particles produced at
various rates, we tested the susceptibility of these particles
to oxidation by O,, nitrite, nitrite with Fe as an electron
shuttle, Fe(IIl) (hydr)oxide, and Thiobacillus denitrificans
with nitrate as an electron acceptor.

2. MATERIALS AND METHODS
2.1. Cell cultivation and incubation

Shewanella putrefaciens CN32 was grown aerobically on
tryptic soy broth (TSB) without dextrose to late log phase
and harvested by centrifugation (Burgos et al., 2007). Cells
were resuspended and washed three times in anoxic bicar-
bonate buffer (30 mM, pH 6.8) before resuspension in the
same buffer. The cell suspension, containing approximately
1.1 x 10'° cell/ml, was used to inoculate anoxic U(VI) bio-
reduction medium containing 5SmM sodium lactate,
1.4 mM uranyl acetate, and 30 mM sodium bicarbonate
(pH 6.8, under 80:20% N,:CO, atm) (Balch et al., 1979).
To manipulate the rates of U(VI) reduction, 10, 4, or
1 ml of cell suspension was added to separate U(VI) biore-
duction medium-containing (500 ml) bottles to achieve cell
densities of approximately 2.2 x 108 cell/ml, 9.1 x 107, and
2.3 x 10 cell/ml, respectively. Incubations were maintained
at 23 °C in darkness. Samples were periodically removed
and soluble U(VI) in the incubations was quantified as de-
scribed below.

Thiobacillus denitrificans (ATCC 25259) was grown in
medium described by Beller (2005), which contained
18 mM NH,CI, 14.7mM KH,PO,4 3.25mM MgSO,,
0.08 mM FeSO,, 0.05 mM CaCl,, and vitamins and trace
metals as described by Tanner (1997). The medium was pre-
pared anoxically, buffered with 30 mM NaHCO; (pH 6.8,
under 80:20% N,:CO, atm) and contained thiosulfate
(20 mM NaS,0;) as the sole electron donor with nitrate
(20 mM KNOs3) as the sole terminal electron acceptor. Cells
were grown to late log phase, harvested, and washed as de-
scribed above. Cells in suspension were enumerated by acri-
dine orange direct cell counts (AODC) (Parsons et al.,
1984) and added to the incubations described below to
achieve a cell density of approximately 1 x 10® cell/ml.

2.2. U(IV) oxidation experiments

All biogenic U(IV) oxidation experiments were con-
ducted in 30 mM NaHCOs;-buffered solution (pH 6.8, un-
der 80:20% N,:CO, atm). Upon complete U(VI)
reduction in the all of the incubations described above
(i.e., after U(VI) reduction in the incubation containing
the lowest cell density), cell/U(IV)-containing suspensions
were pasteurized at 70 °C for 5 min to deactivate biological
activity. To determine if cells were deactivated, a pasteur-
ized cell suspension was transferred to TSB. No growth
was observed in pasteurized cell-inoculated TSB, assuring
us that cells were deactivated. Biogenic U(IV) was added
to bicarbonate buffered medium to achieve a U(IV) concen-
tration of approximately 100 uM. A uniform cell density in
all U(IV) oxidizing incubations was achieved by adding
pasteurized U-free S. putrefaciens CN32, where necessary,
to achieve a final inactivated cell concentration of approx-
imately 2.2 x 10 cell/ml.

Oxygen was provided to incubations by flushing the
headspace of anoxic bicarbonate buffer-containing bottles
with filter-sterilized air. To maintain the pH of the bicar-
bonate buffered medium, 20% of the air headspace was re-
moved and replaced with an equivalent volume of CO,. No
change in medium pH resulted from these manipulations.
Hydrous ferric oxide (HFO) was prepared as described by
Lovley and Phillips (1987) and Schwertmann and Cornell
(1991), bubbled for 1 h with oxygen-free N,, and pasteur-
ized. Fe(Ill) (HFO; initial concentration 5 mM), nitrite
(NaNO,; initial concentration 5 mM), nitrate (NaNOs; ini-
tial concentration 5 mM), and Fe(II) (FeCl,; initial concen-
tration 50 pM) were added to bicarbonate-buffered medium
from anoxic stock solutions/suspensions. For incubations
containing 7. denitrificans, 3% H, was included in the head-
space of bottles (Beller, 2005).

2.3. Analytical techniques

Total U(VI) (including soluble and solids-associated
U(VI)) and total U (including U(VI) and U(IV)) were mea-
sured as described by Elias et al. (2003). Briefly, samples
were removed from incubations by syringe in an anoxic
glovebag (95:5% Njy:H, atm; Coy Laboratory Products
Inc.; Grass Lake, MI) and placed in an equivalent volume
of 1 M anoxic NaHCO; (pH 8.4). After extraction for
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5 min, solids were removed by centrifugation and total
U(VI) in the supernatant was measured as described below.
To measure total U, samples were placed in oxic 10%
HNOj; under air to oxidize all U(IV). U(VI) was measured
by kinetic phosphorescence analysis on a KPA-11 (Chem-
Chek Instruments, Richland, WA) (Brina and Miller,
1992).

2.4. X-ray absorption spectroscopy

Precipitates were analyzed by U Lj-edge X-ray absorp-
tion spectroscopy (XAS) at the Materials Research Collab-
orative Access Team (MR-CAT) sector 10-ID beamline
(Segre et al., 2000) of the Advanced Photon Source (APS)
at Argonne National Laboratory (ANL). The XAS spectra
were collected in transmission mode using quick-scanning
of the monochromator. MR-CAT beamline set-up details
are described by O’Loughlin et al. (2003).

Upon removal of >95% of U(VI) from solution (puta-
tively identified as reduction of U(VI) to U(IV)) by S. putre-
faciens, cell-U(IV) suspensions were concentrated by
centrifugation and stored at 4 °C before shipment to
ANL. Samples (approximately 40 mg cell-U(IV) paste)
were mounted in holes machined in Plexiglas sample hold-
ers and covered with Kapton film and sealed with Kapton
tape. All sample preparation was performed in a Coy an-
oxic glovebag and all samples were stored in the chamber
prior to analysis. Samples mounted in the holders were ex-
posed to the atmosphere for less than 1 min before being
mounted for XAS measurements in a free-flowing N, envi-
ronment to limit possible sample oxidation. Previous inves-
tigations of these XAS sample holders demonstrated that
they maintained anoxic integrity more than 8 h.

To determine the average valence state within the sam-
ples the X-ray absorption edge energy was monitored by
collecting the reference spectrum from hydrogen uranyl
phosphate (U(VI) Std) during the collection of each spec-
trum for energy calibration. An abiotic nanoparticulate
UO, standard (U(IV) Std) (O’Loughlin et al., 2003) was
also measured for X-ray absorption near edge structure
(XANES) comparisons. All data sets were accurately
aligned in energy using the derivative of the edge of the
U(VI) standard. Uranium XANES spectra were collected
in 30s intervals consecutively for 5 min to monitor the
spectra for radiation-induced changes to the samples. No
changes were detected on the 30 s time scale. The extended
X-ray absorption fine structure (EXAFS) spectra were col-
lected at different sample locations with the X-ray exposure
of less than 5 min at each region. The EXAFS spectra were
averaged and then the background was removed using the
programs Athena (Ravel and Newville, 2005) and IFEFFIT
(Newville, 2001). The background removal parameter Rbkg
was set to 1.0 A (Newville et al., 1993). The EXAFS spectra
were modeled using theoretical models from the atomic
clusters of uraninite (Wyckoff, 1960) and autunite (Locock
and Burns, 2003) as input for FEFF 7.02 (Zabinski et al.,
1995). The EXAFS parameters were optimized to the mea-
sured spectra using the program FEFFIT (Stern et al.,
1995). The U EXAFS signal is due to the coordination of
atoms within a shell at a given distance from the uranium

atoms. The EXAFS parameters are the amplitude reduction
factor (S,?), an energy shift to align the theoretical and
measured spectra (AEy), the number of atoms within a shell
or coordination number (CN), distance between the ura-
nium atom and the neighboring atoms (R), and the mean
square displacement in that distance (¢2). Details of the
EXAFS model are given in the electronic annex EA-1.

2.5. Transmission electron microscopy

To maintain the redox state of the newly formed U
material, all sample preparation for transmission electron
microscopy (TEM) was performed in a Coy anoxic glove-
bag. Upon removal of >95% of U(VI) from solution,
cell-UO, suspensions were fixed with 2% anoxic glutaralde-
hyde, washed, and gradually dehydrated in an ethanol ser-
ies. Material was infiltrated in LR White resin and
embedded at 60 °C overnight. Polymerized blocks were sec-
tioned on an ultramicrotome (Leica UCT, Wetzlar, Ger-
many) into 70 nm thin sections and mounted on copper
grids that were coated with formvar and carbon. Unstained
cells and UO,; particles were visualized on a JEOL 2010
TEM operated at 200 kV. Images were collected digitally
using a Gatan 1 K Multiscan CCD camera and analyzed
using Digital Micrograph software (Gatan Inc., Pleasanton,
CA).

3. RESULTS
3.1. U(VI) bioreduction

The rate of U(VI) bioreduction was likely dependent on
a number of factors, including the concentrations of cells,
dissolved U(VI) and lactate, temperature, mixing condi-
tions, and possibly, the concentration ratios of U(VI)/cell,
lactate/cell, and U(VI)/lactate. A mathematical expression
for the rate of U(VI) bioreduction could be posited to in-
clude a term for all of these factors (e.g., as in multi-Monod
kinetics). However, we found that the reaction was zero-or-
der with respect to total U(VI) and zero-order with respect
to lactate, and therefore, we have used the following equa-
tion to model the rate of U(VI) bioreduction:

R = d[U(VI)]/dt = —k[DMRB] (1)

where R is the rate of total U(VI) as a function of time
(umol U(VI) 17" d™1). k is a zero-order cell dependent rate
constant (pmol 17" d=" (cell/ml)~"). [DMRB] is the initial
density of S. putrefaciens CN32 (cell/ml), and [U(VI)] is
the total U(VI) concentration (pmol U(VI) 1I71).

To produce U(IV) at different rates, we incubated S.
putrefaciens CN32 with U(VI) at cell densities of
2.2x 108 cell/ml, 9.1x 107, and 2.3 x 107 cell/ml to yield
zero order U(VI) bioreduction rates of 602 uM/d (desig-
nated U(IV)pg), 182 uM/d (U(IV)peq), and 55 uM/d
(U(IV)s10w), respectively (Fig. 1). The initial cell-normalized
U(VI) reduction rate in these three incubations was
236 =+ 33 pM/d/10® cell (mean =+ s.d.). Using a Michaelis—
Menten model of U(VI) reduction by S. putrefaciens
CN32 under identical conditions with previously reported
data (Burgos et al., 2007), we calculated a V., of
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Fig. 1. U(VI) reduction by (#) 0, (O) 2.2 x 10%, (®) 9.1 x 107, and
(@) 2.3x107 cell/ml S. putrefaciens CN32. U(IV) products of
U(VI) reduction by 22x10%cell/ml, 9.1x 107 cell/ml, and
23 %107 cell/ml  were designated U(IV)pe, U(IV)mea, and
U(IV)g0w- respectively. The inset shows U(VI) concentrations in
the first 6 d of U(IV)gs and U(IV)eq incubations.

220 uM/d/108 cell and K,, of 45 uM. The rates of U(VI)
reduction observed in the present study are consistent with
the V,ax of our previous experiments, and suggest that a
zero-order model is appropriate for the majority of U(VI)
reduction in these experiments (i.e., the U(VI) reducing en-
zyme(s) were saturated through much of the U(VI) reduc-
ing incubations). We observed negligible loss of U(VI)
from solution in incubations that contained cells, were aer-
ated, and did not contain lactate (data not shown), suggest-
ing that U(VI) precipitation in anoxic, lactate-containing
incubations was due to U(VI) reduction and not due to
sorption to cells.

3.2. Characterization of U(IV) precipitates

Upon near-complete removal of U(VI) from solution,
we noted differences in the shade of precipitates formed in
U(VI) reducing incubations, with U(IV)g, incubations
appearing brown, U(IV),.q incubations a slightly darker
brown, and U(IV)y,, incubations appearing black. The
formation of dark precipitates is consistent with the biore-
duction of U(VI) to U(IV) (Gorby and Lovley, 1992). The
X-ray absorption near edge structures for biogenic U pre-
cipitates closely matched that of a U(IV) standard of abi-
otic UO, nanoparticles, suggesting that the majority of
biogenic U precipitates were in the +I1V valence state (likely
as UQO,) (Fig. 2). UO, particles were characterized by EX-
AFS to determine speciation of U(IV). Similar to previous
studies (Suzuki et al., 2002; O’Loughlin et al., 2003) the de-
crease in the amplitude of the second peak (~3.7 10\) in the

1.8 4

1.5 4

1.2 4

0.9 H

- [ U(
0.6 < f U(

4 | —_— U(
0.3 4 - ==y
. 4 —Y(

Normalized X-ray absorption

0.0

T

T 1
17200 17250
X-ray Energy (eV)

Fig. 2. Normalized X-ray absorption near-edge spectra (XANES)
of solid phase U formed in U(IV)fs, UIV)med, and U(IV)gow
incubations of S. putrefaciens CN32 with U(VI) and lactate.
Spectra of abiotic nanoparticulate uraninite (U(IV)gy) and hydro-
gen uranyl phosphate (U(VI)yq) standards are also provided.

magnitude of the Fourier transform of EXAFS data with
increasing reduction rate suggests that UQ, particles
formed in U(IV)q,, incubations were larger than those in
U(IV)mea incubations, which were larger than particles
present in U(IV)g, incubations (Fig. 3). The EXAFS spec-
tra were modeled with two O shells (O1 and O2), a P shell,
and a U shell. The bond lengths were determined to be
228+ 0.01 A for the U-O1 shell, 2.44 +0.01 A for the
U-02 shell, 3.6640.02A for the U-P shell, and
3.85+£0.01 A for the U-U shell (see electronic annex EA-
1 for details).

The U-P distance of 3.66 & 0.02 A is typical for a
monodentate bond between a P-containing ligand and the
uranium atom (sharing one oxygen atom) (Morosin,
1978; Locock and Burns, 2003). The source of the phospho-
rous in the outer coordination shell of the uranium in these
precipitates remains unclear. A similar distance has been
previously reported for U(VI) bound to biomass (Kelly
et al., 2002; Francis et al., 2004). The trend in the U-P coor-
dination number with increased reduction rates shows the
amount of phosphorous bound to the uranium decreases
as the particles become larger. This trend is consistent with
a biomass origin of the phosphoryl-ligand, since samples
with larger UO, particles would have a smaller percentage
of the surface associated U atoms of the particles available
for interaction with the phosphoryl groups. However, it
does not rule out the possibility that the source of the U-
P interactions is a result of free phosphate carried with cells
from the culture medium. The U-U distance of
3.85+0.01 A is consistent with the formation of nanopar-
ticulate UO,. Based on X-ray diffraction crystal structure,
the U-U distance for large uraninite particles is 3.867 A
(Wyckoff, 1960). Previous EXAFS studies have shown that
the U-U distance contracts from 3.86 to 3.87 A in UO, par-
ticles larger than ~100 nm (O’Loughlin et al., 2003; Pierce
et al., 2005) to 3.80-3.84 A in UO, particles smaller than
~2 nm (Suzuki et al., 2002; O’Loughlin et al., 2003).

As mentioned above, further evidence of nanoparticulate
UO, is in the decrease of the EXAFS U-U coordination
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Fig. 3. Magnitude (left panel) and Real part (right panel) of the Fourier transform of EXAFS data (symbols) and model (lines) obtained from
UOQO, particles in U(IV)gows U(IV)meq, and U(IV)g, incubations. The decrease in the height of the second peak (arrow) with increasing U(VI)
reduction rate is suggestive of progressively smaller UO, particles produced by progressively greater rates of U(VI) reduction. EXAFS spectra

were modeled with two O shells (Ol and O2), a P shell, and a U shell.

number from 12 for “bulk” UQO, particles to 4.6 £ 1.0,
6.2+ 0.8, and 6.8 + 1.2 for the UIV)ps, U(IV)meq, and
U(IV)qow precipitates, respectively. The EXAFS U-U coor-
dination number is the average number of neighbors for all
U atoms within the sample. The uranium atoms on the sur-
face of a particle are under-coordinated and the number of
the under-coordinated U atoms becomes significant for par-
ticle sizes less than 10 nm. In addition to under-coordinated
surface atoms or the U-O-P interactions at the surfaces of
uraninite nanoparticles, the U-P signal also indicates that
UO, is not the only uranium species within the sample.
For example, mono-dispersed uranium atoms bound to P-
ligands would contribute to decreasing the U-U coordina-
tion number, since these atoms (if present) do not have a U
neighbor. If we neglect the possibility of mono-dispersed U,
the average UO, particle sizes are estimated to be approxi-
mately 1.4, 1.2, and 0.9 nm for U(IV)gow, U(IV)meq, and
U(IV)gast, respectively. If we include the possibility of
mono-dispersed U, the average estimated UO, particle sizes
would increase. For example, if we assume a bi-modal dis-
tribution of 25% monomeric uranium bound to phos-
phoryl-ligands and 75% uranium within UO, particles,
then the EXAFS U-U coordination number for the UO,
would increase by 25% from 6.8 to 8.5 for the U(IV)gow
precipitates, resulting in a larger estimated particle size of
approximately 2 nm. For mixed systems, of mono-dispersed
U and UO, particles, the trend in the EXAFS U-U coordi-
nation number indicates that the average particle size in-
creased and/or the fraction of U atoms within the
uraninite structure increased with decreasing bioreduction

rate. The TEM results confirmed that the average particle
size of uraninite increased with decreasing reduction rate.
Examination of S. putrefaciens CN32 cells and UO, par-
ticles from U(IV)gs, U(IV)med, and U(IV)g,, incubations
by TEM revealed variability in bacteria-mineral associa-
tions and aggregation state of UQO, precipitates (Fig. 4). Di-
rect measurement of UQO, particle sizes in U(IV)gy,
U(IV)mea> and U(IV)gey incubations by TEM showed
UO, particles in U(IV)g, incubations were approximately
2.5nm in diameter (Fig. 4d), and particles in U(IV)peq
incubations were approximately 3 nm (Fig. 4e). UO, parti-
cles from U(IV)g,w incubations of approximately 3 nm ap-
peared to arrange themselves into larger, tightly-packed
aggregates of 10 nm or more in diameter (Fig. 4f). UO, par-
ticles in U(IV),g incubations were diffuse and associated al-
most exclusively with the periplasm of S. putrefaciens CN32
(Fig. 4a and d). UO, particles in U(IV),cq incubations were
deposited in both the periplasm and extracellularly (Fig. 4b
and e). Periplasmic UO, particles in U(IV)y,q incubations
were more densely packed than those in U(IV)g, incuba-
tions (Fig. 4d and e). UO, particles in U(IV)y, incubations
were predominantly deposited extracellularly with very dif-
fuse deposits in the periplasm (Fig. 4c and f). Extracellular
UO, particles in U(IV)g,y incubations appeared to origi-
nate as smaller particles that organized themselves into lar-
ger aggregates with aligned continuous d-lines (Fig. 4g-i)
similar to those previously presented by Suzuki et al.
(2002). In summary, larger, more highly aggregated UO,
particles resulted from slower rates of U(VI) reduction.
UO, that was produced at faster rates of U(VI) reduction
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Fig. 4. Transmission electron micrographs of unstained S. putrefaciens CN32 cells and UQ, precipitates after complete reduction of U(VI) in
U(IV)pas (2 and d), U(IV)yeq (b and e), and U(IV)g 0w (¢, 1) incubations. (a—c) Provide a view of an entire cell with UO, particles present in
the periplasm or extracellularly (white arrows). (d—f) Provide a more detailed view of UQ, particles in the periplasm of cells (OM, outer
membrane; CM, cytoplasmic membrane). (g-i) Provide more detailed views of UO, aggregates present in U(IV),,, incubations, with aligned

continuous d-lines present in the UO, particles (i).

was predominantly associated with the periplasm while
UO, that was produced at slower rates of U(VI) reduction
was deposited extracellularly.

3.3. Biological and abiotic oxidation of U(IV)gas¢, UIV)imeas
and U(IV)slow

UO, precipitates from U(IV)gg, U(IV)meq, and U(IV)-
slow Incubations were incubated with a variety of oxidants,
including O; (in air) (Fig. 5a), T. denitrificans with nitrate as
a terminal electron acceptor (Fig. 5b), Fe(Ill) (as hydrous
ferric oxide) (Fig. 5c), nitrite with 50 pM Fe(Il) provided
as an electron shuttle (Fig. 5e), and nitrite alone (Fig. 5f).
In all cases, UO, precipitates that were produced at a rela-
tively faster rate were oxidized at a faster rate and to a
greater extent than those that were formed at a relatively
low rate (i.e., oxidation rate of U(IV)gs > U(IV)peq >
U(IV)siow)- No UO, oxidation was observed in the oxi-
dant-free incubations (Fig. 5d). Incubation of UO, precip-
itates with air led to near-complete (=83%) oxidation of
UO, within 6 h (Fig. 5a), and complete oxidation within
24 h. No other oxidant led to complete oxidation of UO,,

even after extended incubations of up to 480 h. UO, was
not completely oxidized in incubations that contained
nitrite as an oxidant with 50 pM Fe(II) as an electron shut-
tle (Fig. Se). This type of incubation has been shown to
completely oxidize U(IV) in previous studies (Senko et al.,
2005b). When we incubated UO, particles from U(IV)gg
incubations with nitrite alone (no Fe(Il)), it was rapidly
and extensively oxidized compared to UO, particles from
U(IV)mea and U(IV)gow incubations (Fig. 5f). Previous
work has shown that in the absence of Fe(II) as an electron
shuttle, nitrite is a relatively poor oxidant of U(IV) (Senko
et al., 2005b).

4. DISCUSSION
4.1. Localization of UO, precipitates

Upon complete reduction of U(VI) by S. putrefaciens
CN32, UO, particles were found in the periplasm or extra-
cellularly in a fashion similar to previous studies (Fredrick-
son et al.,, 2002; Marshall et al., 2006). We observed
differences in the cellular location of UO, precipitates in
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U(IV)tasts UIV)mea, and U(IV)g,,, incubations, with the
general trend of more UO, in the periplasm in U(IV)g
incubations, and more UO, deposited extracellularly in
U(IV)sow incubations. Cells with extensive deposits of
extracellular UO, contained little periplasmic UO,. We ob-
served few cells that contained large amounts of both peri-
plasmic UO, and extracellular UO,. These results suggest
that U(VI) may be reduced in the periplasm and exported
out of the cell via active or passive processes. While our evi-
dence for intracellular reduction and transport of UO, out
of the cell is equivocal, we believe this activity could allevi-
ate UO,-product inhibition of U(VI) reduction, allowing
further U(VI) reduction to proceed. Since U(VI) reduction
rates were manipulated by varying the density of cells
added to incubations, in incubations containing lower cell

concentrations (e.g., U(IV)gow), an individual cell would re-
duce more moles of U(VI) than one present in an incuba-
tion with a high cell density (e.g., U(IV)ns). We
emphasize that while overall rates of U(VI) reduction in
the U(IV)fast, U(IV)med, and U(IV)gow incubations varied,
the cell density-normalized rates were nearly identical.

We can not exclude the possibility of extracellular or
membrane-bound, redox-active biomolecules (e.g., cyto-
chromes) playing a role in extracellular UO, accumulation
(Marshall et al., 2006). For instance, we have observed con-
siderable differences in UO, location and characteristics be-
tween Shewanella oneidensis MR-1 cells grown on TSB (as
we did here) and those grown under O,-limited conditions
in a chemically defined medium (Gorby et al., 2006;
McDonough, 2006), and we have attributed these differ-
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ences in cellular UO, location to differences in the amount
of extracellular redox active proteins. Since we pasteurized
cell-UO, suspensions before oxidation experiments, it is un-
likely that cellular location of UO, particles alone exerted
significant influence on the rate and extent of UO, oxida-
tion. If cellular location of UO, particles did significantly
influence the rate and extent of U(IV) oxidation, we would
expect that extracellular UO, particles (such as those found
predominantly in U(IV)g,, incubations) would be more
rapidly oxidized. This was not the case. Rather, the size
of UO, particles strongly influenced their susceptibility to
oxidation.

4.2. UO, particle size and aggregation

We observed U(VI) bioreduction rate-dependent trends
in UO, particle size, where U(IV)pse < U(IV)mea < U(IV)gi0w
by particle size measurements using both TEM and EX-
AFS. While there were discrepancies in actual particle sizes
determined by TEM and estimated by EXAFS (e.g., parti-
cle sizes of 3 and 2 nm, respectively, in U(IV)y,, incuba-
tions), the trend of increasing particle size with decreasing
reduction rate was still readily apparent. An explanation
for this discrepancy is that the EXAFS-based measurement
represents an average of the sizes of particles in the sample
and includes monomeric U(IV) and particles too small to be
visualized by TEM (< approx. 1.5nm), thus leading to
smaller particle sizes as determined by EXAFS. Another
explanation for the discrepancies in estimated UO, particle
sizes is the presence of a phosphoryl-ligand associated
U(IV) atoms, leading to a reduced estimation of UO, par-
ticle sizes determined by EXAFS. The amount of U(IV)-
phosphoryl interactions detected by EXAFS decreased with
decreasing reduction rate, suggesting that the phosphorous
group arises from cell material or from free phosphate asso-
ciated with cells. The large amount of extracellular UO,
(that also contained less phosphorous) observed by TEM
supports this hypothesis. While the presence of U(IV)-phos-
phoryl interactions has not been previously observed by
EXAFS analysis of UO, particles, U(IV)-CO, or —COOH
and Fe (hydr)oxide interactions have been observed in bio-
genic and abiotic UO, particles (Suzuki et al., 2003; Boya-
nov et al., 2007), and P has been shown to be associated
with UO, particles produced by S. oneidensis MR-1 (Mar-
shall et al., 2006). Phosphoryl or phosphate groups have
also been shown to be associated with Cr(III) produced
by Pseudomonas fluorescens (Kemner et al., 2004). Potential
roles of the U(IV)-P association that we show here are dis-
cussed in more detail below.

Both the particle size and aggregation state of biogenic
UO, particles will likely influence their susceptibility to oxi-
dation due to the lower surface area of larger or more
highly aggregated particles. Enhanced reactivity of smaller
UO, particles could simply be due to the greater exposed
reactive surface area of smaller particles or the accumula-
tion of insoluble U(VI) species on UO, grain boundaries
that limit their further reaction with oxidants (Trocellier
et al., 1995; Wronkiewicz et al., 1997; Casas et al., 1998).
The role of U(IV)-associated phosphoryl groups (observed
by EXAFS) in the oxidation of biogenic U(IV) is unclear.

However, since we observed a direct correlation between
the abundance of phosphoryl groups and the rate and ex-
tent of U(IV) oxidation, it is possible that phosphoryl
groups may enhance surface reactivity of U(IV), thereby
enhancing its oxidation.

Nanoparticles are considered to be particles measurable
on the nanometer scale (Gilbert and Banfield, 2005). Suzuki
et al. (2002) reported UQO, particles as small as 1.5 nm (as
estimated by TEM and EXAFS) in U(IV) reducing incuba-
tions, which is consistent with UO, particle size estimates as
small as 0.9 (by EXAFS) and as large as 3 nm (by TEM)
that we present here. Nanoparticles may exhibit dramati-
cally different reactive characteristics than their bulk (i.e.,
measurable on a micrometer or greater scale) counterparts
(Hochella, 2002; Gilbert and Banfield, 2005; Hochella and
Madden, 2005), and the differences that we have observed
in UO, reactivity may be due to more complex factors than
simply surface area-dependent limits on reactivity. For
example, Madden and Hochella (2005) showed that
7.3nm hematite nanoparticles catalyzed heterogeneous
Mn(II) oxidation by O, ten times faster than 37 nm parti-
cles when normalized for surface area. Similarly, Kucur
et al. (2003) showed that variations as small as 0.2 nm in
the size of CdSe nanocrystals may have a profound effect
on the redox properties of those particles. Therefore, in
the nano-size regime, a 2.5 nm UQ, particle (i.e., U(IV)gy
as measured by TEM) could exhibit different redox charac-
teristics than a 3 nm UQO, particle (i.e., U(IV)gow as mea-
sured by TEM), that could not be explained as an
exclusively surface area-dependent phenomenon.

Besides the reduction rate-dependent trends in the size of
individual UQO, particles, those particles formed at rela-
tively low rates were also more highly aggregated than
those formed at relatively fast rates. In U(IV)g,,, incuba-
tions, we observed UQ, particles in aggregates of up to
30 nm in diameter. Similarly, Abdelouas et al. (1999) have
observed aggregates of UO, particles of up to 100 nm.
Nanoparticle aggregation is an important step in the forma-
tion of larger and more highly ordered phases (Penn and
Banfield, 1998; Huang et al., 2003). Huang et al. (2004)
showed that aggregation of ZnS nanoparticles induced
changes in the bulk structure of the particles, tending to-
ward a more ordered structure with aggregation. Therefore,
besides having lower reactive surface area than non-aggre-
gated UO, particles, structural changes in UO, particles
may have been induced upon aggregation, which may have
altered their reactivity. We also note here that EXAFS does
not allow one to distinguish between an aggregate of nano-
particles and isolated nanoparticles if there is no pseudo-
morphic orientation of nanoparticles in the aggregate,
which underscores the complementary application of
TEM and EXAFS in the work presented here and else-
where (Calvin et al., 2005).

4.3. UO, oxidation

Regardless of the oxidant used for U(IV) oxidation, we
show here that the size and aggregation state of UO, nano-
particles exert strong control on the rate and extent of
U(IV) oxidation whether biologic or abiotic. While UO,
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was completely oxidized by oxygen, complete UO, oxida-
tion was not observed under any of the anoxic oxidizing
conditions tested. Beller (2005) did not observe complete
oxidation of UO, by T. denitrificans under conditions sim-
ilar to those we used for this work. In the experiments by
Beller (2005), only 22% of biogenic UO, was oxidized and
only 4% of synthetic UO, (presumably of larger particle size
(Senko et al., 2002; Beyenal et al., 2004)) was oxidized. Bel-
ler (2005) also showed more highly aggregated UO, parti-
cles were less susceptible to nitrate dependent oxidation
by T. denitrificans (4% disaggregated vs. 0.02% aggregated).

Incomplete oxidation of UO, by hydrous ferric oxide
(HFO) is a well established phenomenon and may be attrib-
uted to the accumulation of Fe(II) and U(VI) products which
passivate further reaction between UO, and HFO (Senko
et al., 2005b; Wan et al., 2005; Ginder-Vogel et al., 2006).
The reason for incomplete oxidation of UQO,; by nitrite (with
or without Fe as an electron shuttle) is less clear, but may be
attributed to thermodynamic (Ginder-Vogel et al., 2006), or
physical (e.g., accumulation of U(VI) coatings on UO; parti-
cle surfaces (Trocellier et al., 1995; Wronkiewicz et al., 1997,
Casas et al., 1998)) limitations on the reaction that arise as it
proceeds. The susceptibility of biogenic UO; to oxidation by
nitrite (without Fe as an electron shuttle) is surprising, since
nitrite alone has been previously reported to be a relatively
ineffective oxidant of U(IV) (Senko et al., 2005b). However,
UO, used in those previous experiments was autoclaved
and treated with 1 M NaOH, which could lead to alterations
in the size and surface reactivity of UO, particles. The rela-
tively mild treatment (pasteurization) that we subjected bio-
genic UO, particles to in our experiments likely preserved the
physical and surface chemical characteristics of the UO, par-
ticles compared to the relatively harsh conditions used in pre-
vious experiments.

Previous work has shown that nitrite may completely
oxidize UO, when a small amount of Fe is provided to
act as an electron shuttle (Senko et al., 2005b), but we did
not observe this in the experiments presented here. It is dif-
ficult to explain this discrepancy, but the presence of cell
material in these experiments (that was not present in the
experiments conducted by Senko et al. (2005b)) could play
a role in the reactions between U, Fe, and nitrite. While
cells were deactivated by pasteurization, remnant biomole-
cules were included in these incubations, and they may have
retained redox activity and other reactive characteristics
(e.g., sorption of Fe(II), rendering it unavailable to react
with nitrite) after pasteurization. Though remnant cell
material was included in the experiments we describe here,
a constant cell material concentration was maintained for
all experiments, so that we could be assured that the differ-
ences in rates and extents of UO, oxidation that we ob-
served were not due simply to differences in inactivated
biomass concentration.

Understanding the incomplete oxidation of U(IV) in the
anoxic incubations is complicated by the observation of
two U(IV) species: monomeric U(IV) bound to P and UO,.
It is likely that these species do not reoxidize at the same rate
or to the same extent under the conditions tested. Only under
conditions where nearly all of the U(IV) is reoxidized can we
assume that both species have been transformed from U(IV)

to U(VI). Nearly complete oxidation occurred when O, was
used as an oxidant. These data show that U(IV) resulting
from rapid U(VI) bioreduction was oxidized more quickly
than that resulting from slow U(VI) bioreduction. The
U(IV)ase incubations contained smaller UO, particles but
also more monomeric U(IV)-P, and it is likely that both of
these properties contribute to the faster reoxidation of this
sample. Although we can not specifically assign the smaller
UO; particle size to an increase in reoxidation rate, our data
support the conclusion that biogenic U(IV) that is produced
at a slow rate is more resistant to reoxidation than that pro-
duced at a relatively rapid rate.

In light of the uncertainty regarding the in situ susceptibil-
ity of biogenic U(IV) to oxidation and remobilization, recent
work has been undertaken to establish conditions that will
enhance the stability of biogenic U(IV). The presence of
abundant sulfide and/or Fe(II) may prevent oxidative remo-
bilization under oxic conditions by acting as oxygen-scaveng-
ing redox buffers (Abdelouas et al., 1999; Zhong et al., 2005).
Similarly, abundant reductants may also inhibit the oxidative
remobilization of U under nitrate-reducing conditions (Sen-
ko et al., 2005b,c; Ginder-Vogel et al., 2006; Moon et al.,
2007). Here we show that relatively low rates of U(VI) biore-
duction, as manipulated by varying U(VI) reducing bacterial
concentration, may give rise to larger and more highly aggre-
gated UQ; particles that are more resistant to oxidation. It is
not clear whether other U(VI) reduction rate-limiting factors
(e.g., temperature, U(VI) speciation, other terminal electron
acceptors, etc.) would have a similar effect on biogenic UO,
characteristics. Nevertheless, our results suggest that careful
manipulation of in situ U(VI) reduction rates (perhaps by
slow addition of electron donor (Fredrickson et al., 2003))
could give rise to UO, precipitates in situ that are resistant
to oxidative remobilization.
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