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Impact of different environmental conditions on the
aggregation of biogenic U(IV) nanoparticles
synthesized by Desulfovibrio alaskensis G20

S. Seving Sengor, Gursharan Singh, Alice Dohnalkova, Nicolas Spycher,
Timothy R. Ginn, Brent M. Peyton, & Rajesh K. Sani

This study investigates the impact of specific environmental conditions on the
formation of colloidal U(IV) nanoparticles by the sulfate reduc-ing bacteria
(SRB, Desulfovibrio alaskensis G20). The reduction of soluble U(VI) to less
soluble U(IV) was quantitatively investigated under growth and non-growth
conditions in bicarbonate or 1,4-piperazinedi-ethanesulfonic acid (PIPES)
buffered environments. The results showed that under non-growth conditions,
the majority of the reduced U nanoparticles aggre-gated and precipitated out
of solution. High resolution transmission electron microscopy revealed that
only a very small fraction of cells had reduced U precipitates in the
periplasmic spaces in the presence of PIPES buffer, whereas in the presence
of bicarbonate buffer, reduced U was also observed in the cytoplasm with
greater aggregation of biogenic U(IV) particles at higher initial U(VI)
concentrations. The same exper-iments were repeated under growth
conditions using two different electron donors (lactate and pyruvate) and
three electron acceptors (sulfate, fumarate, and thiosulfate). In contrast to the
results of the non-growth experiments, even after 0.2 Im filtration, the
majority of biogenic U(IV) remained in the aqueous phase resulting in
potentially mobile biogenic U(IV) nanoparticles. Size fractionation results
showed that U(IV) aggregates were between 18 and 200 nm in diameter, and
thus could be very mobile. The findings of this study are helpful to assess the
size and potential mobility of reduced U nanoparticles under different
environmental conditions, and would provide insights on their potential
impact affecting U(VI) bioremediation efforts at subsurface contaminated
sites.



Keywords Biogenic uranium - Mobile uraninite -
Nanoparticles - Sulfate reducing bacteria -
Uranium aggregates

Introduction

Biogenic U(IV) is the most desirable product of in situ
microbial reduction of subsurface U(VI) because it has
lower solubility compared to most other U species. At
least three different types of biogenic U(IV) have been
observed: crystalline uraninite, nanoparticulate uraninite,
and mononuclear UIV) (Maleke et al. 2015; Zhou et al.
2014a, b; Singh et al. 2014; Boyanov et al. 2011; Fletcher
et al. 2010; Bernier-Latmani et al. 2010). These reduced
forms of U are prone to re-oxidation, raising questions
regarding long-term U remediation and site stewardship
(Singh et al. 2014; Spycher et al. 2011; Moon et al. 2009;
Beyenal et al. 2004). Following the microbial reduction
of U(VI) to U(IV), the second step in biogenic U(IV)
formation entails the aggregation of the precipitated
mineral. It is generally believed that uraninite aggregates
near the site of U(VI) reduction (Sani et al. 2008; Bargar
et al. 2008; Fredrickson et al. 2002). It has been
suggested that complexed U(IV) or nanoparticulate
uraninite can diffuse out of the periplasm following
reduction (Marshall et al. 2006).

Although microorganisms capable of reducing
U(VI) are widespread in the natural subsurface, their
in situ activities are constrained by competition for
electron donors, electron acceptors, and other site
specific factors (Suzuki and Suko 2006). An attractive
approach for the reductive precipitation of U(VI) in
contaminated environments typically involves the
utilization of electron donors to establish anoxic
conditions in an aquifer, which is followed by
microbial reduction of electron acceptors such as
NO5;~, U(VID), Fe(III), and SO427. The presence of an
electron donor is an important prerequisite for the
bioreduction of U(VI) (Wall and Krumholz 2006;
Tapia-Rodriguez et al. 2010). A summary of various
electron donors used for the effective bioreduction of
U(VI) is given in Table 1. Despite the use of various
electron donors for U(VI) bioreduction, comparative
studies investigating the most efficient carbon source
for the immobilization of U are scarce.

The oxidation of an electron donor is coupled to the
reduction of an electron acceptor. In the subsurface

sediments, a range of diverse electron acceptors, e.g.,
NO; ™, Mn(IV), Fe(IlI), and SO4>~ can be used by the
microorganisms and the sequence of use depends on
their availability, redox potential (Lovley 1991; Neal-
son and Saffarini 1994), as well as other governing
ecological and physiological factors (Bethke et al.
2011). The presence of these competing electron
acceptors in field sites can constrain ongoing bioreme-
diation efforts, as the preferential use of alternative
electron acceptors by microorganisms may delay or
even completely inhibit U(VI) reduction (Junier et al.
2010). Various studies have evaluated the impact of
competing electron acceptors on U(VI) bioreduction
and observed highly variable results, depending on the
microbial community and the specific microorganism
tested, as well as the speciation of U(VI) (Istok et al.
2004; Elias et al. 2004; Anderson et al. 2003; Pietzsch
and Babel 2003; Finneran et al. 2002; Spear et al. 1999).

The properties of biogenic U(IV) nanoparticles,
particularly solubility and dissolution Kkinetics, are
crucial to the viability of microbial bioremediation
strategies that seek to mitigate subsurface U(VI) con-
tamination. The stability and fate of the biologically
produced U(IV) particles depends on their size, structure,
and composition. Detailed characterization of the struc-
ture and nanoparticulate nature of biogenic U(IV)
produced by Shewanella oneidensis strain MR-1 was
reported by Schofield et al. (2008). They observed fresh
nanoparticles with an interior average diameter of
1.3 nm and an outer region of thickness ca ~0.6 nm.
Desulfosporosinius sp. has been documented to form
nanoparticulate uraninite with less than 2 nm diameter
(Suzuki et al. 2002). (Sharpe et al. 2009) observed the
average sizes of biogenic uraninite precipitates produced
by Shewanella sp. HRCR-2, Anaeromyxobacter dehalo-
genans, Geobacter sulfurreducens, and Desulfovibrio
vulgaris, as 1.96, 1.91, 2, and 1.83 nm, respectively.
Senko et al. (2007) reported the size of uraninite
nanoparticles produced by Shewanella putrefaciens
CN32 to be from 0.9 to 3 nm. They observed that the
U(IV) particles that were formed at relatively slow rates
of U(VI) bioreduction were more highly aggregated, and
were oxidized at a slower rate, than those formed at
relatively fast rates of U(VI) bioreduction. However,
Burgos et al. (2008) observed no discernible effect of
U(VI) bioreduction rate by Shewanella oneidensis MR-1
on uraninite particle size or oxidation rate, suggesting
that various inter-related factors including cell cultiva-
tion methods, cell metabolic states, molecular-scale



Table 1 Summary of various electron donors and electron acceptors used for the effective bioremediation of U(VI)

Electron donor

Electron acceptor

Reference

Acetate, lactate, pyruvate and
ethanol

Acetate
Acetate

Acetate

Acetate
Acetate, ethanol
Acetate
Acetate, H,
Acetate, ethanol
Acetate, H,

Acetate, ethanol, glucose

Pyruvate

Ethanol
Pyruvate

Formate, butyrate butanol,
benzoate and toluene

Lactate, H,

Fe(I11l), Mn(1V), anthraquinone-2,6-disulfonate,
malate, and fumarate

NO;~
Fe(I1I)
Fe(11I), SO, 2

NO;~, Fe(Ill), SO,
NO;~, Fe(Ill), SO,
Fe(III), fumarate
Fe(III), Mn(IV),
S0,72

Nitrate, Fe(III), 2-chlorophenol (2-CP), and
fumarate

NO3 N
Only U(V])

0,, NO3 ™, Fe(Ill), sulfate
NO;™, SO472, soluble ferric iron

Soluble ferric iron, elemental sulfur, fumarate

Fe(IID), Co(IIT), U(VI), Cr(VI), and Te(VII) i

Shelobolina et al. (2008)

Finneran et al. (2002)
Holmes et al. (2002)

Anderson et al. (2003), Vrionis et al. (2005),
Williams et al. (2011)

Nevin et al. (2003)
Converse et al. (2013)
Esteve-Nunez et al. (2004)
Marshall et al. (2009)

Luo et al. (2007)

Wu et al. (2006)

Istok et al. (2004)

Fletcher et al. (2010) and Bernier-Latmani
et al. (2010)

Wau et al. (2007)
Junier et al. (2010)
Prakash et al. (2010)

Liu et al. (2002)

mechanisms of U(VI) reduction, U(IV) nucleation site,
cellular location of uraninite precipitates, and secondary
effects of oriented aggregation could control particle
size. Despite the evidence for the involvement of
phylogenetically diverse bacteria in environmental
U(VI) reduction, there remains a lack of detailed
knowledge on the impact of the buffers present in the
medium, and the impact of different environmental
conditions on the bioreduction of U(VI) by subsurface
microorganisms and the aggregation of biogenic U(IV)
nanoparticles.

The present study is the first attempt to explore the
impact of various physiological conditions of sulfate
reducing bacteria (SRB, which are commonly found in
U-contaminated subsurface sites) on the formation of
colloidal U(IV) nanoparticles including (i) determining
the impact of specific pH buffers on the aggregation of
biogenic U(IV) nanoparticles, (ii) examining the effect
of various electron donors and acceptors on the reduction
of U(VI) and aggregation of biogenic U(IV) nanopar-
ticles, and (iii) characterizing the size fractionation of the
resulting reduced U(IV) nanoparticles. We used
D. alaskensis G20 as a model organism because
Desulfovibrio species are present in many subsurface

sites and can play an important role in metal cycling
(Stylo et al. 2015; Zhou et al. 2014a; Anderson et al.
2003). D. alaskensis G20 can grow using lactate and
pyruvate as electron donors; and sulfate, thiosulfate, and
fumarate as electron acceptors. Although lactate, pyru-
vate and sulfate are the electron donors and acceptors
that are prevalent in most natural and engineered
subsurface environments, thiosulfate and fumarate were
also tested as alternative electron acceptors in this study
to investigate their effect on biogenic U(IV) nanoparticle
aggregation. The effect of the two buffers, bicarbonate
and PIPES, and the behavior of SRB under growth
versus non-growth conditions on the aggregation of
biogenic U(IV) nanoparticles was also examined.

Materials and methods

Microorganism and culture conditions

Desulfovibrio alaskensis G20 (formerly known as
Desulfovibrio desulfuricans G20—Hauser et al. 2011;

hereafter simply referred to as G20 throughout the
manuscript) used in the present study was a gift of J.



Wall, University of Missouri-Columbia (Columbia,
MO, USA). G20 was maintained in a modified lactate-
C medium called metal toxicity medium (MTM, Sani
et al. 2001) containing bicarbonate buffer. The pH of
the medium was 7. The medium components were
analytical grade purchased from Fisher Scientific
(Pittsburgh, PA) or Difco Chemical Co. (Detroit,
MI). 1,4-piperazinediethane sulfonic acid disodium
salt monohydrate (PIPES) and sodium sulfate were
obtained from Aldrich Chemical Co. (Milwaukee,
WI). Uranium was purchased as UO,Cl,-3H,O from
Bodman Industries (Aston, PA). All glassware were
washed with 2 N HNOs.

G20 was grown in serum bottles containing MTM
under anaerobic conditions. Serum bottles buffered
with bicarbonate were capped with butyl-rubber septa,
crimped with aluminum seals, purged, and pressurized
with a mixture of N, (80 %) and CO, (20 %) at
68.9 kPa (10 psi) above atmospheric pressure. While
the serum bottles were buffered with PIPES, they were
pressurized with N, (100 %). The N, as well as gas
mixtures were filtered through 0.2 pm syringe filters
(Gelman Acrodisc, San Diego, CA, USA). After
inoculation, the serum bottles were incubated at
25 °C on a rotary shaker at 125 rpm.

Batch experiments
Non-growth conditions

To examine U(VI) reduction in batch cultures, exper-
iments were carried out with washed cells suspended
in bicarbonate or PIPES buffer each at 30 mM and pH
7. Bicarbonate concentration (30 mM) was used on
the basis of other published results (e.g., Gorby and
Lovley 1992, Fredrickson et al. 2002). G20 grown for
4 days were centrifuged under anaerobic conditions at
10,000x g for 10 min. The supernatant was discarded
and the cell pellets were suspended in the anoxic
buffers with all transfers occurring in an anaerobic
glove box. This process was performed three times and
the cells were then re-suspended under non-growth
conditions (defined here as the absence of nitrogen,
phosphorous, vitamins, and other micronutrients) in
bicarbonate or PIPES buffer (30 mM, pH 7) and used
for U(VI) reduction. Aliquots of washed-cell suspen-
sion prepared under anaerobic conditions were added
to anaerobic autoclaved bicarbonate or PIPES buffer
in 25-mL serum bottles to achieve an absorbance of

0.5 at 660 nm (note that 1 optical density was equal to
217.5 mg/L. cell protein for G20 [unpublished
results]). Serum bottles were amended with an excess
of the electron donor, lactate, to a concentration of
10 mM from a 1 M stock solution. A filtered (0.2 pm)
anaerobic stock solution of UO,Cl,-3H,0 was asep-
tically added to the serum bottles to attain U(VI)
concentration of 150 or 900 pm, which was the only
electron acceptor. 150 um U(VI) concentration was
chosen based on our prior studies (Sani et al. 2004) and
900 pm was used to observe higher aggregation of
UV) precipitates and matched concentrations used
by Lovley and Phillips (1992). In addition to cell- and
lactate-free controls, heat-killed cell controls were
also included. The total volume of inoculated reaction
mixture in each serum bottle was 10 mL. Anoxic
conditions were obtained by bubbling the solutions
containing bicarbonate buffer, stock U(VI) solution,
and lactate for 1 h with N,:CO, (80:20) in the
anaerobic glove box while serum bottles containing
PIPES buffer were purged by N, (100 %). All these
gases were filtered through 0.2 pm syringe filters. All
cultures were incubated at room temperature (25 °C)
and shaken at 125 rpm. Samples were taken using
disposable sterile syringes, which were purged with N,
to avoid introducing O, into the serum bottles, and
analyzed for uranium concentrations as described
below. Each treatment was conducted in triplicate,
with the initial sample taken anaerobically within
5 min after inoculation. Each batch experiment was
repeated twice.

Growth conditions

U(VI) reduction experiments were carried out under
growth conditions as well. Volumes of 100 ml of MTM
with 30 mM bicarbonate buffer (pH 7) were auto-
claved in 150-ml serum bottles. In addition to sulfate,
thiosulfate, or fumarate as electron acceptor, a filtered
(0.2 pm) anaerobic stock solution of UO,Cl,-3H,0
was aseptically supplemented to the serum bottles to
attain a U(VI) concentration of 150 um. The serum
bottles containing PIPES or bicarbonate buffer were
then sparged with O,-free ultra-pure N, or N,:CO,
(80:20), respectively for 30 min, sealed with butyl
rubber septa, capped and crimped with aluminum
seals. The serum bottles were pressurized at 68.9 kPa
above atmospheric pressure. These uninoculated
serum bottles were shaken at 25 °C on an orbital



shaker (Lab-Line Instruments Inc., Melrose Park, 1L,
USA) at 125 rpm for 6 h, and samples were withdrawn
aseptically to measure initial U(VI) concentrations.
Thereafter, washed cells of G20 grown in MTM
containing bicarbonate buffer were injected into all
serum bottles to provide a final concentration of 3 mg/
L cell protein. Cells for inoculation were prepared after
removing hydrogen sulfide initially present in a 4 day
old active culture by flushing with ultra-pure nitrogen
for 1 h, and washed twice with bicarbonate buffer
under anaerobic conditions as described previously
(Sani et al. 2008). With each set of experiments, heat
killed G20 (autoclaved at 121 °C for 15 min), and
U(VI)-free controls were also used. After inoculation,
serum bottles were again incubated at 25 °C and
125 rpm. Periodically, 0.5-ml samples were asepti-
cally removed by a syringe and needle and analyzed for
U(VI) concentrations.

Effects of different electron donors and acceptors
on biogenic U(IV) aggregation

U(VI) reduction experiments were performed in the
MTM buffered by sodium bicarbonate (30 mM, pH 7)
containing different electron donors and acceptors.
Initially six electron acceptors including sulfate, thio-
sulfate, sulfur, nitrate, nitrite, and fumarate were
evaluated. With lactate as the electron donor, G20
showed very poor growth with sulfur, nitrate, or nitrite
as electron acceptor. Therefore, an electron donor
(lactate or pyruvate) and an electron acceptor (thiosul-
fate, fumarate, or sulfate) were selected for further
studies. Each serum bottle with different electron donor
(each at 30 mM) and acceptors (each at 20 mM) was
inoculated with G20 cells to provide a final concentra-
tion of 3 mg/L cell protein. All bottles were incubated
on a shaker (125 rpm) at 25 °C. U(VI) reduction in each
culture was measured for 8 days as described below.

Analytical methods

Microbial reduction of U(VI) was evaluated by mon-
itoring the decrease in U(VI) concentration over time
in filtered solutions. For determining the decrease of
aqueous U(VI), samples (0.2 mL) were withdrawn by
syringe and needle, and measured immediately after
filtration (Gelman Acrodisc; pore diameter, 0.2 um).
This decrease in the measured U(VI) concentrations is
referred to as “filtered reduced U” throughout the

paper. Samples were diluted 1000-times with nanopure
water to remove matrix effects, and then 1 mL of the
sample was mixed with 1.5 mL of a complexing agent,
Uraplex. Samples were analyzed with a kinetic phos-
phorescence analyzer (KPA-11, Chemcheck Instru-
ments, Inc., USA), which uses a pulsed nitrogen dye
laser to measure U(VI) concentrations in solution.
Calibrations were performed using uranyl chloride
solutions from 0to 0.16 um, yielding a U(VI) detection
limit of 0.04 um with the precision of £5 %.

In addition to measurements of soluble U(VI),
precipitation of U(IV) by bacterial reduction was
evaluated by measuring total dissolved U {U(VI) and
UdV)} in the filtrate (0.2 pm) samples. To oxidize
Uudv) to U(VI), filtered samples (0.1 mL) were
exposed to air for 1 h, and 0.3 mL concentrated
HNO; was added (Lovley and Phillips 1992; Ganesh
et al. 1997). The samples were vortexed and left for
1 h and diluted 100-times in nanopure water. After
complete oxidation of reduced U, the samples were
further diluted 10-times in nanopure water and U(VI)
was measured using the KPA-11 analyzer described
above. Thus, these measurements corresponded to the
total U {i.e., U(VI) and oxidized U(IV)}, which is
referred to as “filtered oxidized U(VI)” throughout
the paper. The amount of the biogenic U(V)
nanoparticles that were able to pass through the
0.2 um filter (referred to as mobile U(IV) in the text)
was calculated by the difference between the filtered
oxidized U(VI) and U(VI) concentrations for each of
the conditions tested. The results of two different
electron donors (lactate or pyruvate), three electron
acceptors (sulfate, thiosulfate, or fumarate), two pH
buffers (bicarbonate and PIPES), and two initial
U(VI) concentrations (150 and 900 uM) on the
effectiveness of U(VI) bioreduction is presented.
Table 2 shows the summary of the experimental
conditions considered in this study. The biogenic
reduced U which passed through 30 (pore size of
18 nm), 10 (pore size of 6 nm) or 3 kD (pore size of
1.8 nm) cut-off membrane filters was also measured.

Transmission electron microscopy (TEM)

Due to the O,-sensitive nature of the samples, the
entire embedding procedure was conducted in an
anaerobic glove box (Ar:H,, 95:5; Coy Laboratory
Products, Grass Lake, MI, USA) as described previ-
ously (Sani et al. 2008). The precipitates, resulting



from batch experiments of G20 with 150 or 900 pum
U(VD) containing PIPES or bicarbonate buffer, were
washed in anoxic deionized water, and fixed in 2.5 %
glutaraldehyde. This was followed by gradual dehy-
dration in an ethanol series and infiltration with LR
White embedding resin (Sigma, St. Louis, Mo, USA).
Samples embedded in solid resin blocks were sec-
tioned to 60-70 nm on a microtome (Leica Ultracut
UCT; Leica Microsystems, Bannockburn, IL, USA),
and sections were mounted on 200 mesh copper grids
coated with formvar support film sputtered with
carbon. Sections were examined using a JEOL 2010
high resolution transmission electron microscope
(HR-TEM) equipped with a LaBg filament operating
at 200 kV with resolution of 0.19 nm (JEOL USA,
Peabody, MA, USA).

Results and discussion

In this study, the reduction of soluble U(VI) (150 and
900 pm) to U(IV) was quantitatively investigated in
growth (liquid culture with MTM) and non-growth
conditions using Desulfovibrio alaskensis-G20 in
bicarbonate or PIPES buffered media. Size fraction-
ation of the biogenic UO, nanoparticle precipitates
formed by G20 under growth conditions in the
presence of bicarbonate buffer (30 mM and pH 7) is
also discussed. The results presented here are useful to
assess the size and potential mobility of non-aggre-
gated reduced U nanoparticles in the aqueous phase,
and would provide insights on these nanoparticles

affecting U(VI) bioremediation efforts at subsurface
contaminated sites.

Evaluation of biogenic U(IV) nanoparticles
produced in PIPES or bicarbonate buffer
under non-growth conditions

The effects of bicarbonate or PIPES buffer (each at
30 mM and pH 7) under non-growth conditions by
G20 cells are shown in Figs. 1(a) and 1(b) for the
initial 150 or 900 uM U(VI) concentrations, respec-
tively. Lactate (10 mM) was added as the electron
donor and source of energy for keeping the cells
metabolically active, but without N or P, no further
division or growth of cells was observed. The results
show that G20 cells reduced the U (150 and 900 uM)
successfully within the first 4 h, with greater than
93 % U(VI) reduction in either PIPES or bicarbonate
buffer. On the other hand, with 900 puM initial U(VI),
75 % U(VI) reduction was observed in the presence of
bicarbonate buffer (Fig. Ic), while PIPES showed
95 % U(VI) reduction. Under these non-growth
reducing conditions, U turned into black reduced U
precipitates from its soluble U(VI) form. Sani et al.
(2006) showed that with 100 uM initial U(VI)
concentration, G20 cells removed 95 and 50 % of
U(VI) from the solutions containing bicarbonate and
PIPES buffers, respectively. The lower U(VI) removal
in the presence of PIPES buffer was attributed to the
lower solubility of U(VI) in PIPES buffer compared to
the bicarbonate buffer. However, the addition of

Table 2 Summary showing the different environmental conditions used in this study

Environmental conditions Electron donor Electron acceptor Buffer pH Initial U(VI)
(uM)

Growth Lactate Sulfate Bicarbonate 7 150
Lactate Thiosulfate Bicarbonate 7 150
Lactate Fumarate Bicarbonate 7 150
Pyruvate Sulfate Bicarbonate 7 150
Pyruvate Thiosulfate Bicarbonate 7 150
Pyruvate Fumarate Bicarbonate 7 150

Non-growth Lactate U(VI) Bicarbonate 7 150
Lactate UVl Bicarbonate 7 900
Lactate U(vI) PIPES 7 150
Lactate U(vI) PIPES 7 900




1 mM lactate to the PIPES buffer solution increased
the U(VI) solubility (Sani et al. 2006). The higher
U(VD) reduction in the presence of PIPES buffer
observed in this study may be attributed to the higher
solubility of U(VI) due to the higher lactate (10 mM)
concentration, resulting in the formation of uranyl
lactate complexes such as UO,(lactate)* (e.g. Sani
et al. 2006). Although the uranyl hydroxo complexes
were the most dominant aqueous U(VI) species in the
presence of PIPES buffer (as explained below), the
higher concentrations of uranyl lactate complexes at
10 mM lactate concentration (compared to 1 mM
lactate) may still have increased the U(VI) solubility
resulting in higher U(VI) reduction.

The results in Fig. 1 show that at both U(VI)
concentrations tested, the majority of the reduced U

nanoparticles did not pass through the 0.2 pM filter.
This amount of U nanoparticles, which did not
aggregate, was denoted as mobile U(IV). This can be
seen by the mobile U(IV) concentration trends that
were able to pass through the 0.2 um filter (dashed
lines in Fig. la, b) calculated by the difference
between the filtered U(VI) and filter oxidized U(VI)
concentrations which corresponded to only 0-8 %
bioreduced U existing in mobile phase (Fig. 1c). The
results therefore showed that less than 9 % of the
U(IV) was in the mobile phase, for the non-growth
conditions for G20 cells reducing 150 or 900 uM
U(VI) with using either PIPES or bicarbonate buffer.
Therefore, the majority of the U(IV) aggregated and
precipitated out of the solution under these non-
growth conditions. It should be noted that although the
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filter reduced U provides an indirect examination of
the uraninite aggregates rather than the individual
U(V) particles, the approach followed here is deemed
sufficient to allow the comparison of biogenic U(IV)
particles produced under the different environmental
conditions.

In the presence of PIPES buffer, an abiotic elim-
ination of U at higher (900 uM) concentration was
also observed, where there was less abiotic removal at
lower (150 pM) concentration of U. This indicated
that PIPES buffer may have precipitated U abiotically
as well, during the reduction by G20 in the case of
900 pM initial U(VI) concentration, leading to the
higher amount of U(VI) reduction compared to the
bicarbonate buffered environment (Fig. 1). Thermo-
dynamic speciation calculations using PHREEQC
(Parkhurst and Appelo 1999) show that in the presence
of PIPES buffer, schoepite solubility is reached.
However, if this mineral is allowed to form, U(VI)
concentrations sharply decrease, significantly deviat-
ing from the experimental data. The incorporation of a
kinetically controlled schoepite precipitation might
yield results consistent with the experiments, espe-
cially with the time-wise decrease in the abiotic U(VI)
removal at 900 uM initial U(VI) concentration as seen
in Fig. 1b. However, such quantification is not con-
sidered here in order to minimize the risk of model
over-parameterization. Thermodynamic speciation
modeling showed that the dominant aqueous U(VI)
species were (UO,)3(OH)Y and (UO,)s(OH)7 in
addition to other uranyl hydroxo complexes such as
UO,OH' and UO,(OH),, and uranyl lactate com-
plexes. Sani et al. (2004) showed that there was no
abiotic precipitation or reduction of U with 90 pM
initial U(VI) concentration in PIPES buffer. These
observations were consistent with the results of
Fredrickson et al. (2000), who showed that in
30 mM PIPES buffer (pH 7), 125 pM U(VI) remained
in solution with a computed U(VI)aq equilibrium
speciation that was dominated by the hydroxo com-
plexes UOZOH(J;q) or UO,(OH)yaq)- Slight decreases
in U(VI) concentration were probably due to the
adsorption of U(VI) onto the serum bottles (Arnold
et al. 1988; Franklin et al. 2000). In contrast, there was
no appearance of abiotic removal of U in bicarbonate
buffer at both concentrations of U(VI). An initial loss
of 10 % of the U(VI) was sometimes observed. This
decrease in U(VI) may have been due to non-
enzymatic interactions between the U(VI) and dead

cell biomass of G20 cells (Payne et al. 2002).
Thermodynamic speciation calculations in our study
here also confirmed that the solubility of U(VI) solids
such as schoepite was not reached in the presence of
bicarbonate buffer. U(VI) speciation modeling
showed that aqueous U(VI) was almost entirely
complexed as UO,(CO3)3 4 around neutral pH. Our
planned future work includes the development of a
numerical model to investigate the thermodynamic
and kinetic constraints of the reaction network
considered in the study based on the experimental
results.

Comparison of biogenic U(IV) nanoparticles
produced during growth versus non-growth
conditions

Figure 2 shows the effects of growth conditions on the
reduction of 150 pM initial U(VI) by G20 in the
presence of bicarbonate buffer. It is seen from Fig. 2
that the optical density (OD) measurements resulted in
lower cell concentrations in the presence of U(VI),
possibly due to the toxicity of U(VI) to the G20 cells.
Interestingly, the results directly showed that even
after 10 days of experimental period, the majority of
the reduced U particles passed through the 0.2 pm
filter, presumably due to less aggregation of U(IV) in
the aqueous phase. The mobile U(IV) concentration
trend (dashed line in Fig. 2) calculated by the differ-
ence between filtered and filtered oxidized U(VI)
concentration data indicates that the majority of the
reduced U remained in the aqueous phase (and thus
being mobile), as opposed to the results obtained in
non-growth conditions (Fig. 1).

The effect of growth versus non growth conditions
on the aggregation of bioreduced U particles in the
aqueous phase was investigated in the presence of
bicarbonate buffer because bicarbonate is a natural
buffer commonly present at various U contaminated
sites (Bargar et al. 2008; Sani et al. 2006; White and
Knowles 2000). The comparison of the transmission
electron microscopy (TEM) images of D. Alaskensis
G20 culture under non-growth (Fig. 3a—d) versus
growth conditions (Fig. 3e, f) also confirmed the
formation of higher amounts of reduced U aggregates
under non-growth conditions, compared to less aggre-
gation of reduced U particles under growth conditions,
in accordance with the observations of filtered and
filtered oxidized U(VI) concentrations as discussed
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above. The results also showed that at higher U
concentration (900 uM), reduced U particles were
more aggregated and did not passed through the filter
compared to cases with lower U(VI) concentrations
(150 pM), as confirmed with the TEM images for D.
Alaskensis G20 (Fig. 3). These images show that the
reduced U particles are associated with the G20 cells
(within the periplasm), and with higher (900 uM)
concentration of U, the reduced U particles are
observed to precipitate out as reduced U crystals
outside the cells. The differences observed in the
aggregation of (IV) under growth versus non-growth
conditions may be due to the different U(VI) reduction
mechanisms (i.e., enzymatic and/or non-enzymatic
reduction under growth conditions versus only enzy-
matic reduction under non-growth conditions). This
may lead to the sites of U(VI) reduction or U(VI)
reductase enzymes to be different in both conditions,
including the possibility of sulfide abiotically reducing
U(VI) under growth conditions. The reductive precip-
itation of U(VI) might have also been sensitive to the
solution composition, where the complexation of the
U with the growth medium components might possi-
bly have enhanced the immobilization of UIV),
precluding its aggregation. Similar findings were also
observed by Bernier-Latmani et al. (2010), who
reported that the presence of various solutes in the
water composition resulted in the inhibition of
uraninite precipitation and the reduced U products

were observed to be associated with phosphates or
carboxylate groups from the cell membrane. Also, in
the present study, some of the U complexes which may
not be able to enter the cell periplasm (e.g.,
U-schoepite complexes) might have had to be reduced
outside the cell, resulting in the observed differences
in aggregation under different conditions. In general,
however, these U(VI) reduction mechanisms are not
well understood and further research is needed.

The solubility of U(VI) was observed to be
significantly lower in PIPES buffer than in bicarbonate
buffer (Sani et al. 2006). Despite the lower solubility
of U(VI) in PIPES buffer, less soluble U(VI) com-
plexes in PIPES buffer exerted more toxicity to G20
compared to the highly soluble U(VI) carbonate
complexes in the presence of bicarbonate buffer, as
the uranium bicarbonate complexes {almost entirely
complexed as UO,(CO5)5 2 and UO,(CO5)5*} likely
mitigated the toxicity effects of U to G20. Previous
reports on U(VI) toxicity to G20 in the presence of
PIPES buffer under growth conditions was demon-
strated by longer lag times and in some cases by no
measurable growth for U(VI) concentrations of
>175 uM (Sani et al. 2006). The importance of the
choice of buffer was also studied by White and
Knowles (2000), where the use of PIPES buffer
prevented the degradation of nitrilotriacetic acid by
Chelatobacter heintzii. Analysis of thin sections of
G20 treated with 900 uM U(VI) in medium containing



Fig. 3 Transmission electron microscopic images of Desul-
fovibrio desulfuricans G20 culture treated with a and b 150 pm
U(VI) under non-growth, ¢ and d 900 um U(VI) under non-

PIPES buffer revealed that only a very small fraction
of cells had reduced U precipitates in the periplasmic
spaces. In the presence of bicarbonate buffer, how-
ever, reduced U was observed not only in the
periplasm but also in the cytoplasm. These non-
growth conditions results corroborated with the pre-
vious studies by Sani et al. (2000).

The minimum aggregation of biogenic U(IV) at
lower concentration of U was not well understood
although cell density of G20 was the same in all
experiments. It is generally believed that uraninite
aggregates near the site of U(VI) reduction. For most
Gram-negative bacteria, biogenic uraninite is localized
in the periplasmic space and outside of the cells
suggesting the presence of U reductases composed of
electron-carrier proteins or enzymes within the peri-
plasm, on the outer membrane or outside of the
cytoplasmic membrane (Wall and Krumholz 2006).
Further, study of the relative localization of uraninite
nanoparticles and c-type cytochromes showed their
close extracellular association in a matrix of exopoly-
meric substances (EPS) (Marshall et al. 2006). A
separate study demonstrated the strong binding of a
cytochrome c3 to uraninite (Payne et al. 2004). These
studies support the hypothesis that aggregation occurs
near the site of reduction. Despite its small size,
the

growth, e 150 pm U(VI) under growth, and f 900 um U(VI)
under growth conditions in medium containing bicarbonate
buffer (30 mM, pH 7)

association of biogenic U(IV) with proteins and EPS,
associated with the biomass, makes its unlikely to be
transported as colloidal phases (Bargar et al. 2008).
However, after U bioreduction, Fe(Ill)hydroxide min-
erals as well as Fe sulfide minerals, reduced organic
matter, electron shuttles could be controlling factors for
the transport and long-term stability of bioreduced U
(Singh et al. 2014). Wang et al. (2013) report mobile
U(IV)-bearing colloids in a mining-impacted wetland
demonstrating the presence of U(IV) in soil as a non-
crystalline species bound to amorphous Al-P-Fe-Si
aggregates, whereas in porewater, as a distinct species
associated with Fe and organic matter colloids. There-
fore, further research is needed to quantify the mobile
and immobile fractions of the reduced U nanoparticles,
develop reactive transport models to understand and
predict the mobility of U nanoparticulate phases under
relevant field conditions where both biotic and abiotic
pathways occur for U reduction.

U(VI) reduction under growth conditions
and effects of different electron acceptors
and donors on the bioreduced U aggregation

In order to help in the selection of the right electron
donor for U bioremediation in the field, the effects of



three different electron acceptors (sulfate, thiosulfate
or fumarate) and two donors (lactate or pyruvate) were
studied on the aggregation of bioreduced U nanopar-
ticles in the aqueous phase under growth conditions of
G20 in MTM (Figs. 4 through 6). The OD versus time
plots as well as U(VI) trends versus time for U(VI)
bioreduction by G20 under growth conditions with the
electron acceptors of fumarate and thiosulfate, are
shown in Fig. 4a, b respectively, with the utilization of
lactate as the electron donor. The filtered and filtered
oxidized U(VI) concentration trends show that under
growth conditions, significant mass fraction of biore-
duced U existed as a mobile (particulate) phase when
the initial U(VI) was 150 uM (see dashed lines in
Fig. 4). When thiosulfate was utilized as the electron
acceptor compared to fumarate, lower amount of
mobile U(IV) fraction was observed, which was due to
the lower amount of U(VI) bioreduction (70 %) that
occurred with thiosulfate compared to the other
electron acceptors (Fig. 6). When a different electron
donor, i.e., pyruvate was used instead of lactate with
the electron acceptors sulfate, fumarate and thiosul-
fate, still significant fraction of bioreduced U
(30-60 %) was observed to be in the mobile phase
(see dashed lines in Fig. 5a—c). Again, the lowest
amount of mobile U(IV) fraction corresponded to the
utilization of thiosulfate which was due to the lowest
amount of U(VI) bioreduction with thiosulfate. In
general, the OD measurements for G20 cells in the
presence of U(VI) showed slightly lower values
compared to the growth conditions in the absence of
U(VI), possibly due to the toxicity of U(VI) to the cells
under all conditions. Also, when fumarate was used as
the electron acceptor either with pyruvate or lactate as
the electron donor, lowest OD measurements were
observed for the G20 cells (see Figs. 4a, 5b) compared
with the growth conditions using sulfate or thiosulfate.
The actual U(VI) bioreduction mechanisms with these
electron acceptors are not well understood and further
research is needed to explain the observed differences.

Figure 6 shows the % U reduction obtained and
the % of filtered reduced U (i.e., existing in the mobile
phase) for all the different electron acceptor and
donors considered here under growth conditions. It is
also seen from this bar chart that although greater than
90 % of U(VI) reduction was accomplished with the
utilization of sulfate or fumarate as the electron
acceptor and lactate or pyruvate as the electron donor,
greater than 50 % of the filtered reduced U still existed

in mobile phase, thus posing challenges regarding the
potential fate and transport of the bioreduced U
particles as (or associated with other) colloidal phases,
and hence towards long-term U reclamation steward-
ship. The use of thiosulfate as an electron acceptor
yielded smallest proportion of U(VI) reduction (68 %)
in 10 days of incubation compared to the case when
sulfate or fumarate were used but still greater than
25 % of the filtered reduced U existed in mobile phase
(Fig. 6). The mechanisms of aggregation of biore-
duced U with the tested electron donors and acceptors
are not well understood. For the majority of contam-
inated sites, competing electron acceptors in addition
to U(VI), could either enhance or inhibit U(VI)
reduction.

Evaluation of size fractionation of biogenic U(IV)
nanoparticles

A size fractionation experiment was performed on the
bioreduced U nanoparticle precipitates that were
formed as a result of U(VI) bioreduction by G20 cells
under growth conditions in the presence of lactate,
sulfate, and bicarbonate buffer (30 mM, pH 7).
Biogenic reduced U which passed through the
0.2 um, 3, 10 or 30 kD cut-off membrane filters were
analyzed to obtain the size of the reduced U particles
as shown in Fig. 7 (see solid bars of filtered reduced U
% for various filter sizes). The comparison shows a
significant size difference in the particles from
oxidized samples filtered at 0.2 pm and nano-filtered
samples. The results show that about 65 % of the
reduced U could pass through the 0.2 pm filter,
whereas, only 10, 4 and 2 % of the reduced U could
pass through the 30 (pore size of 18 nm), 10 (pore size
of 6 nm) and 3 (pore size of 1.8 nm) filters, respec-
tively. This indicates that the bioreduced U particles
occurred in sizes greater than 18 nm (not passing
through 30 kD filter), but they were less than 200 nm
(passing through 0.2 um filter), and hence considered
to be mobile. However, it should be noted that this
fractionation analysis showed the size range of U(IV)
particle aggregates, where the actual bioreduced U
particles can be smaller than the aggregates retained
by the previously collected particles on the filter
membrane. Previous studies on the biogenic uraninite
produced by D. alaskensis G20, Shewanella sp.
HRCR-2, A. dehalogenans, G. sulfurreducens, and
D. vulgaris were reported to have sizes in the range of



0.4 1 160 0.4 160
A B
0.35 140 —~ 0.35 140
3
0.3 120 = 0.3 1208
g § £ :
o 025 e Hmmmmee X 100 £ o 0.25 1008
b % cpemm=mm KT .E 2 0.2 £
— I y £
= 0.2 Y, 80 § % 80 §
Qo 60 § Qo015 A S
g o015 ", o '/ \\ 60 38
/ “ >
0.1 4 40 = 0.1 4 ~ - 05
II s ’/ \x,‘ k" =]
’ = v i -
0051/ 20 2 005/ o 20
’ 4
0 N N " N 0 04 N N N N N 0
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (days) Time (days)

—a— OD (with Lactate and fumarate)
—o=—U(VI) (with Lactate and fumarate)
——U(VI) (with G20-free control)

—&— OD (with Lactate, fumarate, and U(VI))
—m—Filter oxidized U(VI) (with lactate and fumarate)
=% «Mobile U(IV)

—&— OD (with Lactate and thiosulfate)
—o—U(VI) (with Lactate and thiosulfate)
—<—U(VI) (with G20-free control)

—=— OD (with Lactate, thiosulfate, and U(V1))
—a—Filter oxidized U(VI) (with lactate and thiosulfate)
== =Mobile U(IV)

Fig. 4 The effects of two different electron acceptors a fu-
marate, b thiosulfate on the growth of D. desulfuricans G20 and

presence of lactate as the

electron donor. Symbols show the

mean of duplicate analyses. Error bars indicate the standard

150 umU(VI) reduction under growth conditions in the deviation
presence of bicarbonate buffer (30 mM, pH 7) and in the
0.4 180 0.4 160
0.35 , & A e 0.35 B o
0.3 140% 0.3 1202
g 1206 E c
Eo2s ‘% £0.25 100-%
=1 100 8 Jem————— il
& 02 A ~ £ 8 o2 / B e X 80 E
® Iy TTmesTTT et 80 8 % / R 8
a 0.15 4 € H015 / 60 ¢
) / 0 8 3 Y, 3
0.1 ’ 0 ~ 01f [/ 0 -
/) > / =3
0.051 /¢ 03 005/ 20 5
0 0 0 0
0 2 4 6 8 10 12 0 2 4 6 8 10 12

Time (days)

Time (days)

—+— OD (with Pyruvate and sulfate)
—=— U(VI) (with Pyruvate and sulfate)
—+—U(VI) (with G20-free control)

——OD (with Pyruvate, sulfate, and U(VI))
—a—Filter oxidized U(VI) (with Pyruvate and sulfate)
= e = Mobile U(IV)

—e— OD (with Pyruvate and fumarate)
—a—U(VI) (with Pyruvate and fumarate)
—+—U(VI) (G20-free control)

——U(VI) (with Pyruvate, fumarate, and U(VI))
—a—Filter oxidized U(VI) (with Pyruvate and fumarate)
== «Nobile (IV)

0.4 180

0.35 . L . . C |60~
T
S
0.3 140 :
£ )
c 0.25 120 -g
S 100 £
© 0.2 c
= 80 §
8 0.15 0 S
0.1 —
_*—‘___—* 40 E
0.05 /r*‘ ----- T, ¥==""" 2 =2
2
() Staal— - - - - 0
0 2 4 6 8 10 12
Time (days)

Fig. 5 The effects of 3 different electron acceptors a sulfate,
b fumarate, ¢ thiosulfate on the growth of D. desulfuricans G20
and 150 pmU(VI) reduction under growth conditions in the

—&—OD (with Pyruvate and thiosulfate)
—o—U(VI) (with Pyruvate and thiosulfate)
——U(VI) (with G20-free contro)l

—+—OD (with Pyruvate, thiosulfate, and U(V1))
—a—Filter oxidized U(VI) (with pyruvate and thiosulfate)
= «Mobile (V)

deviation

presence of bicarbonate buffer (30 mM, pH 7) and in the

presence of pyruvate as the electron donor. Symbols show the
mean of duplicate analyses. Error bars indicate the standard



Fig. 6 Comparative 100
distribution of % U(VI) 1 ER .
reduction and % filtered 90 } O U(VI) reduction (%)
reduced U existing in mobile
phase with the utilization of 80 | @Filtered reduced U (%)
three different electron
acceptors (sulfate, fumarate,
thiosulfate) and two 70 f + -
different electron donors
(lactate, pyruvate) by the 60 |
growth of D. desulfuricans
G20 with 150 pm initial 50 }
U(VI) under growth
conditions in the presence of 40 }
bicarbonate buffer (30 mM,
pH 7). Error bars indicate
the standard deviation 30 I

20 |

10 |

0
Lactate and Pyruvate Lactate and Pyruvate Lactate and Pyruvate
sulfate and sulfate Fumarate and thiosulfate and
fumarate thiosulfate

100

o U(VI) Reduction (%) mFiltered oxidized U(IV) (%)

80
60
40

20

oL I .

0.2y 30kD 10kD 3kD

Fig. 7 Comparative distribution of % U(VI) reduction and %
filtered reduced U showing size fractionation of the biogenic
reduced U which passed through the 0.2 um, 3, 10 and 30 kD
membrane filters, under growth conditions of D. desulfuricans
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1.5-5 nm (Schofield et al. 2008; Sharpe et al. 2009;
Sani et al. 2006; Zhou et al. 2014a) for the individual
particles. The difference in the observed sizes in this
study could be due to aggregation or complexation of
the reduced U with the growth medium components,
thus yielding bulk sizes greater than 18 nm. Biogenic
reduced U nanoparticles in aggregates of up to 30 nm

in diameter at slow rates of U(VI) bioreduction, and
aggregates of up to 100 nm in U contaminated
groundwater samples have also been observed by
Senko et al. (2007), and Abdelouas et al. (1999),
respectively. As discussed by Senko et al. (2007), in
addition to the changes in reactive surface area,
structural changes in biogenic reduced U particles
might also be induced upon aggregation changing
their reactivity, compared to the non-aggregated
individual reduced U particles.

Conclusions

This study provides important insights on the impact
of different environmental conditions on the mobility
of bioreduced U, which would have significant
influence on the ultimate success of uranium biore-
mediation efforts in the field. The present study is a
first attempt to explore the complex interaction of
multiple electron acceptors (sulfate, thiosulfate, or
fumarate) and donors (lactate or pyruvate) during
U(VI) reduction and immobilization by D. alaskensis
G20. Furthermore, the effect of the two buffers
(bicarbonate or PIPES) and the behavior of G20
under growth versus non-growth conditions on the
aggregation of the bioreduced U nanoparticles are



also presented. The results show that the aggregation
of the U(IV) nanoparticles highly depend on the
initial concentration of U(VI), and the type of buffer,
electron acceptors and donors utilized in the envi-
ronment. The study demonstrates that although more
than 90 % of U(VI) reduction could be accomplished
with the utilization of various different electron
donors and acceptors, a significant mass fraction of
bioreduced U (28-65 %) still exists as a mobile
nanoparticulate phase under growth conditions. Our
results show that under non-growth conditions, the
majority of the reduced U occurs in the form of
reduced U aggregates that are able to precipitate out
from the solution, as opposed to a mobile form of
U(IV) obtained under growth conditions. Such dif-
ferences may be due to the different U(VI) reduction
mechanisms as well as the impact of U complexation
with the growth medium components under the
different conditions. Our size fractionation results
of the reduced U nanoparticles also show that most of
the bioreduced U aggregates were in sizes between
18 nm and 0.2 pm and should be considered to be
mobile. These observations have fundamental rele-
vance to the conditions existing in the natural
subsurface environments that are contaminated with
U, and would pose significant challenges to the
ongoing bioremediation efforts to remove U(VI) by
reductive precipitation by microorganisms. For the
successful application of biostimulation of uranium,
it is vital to understand the governing factors that
control the behavior of these extracellular bioreduced
U species with respect to U fate, transport, and long
term stability. This study provides insights on the size
and potential mobility of reduced U nanoparticles
and their potential impact on U(VI) bioremediation at
contaminated sites where sulfate reducing conditions
have been shown to develop under natural and
biostimulated environments. Further fundamental
research is needed to quantify the mobile and
immobile fractions of the reduced U nanoparticles
and develop numerical biogeochemical models to
predict the colloidal phase transport and long-term
stability of bioreduced U.
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