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Selenium (Se) is an essential element for the cell that has multiple applications in medicine and technology;
microorganisms play an important role in Se transformations in the environment. Here we report the
previously unidentified ability of the soil bacterium Pseudomonas putida KT2440 to synthesize nanoparticles
of elemental selenium (nano-Se) from selenite. Our results show that P. putida is able to reduce selenite
aerobically, but not selenate, to nano-Se. Kinetic analysis indicates that, in LB medium supplemented
with selenite (1mM), reduction to nano-Se occurs at a rate of 0.444 mmol L~ h— beginning in the middle-
exponential phase and with a final conversion yield of 89%. Measurements with a transmission electron
microscope (TEM) show that nano-Se particles synthesized by P. putida have a size range of 100 to 500 nm
and that they are located in the surrounding medium or bound to the cell membrane. Experiments involving
dynamic light scattering (DLS) show that, in aqueous solution, recovered nano-Se particles have a size range
of 70 to 360 nm. The rapid kinetics of conversion, easy retrieval of nano-Se and the metabolic versatility of
P. putida offer the opportunity to use this model organism as a microbial factory for production of selenium
nanoparticles.

Selenium (Se) is a metalloid element widely used in industry: applications include its utilization in electronics,
production of glass and photocopying'~. The oxidized forms of the element, such as in sodium selenite, are also
used as food supplements®. In addition to its industrial applications, Se has several properties of medical relevance
due to its antimicrobial®-® and antioxidant activities>!°. Selenium is found primarily in four inorganic chemical
forms in natural environments: selenate (SeO,~2), selenite (SeO;~2), elemental selenium (Se’) and selenide (Se~2).
Se also appears in seleno-organic compounds at low levels''. The presence of selenium in the environment occurs
as a result of natural processes and human activities®. Naturally occurring selenium is present in seleniferous soils
and copper ores at generally minute concentrations'"!?, but greater concentrations occur in other environments
as a result of the numerous industrial applications*!* mentioned above. Elemental selenium is insoluble in water,
and exhibits no or little toxicity in terrestrial and aquatic environments. In contrast, selenium oxyanions (i.e.
selenate, selenite, recognized as selenium soluble forms) might cause harmful effects in the environment because
of their substantial solubility, mobility and toxicity'*.

The transformation in the environment of the various forms of selenium is well documented, and so is the
important role that microorganisms play during the geological cycle of this element>'>. In this context, the micro-
bial reduction of selenate or selenite to selenium is critical to decrease the bioavailability of this element, which
becomes insoluble in water when reduced to Se®!°. The capability of reducing selenate and selenite in the envi-
ronment seems to be widespread in the microbial world, as evidenced by the diversity of species (both anaero-
bic and aerobic) that display this reducing ability. These species include, among others, Pseudomonas stutzeri,
Pseudomonas fluorescens'3, Pseudomonas aeruginosa'’, Duganella sp., Agrobacterium sp.', Enterobacter clo-
acae?, Bacillus selenitireducens®, Azospirillum brasilense*', Thauera selenatis®*, Azoarcus sp.?* and Pantoea
agglomerans®.
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To date, the crucial components of the global process of biotransformation have not been completely elu-
cidated. It is thought that the reduction of selenium oxyanions involves two steps: first selenate is reduced to
selenite and then selenite is reduced to elemental selenium. Two mechanisms have been reported to account for
the reduction of selenate to selenite, SeO, %> — SeO; 2 One mechanism involves the participation of nitrate or
nitrite reductases. Sabaty et al.** reported that a periplasmic nitrate reductase is responsible for the reduction
of selenate in Ralstonia eutropha, Paracoccus denitrificans and Paracoccus pantotrophus; these authors also pro-
posed that this feature is common to all denitrifying bacteria. The second mechanism requires the participation
of specific selenate reductases®. A paradigmatic example of this is selenate reduction in Thauera selenatis. This
Gram-negative beta-proteobacterium, which was isolated from selenium-contaminated drainage water in the San
Joaquin Valley of California®, is a facultative anaerobe capable of using selenate as a terminal electron acceptor
because of the presence of a periplasmic selenate reductase (SerABC)?’.

Selenite is also transformed into selenium, SeO;~2— Se®, by the following mechanism?®: (i) selenite becomes
chelated first by thiol-containing molecules such as glutathione, leading to the production of selenodiglutathione.
(ii) this compound is the substrate of the enzyme glutathione reductase that produces unstable intermediates
eventually converted to elemental selenium. This process has an impact on the physiology of the cell and during
selenite reduction a large amount of peroxide is produced, thereby inducing the expression of genes related to oxi-
dative stress resistance (superoxide dismutase, catalase, peroxidase, etc). Altogether, these findings indicated that
the reduction of selenite to selenium depends strongly on the ability of a microorganism to maintain a reducing
environment. The fact that various bacterial species such as Escherichia coli and Rhodobacter sphaeroides overex-
press enzymes involved in the resistance to oxidative stress in the presence of selenite?**° is hence not surprising.
The mechanism of conversion of selenate or selenite into Se° seems to vary between bacterial species; a significant
number of small molecules and enzymatic activities are likely to be involved in vivo in complex communities.
Unraveling additional ways for the reduction of selenate and selenite is relevant to the understanding of the bio-
chemistry of Se in the environment, the explotation of microorganisms as biofactories of selenium compounds
and the bioremediation of niches contaminated with selenate or selenite.

The size of the Se’ particles is an important factor that determines their potential chemical or biological activ-
ity. Nano-Se particles smaller than 100 nm have greater antioxidant activity than larger particles®. Nano-Se par-
ticles of size 5-200 nm can directly scavenge free radicals in vitro depending on their size®'. Microorganisms can
produce Se® nanoparticles ranging from 30 nm"® to 500 nm"* depending on the reducing species and conditions.
The microbial production of nanoparticles can, therefore, be seen as an opportunity not only for bioremediation
but also in nanobiotechnology due to the multiple applications of this element®>**.

In this work, we studied the biosynthesis of nano-Se by soil bacterium Pseudomonas putida KT2440%, which
is widely used in environmental applications. P. putida has many advantages for its use in biotechnology: it is a
safe non-pathogenic bacterium®, it is easily cultured and manipulated in the laboratory, and it displays great
metabolic versatility. As it has recently been reported, the central metabolism is equipped with the enzymes nec-
essary to produce a high yield of reducing power (i.e. NADPH equivalents)*-*°. This capability is very relevant
for reducing selenite, making P. putida an attractive and versatile microbial species suitable for applications of this
biocatalytic process.

Results and Discussion

P. putida reduces selenite but not selenate. To test whether P. putida is capable of reducing aerobi-
cally selenate and selenite to elemental selenium, we performed growth experiments in rich medium (LB; Fig. 1)
and minimal medium (M9, citrate 0.2% w/v; data not shown) in the presence and absence of each oxyanion
SeO; 7% or SeO, % (1 mM). Cultures exhibiting a characteristic red precipitate formed only in the presence of sel-
enite (Fig. 1). This precipitate was purified as described in the experimental section and analyzed with SEM-EDS
(Fig. 2). Micrographs of the precipitate (Fig. 2A) show the presence of particles with a significant heterogeneity
in size. Further inspection of these particles confirmed that they were composed of elemental Se and products
containing carbon and oxygen (Fig. 2B).

As shown in the growth experiments in Fig. 1, P. putida is not capable of reducing selenate ions to elemental
selenium neither in LB nor in M9 minimal medium (not shown). These results indicated that P. putida KT2440
lacks the enzymatic complement needed for selenate respiration and to perform the first step of reduction,
SeQ,~2— SeO; 2. The apparent absence of selenate reductase activity in P. putida is expected as this bacterium is
considered a strict aerobe and, as such, there is no known substrate other than oxygen that might serve as a final
electron acceptor. The ability to reduce the selenate ion has been associated mainly with anaerobic bacteria that
can use SeO, 2 as a terminal electron acceptor?>*°. Only a few cases of bacteria capable of aerobically reducing
both selenate and selenite exemplified by P. stutzeri have been reported!. This bacterium was isolated from a
contaminated site with high concentrations of selenium oxyanions and reflects the adaptation capabilities of the
Pseudomonas genus.

As expected, because of the differences between cell growth rates in rich (LB) and minimal media (M9 citrate),
red elemental selenium appeared in LB after culturing for 15h, whereas in M9 citrate it occurred after nearly 72h
(data not shown). For this reason, and also due to the inability of P. putida to reduce selenate, we focused the fol-
lowing experiments exclusively on the reduction of selenite in LB.

Toxicity of selenite and kinetics of reduction. To study the toxicity of selenite in P. putida KT2440
we performed growth experiments in LB medium at varied selenite concentrations (see Fig. 3A-C). As shown,
selenite (1 mM) seems optimal for our experiments because (i) greater concentrations of the oxyanion inhibit
bacterial growth (Fig. 3C) and (ii) the accumulation of elemental selenium was evident in less than 24 h, whereas
greater concentrations of selenite required longer incubations (24-48 h) in order to produce visible pellets (see
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LB + selenate 1 mM LB + selenite 1 mM

Figure 1. Growth of P. putida KT2440 in LB broth in absence and presence of selenate or selenite (1 mM).
Liquid and solid cultures showed that reduction to red elemental selenium occurred only in the presence of
selenite. Photographs were taken after culturing for 24 h.
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Figure 2. SEM-EDS analysis of Nano-Se. (A) SEM micrographs of dried selenium nanoparticles on a 2-um
scale. Micrographs indicate that nanoparticles agglomerated to form vesicles of an average size of 550 nm.
(B) EDS analysis of nano-Se shows the recovered material was constituted by selenium.

Fig. 3A-C). Selenate had no inhibitory effect on bacterial growth when used in identical experimental conditions
(data not shown).

A detailed examination of the growth curve in Fig. 3C shows how, in the presence of selenite (1 mM), the
absorbance attained by the culture exceeded the maximum value obtained by the strain in the absence of selenite.
Since elemental selenium scatters and absorbs radiation at 600 nm (at which the absorbance is measured), the
increased apparent absorbance is due not only to the increased biomass but also to the elemental selenium accu-
mulated. We took advantage of this property to monitor the growth phase in which reduction begins. For this pur-
pose, we generated the growth fingerprints**? of the cultures using the curves of Fig. 3C. Such growth fingerprints
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Figure 3. Growth and selenite reduction of P. putida KT2440 in LB broth with sodium selenite at

different concentrations. Growth and selenite reduction was monitored over time in microtitre plates using
initial concentrations of selenite of 0-10 mM after (A) 24h and (B) 48 h. The photographs show that after
culturing for 24 h the reduction is visible only when using a concentration of 1 mM selenite, but after 48 h the red
elemental selenium is perceptible at all tested concentrations. (C) Growth curve of P. putida KT2440 in LB broth
supplemented with selenite (0-10 mM). The curves show a significant inhibition of growth at concentrations above
3mM. The increased absorbance in the presence of selenite (1 mM) with respect to the results of a control are due
to the scattering and absorption of radiation of selenium particles. (D) Growth fingerprinting of P. putida KT2440
in the absence and presence of selenite (1 mM). The presence of a second signal in the growth fingerprinting in the
presence of selenite indicates the reduction begins between 10-15h, i.e. the middle of the exponential phase.

allow the sensitive detection of changes during cell growth by generating the first-derivative (dA/dt vs t)
of the growth curve. Growth fingerprints of P. putida KT2440 in the absence (control) and presence of selenite
(1 mM) are shown in Fig. 3D. The results show that when selenite is absent, a single feature is observed between
6-10h that corresponds to the slope generated in the exponential growth phase, whereas in the presence of sele-
nite (1 mM) two signals were observed: a gradual first signal at 4-8h and a sharp second feature at 10-15h. These
results indicate that the two signals corresponded, respectively, to the exponential growth phase of the cells, and
to the increased absorbance generated by the production of selenium (centred at 12h). This behaviour is consist-
ent with the reduction of selenium beginning in the mid-exponential phase of growth.

This observation was further validated by monitoring the variation of the selenite concentration in the culture
medium (Fig. 4). Aliquots of the culture were withdrawn at periodic intervals, centrifuged and filtered with mixed
cellulose ester membrane filters (pore size 0.20 pm). This purification step removed cells and insoluble aggre-
gates of Se” so that only selenite remained in solution. The supernatants were analyzed using inductively coupled
plasma optical emission spectra (ICP-OES). The reduction kinetics determined by ICP-OES (Fig. 4) agreed with
the estimation made in the fingerprints of the growth experiment (Fig. 3D), confirming that the reduction began
in the mid-exponential phase. The data showed also an abrupt decrease in selenite concentration once the genes
involved in the reduction were activated. The process occurred rapidly with selenite shifting from ~1.49 mM
to ~0.16 mM (i.e. approx 89% of conversion) in just 3h (12-15h) at a rate of 0.444 mmol selenite L~' h™'.
The rate of conversion of P. putida was greater than the rates obtained using other microorganisms: Bacillus
cereus 0.125 mmol selenite L™ h=1*%, Bacillus mycoides 0.08 mmol selenite L= h=132, Comamonas testosteroni
0.014 mmol selenite L™' h~'* and P. stutzeri 0.175 mmol selenite L~ h=''%. These rates were calculated from data
available in the literature making sure (i) that the corresponding experiment was performed under similar con-
ditions, i.e. monitoring simultaneously the bacterial growth and the concentration of selenite, and (ii) the initial
concentration of selenite was in a range of 0.5 to 2mM. In each case the slope was calculated as the change in con-
centration of selenite per unit of time in a linear interval ranging from the beginning of reduction until the end,
determined as the first point of the plateau at which the selenite concentration remained constant (not neccesarily
equal to zero). Despite the limited amount of data available, these results allow us to argue that P. putida is among
the known bacteria that have a significant capacity to reduce selenite to nano-Se. Although these experiments
were performed with 1 mM selenite, P. putida KT2440 is capable of reducing concentrations of selenite 10 times
higher in 48 hours, enduring similar levels to T selenatis*?, which is considered a model organism for selenium
metabolism and has been proposed as a suitable system for bioremediation of selenium oxyanions*.
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Figure 4. Kinetics of bacterial growth and selenite depletion of P. putida KT2440. We determined selenite
using ICP-OES as described in the methods section. The results are consistent with the reduction beginning

in the mid-exponential phase as indicated by growth fingerprinting. As seen, selenite (initial conc. 1.5 mM) is
reduced in just 3h (12-15h) with a total conversion of 89%. Plots show the mean values and standard deviations
of two independent experiments.
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Figure 5. TEM images of P. putida KT2440 in (A,B) the absence and (C,D) presence of selenite. The
micrographs show abundant electro-dense spheres (some marked with arrows) corresponding to accumulated
selenium nanoparticles when the cells were cultured in the presence of selenite.

Characterization of selenium nanoparticles. We next characterized the selenium particles produced
by P. putida KT2440. For this purpose, we collected culture samples (in absence and presence of selenite at
1 mM) after culturing the cells for 24 h and once the accumulation of red Se® was perceptible. Samples were
processed as described in the experimental section and analyzed with a transmission electron microscope
(TEM); results are summarised in Fig. 5. The micrographs show an accumulation of electron-dense particles
attached to the outer side of the external cell membrane or in the immediate vicinity of the cells cultured in
the presence of selenite (Fig. 5C,D). These particles were not observed in the cells grown on LB without the
oxyanion (Fig. 5A,B). Despite the extensive accumulation of Se® with a tendency to form aggregates of indi-
vidual particles (see Fig. 5D), no evidence of cell lysis or distortion of the outer membrane was observed. The
particles appeared to have a spherical shape and a diameter of approximately 100-500 nm with an average of
266 nm, similar to those found in Duganella sp., Agrobacterium sp.'8, E. cloaocae', B. selenitireducens®, and
T. selenatis®.

We determined the size distribution and purity of selenium nanoparticles after the recovery process using,
respectively, dynamic light-scattering (DLS) and inductively coupled plasma optical emission spectrometry
(ICP-OES). DLS results are shown in Fig. 6. The particles had sizes ranging from 70 to 360 nm with a mass per-
cent of selenium in the recovered solid of 15+ 3%. The discrepancy between the mass percentage of selenium
obtained by ICP-OES and the results obtained by SEM-EDS (Fig. 2B) can be associated to the semiquantitative
nature of the latter, which only analyses specific parts of the sample. Higher yields of recovery might be obtained
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Figure 6. Dynamic light scattering (DLS) of the aqueous suspension of purified nano-Se. An aqueous
suspension of recovered nano-Se (left panel) was prepared and analyzed by DLS as described in the methods
section. A plot of the frequency distribution of diameters in a suspension of particles (right panel) shows a range
of particle sizes from 70 to 360 nm.

by developing a purification method that could remove organic matter from the sample. The size distribution
obtained by DLS is close to the range of particle diameter determined from TEM micrographs of the bacte-
rial culture (100-500nm). The wide range of particle sizes does not allow us to conclude whether significant
agglomeration occurs during the recovery step. Previous studies! have reported that agglomeration of Nano-Se
particles takes place spontaneously over time. This process may be prevented in the presence of ligands such as
albumin and poly-vinylpyrrolidone (PVP)!. Given the importance of particle size in determining the chemical
and biological properties, it would be of interest to explore the possibility of using ligands to control the size of Se®
nanoparticles produced by P. putida.

In conclusion, the soil bacterium P. putida KT2440 is able to produce nano-Se from selenite in an environmen-
tally compatible process, avoiding the traditional and costly reduction that employs chemical products and high
temperature. Although the nature of the enzymatic activities responsible for the reduction is unknown, P. putida
KT2440 clearly works as an effective system to produce nano-Se that has advantages over other microorganisms
previously reported. P. putida KT2440 is a well-known microorganism that grows in inexpensive culture media
and for which there are molecular tools for genetic engineering. Perhaps most importantly, the metabolism of this
species is adapted to produce a high reducing power®-*. This is the consequence of having a specialized metab-
olism coupling enzymes from the Entner-Doudoroft path, the Embden-Meyerhof-Parnas path (i.e. glycolysis)
and the Pentose Phosphate path®®*. These metabolic steps allow the generation of NADH/NADPH at large con-
centrations and give P. putida KT2440 a greater resistance to oxidative stress compared to other bacteria, such as
E. coli or Agrobacterium tumefaciens®. This property makes P. putida more suitable to catalyse reduction pro-
cesses such as the synthesis of selenium from selenite.

Methods

Bacterial strains, culture media and growth conditions. P, putida KT2440 was grown aerobically at
30°C with orbital shaking at 170 rpm either in LB broth* or in M9 medium*’ containing citrate (0.2% w/v) as
the sole source of carbon and energy. Cultures in plates were prepared using the same media supplemented with
Bacto Agar (1.5% w/v, Pronadisa Madrid, Spain). When required, sodium selenite or sodium selenate (Sigma-
Aldrich WGK, Germany) was added at the required concentration (1-10 mM).

Recovery of selenium nanoparticles from the culture broth P. putida. KT2440 was cultured in LB
medium supplied with selenite (1 mM) at 30 °C and 170 rpm. After 24 h, the culture (50 mL) was centrifuged
(10 min, 4,000 x g, 4°C) in a conical tube to form a pellet comprising both the cells and the selenium particles.
Upon removal of the supernatant, the pellet was resuspended in water and vortexed for 5-10s. In this step
the cells were primarily transferred to the supernatant while the remaining pellet was composed mainly of
particles of selenium. This washing step was repeated three times, after which the remaining pellet was dried
at 25°C.

Scanning Electron Microscope and Electron Dispersive Spectrometer (SEM-EDS).  The chemical
elements that constitute the purified nanoparticles were determined with SEM-EDS. For that purpose, recovered
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pellets of selenium particles were analyzed with a scanning electron microscope (Hitachi S-570, Tokyo, Japan)
with energy-dispersive X-ray spectra (SEM-EDS).

Selenite sensitivity tests. To establish suitable conditions to analyze the production of selenium nanopar-
ticles we grew pre-inocula of P. putida KT2440 overnight in LB as described above. These cultures were diluted
to an initial absorbance of approximately 0.05 at 600 nm (ODy,) in fresh medium containing sodium selenite
(0, 1, 3, 5 or 10 mM). Bacterial growth was estimated by monitoring ODy, (Synergy H1 Hybrid Multi-Mode
Reader, Biotek, Winooski VT, USA) of cultures in plates (96 wells; Nunclon™ A Surface; Nunc A/S, Roskilde,
Denmark). Plates were incubated at 30 °C for 48 h with continuous orbital shaking and the absorbance was meas-
ured every 10 min.

Kinetics of selenite reduction. Cells were cultured in baftled conical flasks (3 L) filled with LB (500 mL)
and supplemented with sodium selenite (1 mM) at 30 °C and 170 rpm. Cell suspension aliquots (15mL) were
withdrawn at intervals during the bacterial growth for measurement of their ODy,. Cells in these aliquots were
removed by centrifugation (10 min, 4,000 x g, 4 °C); the resulting supernatants were transferred to a new tube
(15mL) and stored at —25 °C until further analysis. Supernatants were filtered using mixed cellulose ester filters
(ADVANTEC®, 0.20 um), and the concentration of selenite was determined using an inductively coupled plasma
optical emission spectrometer (ICP-OES, Perkin-Elmer, model 400, Norwalk, CT, USA). The equipment was
operated in an axial configuration at wavelength 196.026 nm for selenium. The analyte solutions were prepared
from standard solutions (1000 mg/L, Tritrisol-Merck, Darmstadt, Germany). Appropriate dilutions were made to
prepare the standards, which were stored in polyethylene flasks under refrigeration.

Transmission electronic microscope (TEM). P, putida KT2440 strain was streaked in LB agar plates sup-
plemented with selenite (1 mM). After growth for 24 h, a swab was taken and fixed for 12h at 4 °C in Karnovsky’s fix-
ative*®, An aliquot (100 uL) of this solution was placed on a copper grid (formvar-coated, 400 mesh) and dried on a
filter paper at 25 °C. Grids were examined wtih a transmission electron microscope (Hitachi H-7100, Tokyo, Japan)
at an accelerating voltage of 100kV.

Dynamic light-scattering (DLS). The sizes, reported as apparent hydrodynamic diameters, were measured
by DLS (Zetasizer Nano ZS90, Malvern Instruments Ltd., Worcestershire, Grovewood, UK). Suspensions of selenium
nanoparticles were obtained as stated above and diluted 1:10 to meet the optical requirements of the instrument.

Purity determination of selenium nanoparticles. A Varian SpectAA 220 FS (Mulgrave, Victoria,
Australia) with a nitrous oxide-acetylene flame was use to determine the selenium purity (A =196,0nm). A
Merck Tritrisol Se standard (2000 & 5) mg/L was use to prepare a calibration curve (0,00-100,0) mg/L. The sele-
nium material was pretreated with HCI 3 M and then dissolved in supra pure HNO; using an ultrasonic bath.
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