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Abstract—The biosynthesis of nanoparticles by microorganisms,
on the contrary to chemical synthesis, is an environmentally-friendly
process which has low energy requirements. In this investigation, we
used the microorganism Geobacillus wiegelii, strain GWEI, an
aerobic thermophile belonging to genus Geobacillus, isolated from a
drying oven. This microorganism has the ability to reduce selenite
evidenced by the change of color from colorless to red in the culture.
Elemental analysis and composition of the particles were verified
using transmission electron microscopy and energy-dispersive X-ray
analysis. The nanoparticles have a defined spherical shape and a
selenium elemental state. Previous experiments showed that the
presence of the whole microorganism for the reduction of selenite
was not necessary. The results strongly suggested that an intracellular
NADPH/NADH-dependent reductase mediates selenium
nanoparticles synthesis under aerobic conditions. The enzyme was
purified and identified by mass spectroscopy MALDI-TOF TOF
technique. The enzyme is a 1-pyrroline-5-carboxylate dehydrogenase.
Histograms of nanoparticles sizes were obtained. Size distribution
ranged from 40-160 nm, where 70% of nanoparticles have less than
100 nm in size. Spectroscopic analysis showed that the nanoparticles
are composed of elemental selenium. To analyse the effect of pH in
size and morphology of nanoparticles, the synthesis of them was
carried out at different pHs (4.0, 5.0, 6.0, 7.0, 8.0). For
thermostability studies samples were incubated at different
temperatures (60, 80 and 100 °C) for 1 h and 3 h. The size of all
nanoparticles was less than 100 nm at pH 4.0; over 50% of
nanoparticles have less than 100 nm at pH 5.0; at pH 6.0 and 8.0 over
90% of nanoparticles have less than 100 nm in size. At neutral pH
(7.0) nanoparticles reach a size around 120 nm and only 20% of them
were less than 100 nm. When looking at temperature effect,
nanoparticles did not show a significant difference in size when they
were incubated between 0 and 3 h at 60 °C. Meanwhile at 80 °C the
nanoparticles suspension lost its homogeneity. A change in size was
observed from 0 h of incubation at 80°C, observing a size range
between 40-160 nm, with 20% of them over 100 nm. Meanwhile
after 3 h of incubation at size range changed to 60-180 nm with 50%
of them over 100 nm. At 100 °C the nanoparticles aggregate forming
nanorod structures. In conclusion, these results indicate that is
possible to modulate size and shape of biologically synthesized
nanoparticles by modulating pH and temperature.
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[. INTRODUCTION

N nature selenium occurs in different oxidation states:

elemental selenium (S”), selenide (Se”), and selenium
oxyions (selenate SeO,” and selenite SeO;>). Its toxicity is
related to the degree of water solubility and hence its
bioavailability. Among the most soluble (and toxic) forms,
selenium oxyions have attracted a great deal of attention for its
applications in microbial reduction and nanoparticle synthesis.

The development of new methods for nanoparticles (NPs)
synthesis is currently regarded as a cornerstone in
nanotechnology.

Studies on the biological function of selenium and its
nanoforms revealed that nano-Se particles efficiently increase
the antioxidant activity of glutathione peroxidase and
thioredoxin reductase [1]. Reference [2] demonstrated the
antioxidant properties of hollow spherical Se NPs. In addition
to its antioxidant properties, the nanoparticles show reduced
risk toxicity [3]. The size of Se NPs plays an important role in
their antioxidant activity. It has been shown when size range
from 5-200 nm, nano-Se particles can in vitro directly
scavenge free radicals in a size dependent fashion [4].

The biogenesis of selenium nanostructures was first
reported by reference [5]. Se” nanoparticles formed by the Se-
respiring bacteria  Sulfurospirillum  barnesii, Bacillus
selenitireducens and Selenihalanaerobacter shriftii  are
structurally unique compared to those selenium nanoparticles
formed by chemical synthesis. These three anaerobic
microorganisms use toxic selenium oxyions as electron
acceptors during anaerobic respiration, resulting in the
formation of stable, uniform selenium nanospheres (diameter
~ 300 nm).

Anaerobic bio-synthesis of nano-Se particles implies the
maintenance of reducing conditions through the entire process,
making bio-manufacturing optimization and scale up
processes very challenging [6]. So, selenium-tolerant aerobic
microorganisms may provide an opportunity to overcome
these limitations in the biosynthetic processes. Very few
studies have reported the aerobic formation of selenium NPs:
the generation of selenium nanospheres by soil bacteria
Pseudomonas aeruginosa, Bacillus sp. and Bacillus cereus
under aerobic conditions has being described [6], [7]. In spite
of the importance of biological synthesis of NPs in the
development of nanotechnology, the molecular basis and
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mechanisms of synthesis remain largely untapped. Synthesis
of metallic NPs by bacteria is often achieved by a reduction
step followed by a precipitation step. The latest is composed
of two parts: nucleation and crystal growth. To date, only the
reduction step has been extensively studied and the biological
process responsible of NPs formation is not fully understood.
Several studies [8]-[13], provide evidence that proteins might
play a key role in growth of bacteriogenic metal NPs. The
understanding of these mechanisms will help to control and
modulate the molecular switches that regulate size, shape and
stability of NPs [14].

In this context, reported evidence indicates that proteins
might play a key role in the nucleation and crystal growth of
bacteriogenic metal NPs. These proteins have reductase
activity and the reduction process seems to be initiated by an
electron transfer from NADH [15]. For selenium reduction
and selenium NPs formation in Bacillus cereus [6], [7]
membrane associated reductases has been described to
participate in the process.

Notably, the generation of metallic nanoparticles can take
place only in the presence of a specific enzyme, without
requiring the presence of the whole microorganism. This
indicates that for NPs biogeneration, full metabolic machinery
of the microorganism is not needed.

Here, we report the synthesis of Se NPs mediated by
NADH-dependent enzymes by, a thermophilic aerobic
extremophile isolated from a drying oven [16] capable to
reduce Se*" to Se’.

II. METHODS

A. Bacterial Strains and Culture Conditions

Geobacillus wiegelii, strain GWEl was isolated as
described in reference [16] from a drying oven. Cells were
grown in rich liquid modified marine medium containing: 2.5
g/L yeast extract, 2.5 g/L peptone, 0.0025 g/L citrate, 1.5 g/L
maltose, 0.6 g/ NH,Cl, 17.5 g/L NaCl, 1.75 g/L MgSQO,, 0.16
g/L KCl, 0.38 g/L CaCl,, 0.25 g/L KH,PO,, 0.025 g/L NaBr,
0.0075 g/L H3;BO;, 0.0038 g/L SrCl,, 0.025 g/L KI, 0.0055
g/L FeCl;, 0.0025 g/L MnSO,, 0.0015 g/L Na,WO, x 2H,0,
0.001 g/L NiCl,, 0.0005 g/ CoSO,, 0.0005 g/L ZnSO,,
0.00005 g/L CuSO,, 0.00005 g/L Na,MoOy, by 22 h at 70°C
and pH 5.8.

B. Enzyme Purification

The enzyme was purified from Geobacillus wiegelii, strain
GWE]1 cells at 23°C. 20 grams of cells were resuspended in 50
mM Tris-HCI pH 8.0 buffer containing 15 mM EDTA pH 8.0,
lysozyme (1 mg/ml) and DNase I (10 pg/ml) and treated as
described in reference [17]. The crude extract was loaded onto
a Q-Sephrose Fast Flow column (C 16/20, Pharmacia Biotech)
equilibrated with 50 mM Tris-HC1 pH 8.0. After the column
was washed with the same buffer, the enzyme was eluted with
a linear gradient from 0 to 1 M NaCl. Samples with selenite
reduction activity started to elute as 0.23 M NaCl was applied
to the column. The fractions were subjected to selenite
reduction assay (section D). Fractions with activity were

combined and applied to a column (C 10/10, Pharmacia) of
DEAE-Sepharose Fast Flow (Pharmacia Biotech) equilibrated
with 50 mM Tris-HCI pH 8.0 buffer. The elution of the protein
loaded in the column was performed with a linear gradient of
NaCl 0 to 1 M. Selenite reduction activity started to elute at
0.65 M NaCl. The fractions containing selenite reduction
activity were combined and applied to a Q-Hitrap column
(Pharmacia Biotech), equilibrated with 50 mM Tris-HCI pH
8.0 buffer. The fractions with selenite reduction activity
started to elute at 0.11 M NaCl. The fractions were stored at
4°C. All columns were controlled by a Pharmacia FPLC
system.

C. Enzyme Identification

The enzyme under study was identified by MALDI
TOF/TOF in the National Center for Biotechnology, Spain.

D.Selenite Reduction Assay of Obtained Fractions from
Purification Process

100 pL of each fraction obtained in the purification process
were incubated separately with 10 mM NADH and 100 mM
Na,SeO; x SH,0 at 37°C, for 12 h. The presence of a red
precipitate was indicative of selenite reduction.

E. Biosynthesis of SeNPs and Enzyme Assay

In order to determine the NADH dependence in selenite
reduction by intracellular enzymes involved in the biological
transformation, crude extract and/or purified enzyme were
incubated with different concentrations of NADH (0-10mM)
and 100 mM Na,SeO; x SH,O at 37°C for 12 h. The reaction
was followed by measuring the change in absorbance at 340
nm in a spectrophotometer. The presence of a red precipitate
was indicative of the selenite reduction.

F. Effects of pH on SeNPs Size and Morphology

Se NPs were synthesized at 35°C by the purified enzyme
when incubated in buffers at different pH (4.0, 5.0, 6.0, 7.0,
8.0). For this purpose, 25 mM sodium acetate at pH 4.0 and
5.0; 25 mM MES at pH 6.0 and 7.0; 25 mM EPPS at pH 8.0,
were used. Se NPs formed were observed by transmission
electron microscopy.

G. Effects of Temperature on SeNPs Size and Morphology

Se NPs synthesized by purified enzyme at pH 6 were
incubated at 60, 80 and 100°C for 1 h. Then SeNPs were
cooled in ice until room temperature and were observed by
transmission electron microscopy.

H. Thermostability of SeNPs

Se NPs synthesized by the purified enzyme at 37 °C and pH
6.0, were incubated at 60, 80, 100 °C for 3 h. After this time,
Se NPs were cooled in ice until room temperature. The
changes experimented by Se NPs were observed by
transmission electron microscopy.

1. Transmission Electron Microscopy Measurements (TEM)

The sample was prepared on a carbon coated copper grid
and dried at room temperature. For NPs size determination,
bacteria were recovered as described in reference [18]. TEM
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measurements were performed on a Phillips Tecnai 12 Bio
Twin TEM operating at 200 kV. Sizes of nanoparticles were
determined using a NIS-Elements D 3.10 software. Histogram
size distribution was constructed with Sigma Plot 11.0
software.

J. Energy-Dispersive X-Ray Microanalysis (EDX).

Elemental analyses of NPs were conducted by energy-
dispersive X-ray microanalysis, using a scanning electron
microscope (SEM) Jeol 5410 equipped with an energy
dispersive X-ray spectrometer.

III. RESULTS AND DISCUSSION

NADH-dependent reductase enzymes have been reported to
be involved in the synthesis of NPs. The reduction might be
initiated by electron transfer from NADH, reducing selenite to
elemental selenium with the concomitant biogenesis of SeNPs
by B. cereus [6], [7]. The molecular mechanism associated to
this reaction is still unknown.

The role of proteins from crude extract of Geobacillus
wiegelii, GWE] in the reduction of Se+* was studied. The
biocatalytic reaction was assayed incubating crude extract
with Na,SeO; x 5H,O and NADH. Crude extract from
Geobacillus wiegelii, GWE1 was able to catalyze the NADH-
dependent Se™ reduction (Figs. 1 (a) and (b)).

Fig. 1 Enzymatic selenite reduction by crude extract of Geobacillus
wiegelii GWE1 and NADH. Reddish color in tube (b) indicates
SeNPs formation. Tube (a) is a control without NADH

The presence of different enzymes in the crude extract
could be mediating the SeNPs synthesis, resulting in the
generation of different size nanoparticles. When the whole
microorganism is used for the synthesis of NPs the size of the
NPs obtained is different than the size obtained when only the
crude extract is used for their synthesis. This is probably due
to the natural limits imposed by the cell in the first case where
the SeNPs obtained were smaller than the ones obtained when
the crude extract is used.

Crude extract of Geobacillus wiegelii GWE1 was loaded in
a column to purify the enzyme involved in SeNPs
biosynthesis. Because the enzyme and its specific reaction
were unknown we assayed the selenite reduction in each step
of purification. The tubes in which a red precipitate was
formed were selected (positive reaction) and loaded into the
second and third column, respectively. After purification
steps, a SDS-PAGE was performed. At the end of purification,
six bands were observed (Fig. 2). The band with higher
amount of reduced product was sent to identify by mass
spectroscopy MALDI-TOF TOF. The results indicate that one
of the enzymes implicated in this process of reduction is a 1-

pyrroline-5-carboxylate ~ dehydrogenase (P5SCDH). This
enzyme is the second enzyme involved in proline metabolism,
catalyzing the NAD"-dependent oxidation of L-glutamate-y-
semialdehyde to L-glutamate.

26kDa =

Fig. 2 SDS-PAGE and selenite reduction assay for the fractions (2
and 5) obtained from Q-Hitrap with selenite reduction activity. MW:
molecular weight. The circle indicates the band with a protein of 26

kDa sent for identification

SeNPs synthesized by P5CDH purified enzyme from
Geobacillus wiegelii, GWE1 crude extract were observed by
TEM and EDX. Histogram distribution of sizes was
constructed using Statgraphics Centurion XV software. NPs
sizes were obtained using NIS-Elements D 3.10 software.
SeNPs synthesized by PSCDH were spherical (Fig. 3 (a)) of
different sizes and smaller than the synthesized using the
whole microorganism. SeNPs sizes ranged from 40-160 nm,
where 20% of them were of 100 nm (Fig. 3 (b)). EDX analysis
confirmed that the elemental composition of NPs was
selenium (Fig. 4).
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Fig. 3 SeNPs biosynthesized by pyrroline-5-carboxylate
dehydrogenase enzyme purified from Geobacillus wiegelii GWE1
crude extract at 35 °C. (A): Transmission electron micrograph on a

copper grille. Small black spots correspond to SeNPs; (B): Histogram
showing the selenium nanoparticle size distribution
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Fig. 4 EDX analysis of SeNPs formed by reduction of Na,SeO; by
Geobacillus wiegeliit GWE] cells. Strong signals (Black arrows) from
the selenium can be observed
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With the purpose of controlling size and shape of SeNPs,
different pH was used for the synthesis of NPs (Fig. 5) and
different temperatures were tested for post-synthesis
incubation (Fig. 6). At pH 4.0 (Fig. 5 (a)) 100% of SeNPs
were less than 100 nm in size; at pH 5.0 (Fig. 5 (b)) over 50%
of their size was less than 100 nm; at pH 6.0 (Fig. 5 (c)) and at
pH 8.0 (Fig. 5 (d)) over 90% of SeNPs size was less than 100
nm.

Our experimental observations indicate that acid and basic
pH favor the formation of NPs with sizes below 100 nm. At
neutral pH (7.0) the NPs were bigger with a size around 120
nm. Only 20% of them were less than 100 nm. These results
indicate that it is possible to modulate the size of SeNPs by
changing the pH.
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Fig. 5 Histograms of SeNPs synthesized at different pH. Buffer with
pH: (a) 4.0, (b) 5.0, (c) 6.0, (d) 7.0 and (e) 8.0.

After the synthesis, SeNPs were incubated at different
temperatures for 1 h. When the temperature was 60°C (Fig. 6
(a)) the NPs did not show a significant difference compared to
the control (Fig. 3 (b)). At 80 °C a range size from 20-160 nm
was observed, with 35% of them over 100 nm (Fig. 6 (b)). At
100°C (Fig. 6 (c)), SeNPs had a size between 60-200 nm, with
70% of them over 100 nm.
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Fig. 6 Effect of temperature on NPs synthesized enzymatically at

35°C in water. Histogram of NPs size incubated for 1h at: (a) 60°C,
(b) 80°C and (c) 100°C

For thermostability measurements, at 60°C after 3 h of
incubation (Fig. 7 (a)) the NPs did not show a significant
difference compared with the control (Fig. 3 (b)). At 80°C
after 3 h of incubation (Fig. 7 (b)) NPs sizes range from 60-
180 nm with 50% of them over 100 nm, showing a significant
difference with the control (Fig. 3 (b)), loosing homogeneity.
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Fig. 7 Effect of temperature on NPs enzymatically synthesized at
35°C. Histogram of NPs size incubated for 3h at: (a) 60 °C; (b); 80°C

When the temperature was increased to 100°C, after 2 hours
of incubation, the NPs formed nanorods structures (Fig. 8) and
large aggregates after 3h of incubation at this temperature.
These results demonstrate that at higher temperatures (over
60°C) NPs tend to form larger aggregates and rod structures.
All these transformations occur in the presence of NADH and
the purified enzyme. In conclusion, the experimental results
presented indicate that biosynthesis of SeNPs is a redox
enzymatic process mediated by some enzymes and NADH.
Additionally, it is not necessary the presence of the whole
microorganism to generate the nanoparticles. Size and shape
of SeNPs can be modulated by pH and temperature.
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Fig. 8 NPs incubated for 3 h at 100°C. (a), (b) and (c) larger
structures formed called nanorods

ACKNOWLEDGEMENTS

Air Force Office of Scientific Research (AFOSR), USA,
Grant N° FA9550-13-1-0089.

(1

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[91

[10]

[11]

[12]

REFERENCES

C. Ip, “Selenium and ER stress response: Implication and exploitation
for cancer therapy”. Proceedings of the International Conference on
Selenium in Biology and Medicine, July 2006, pp. 25-30, University
Wisconsin, Madison, pp: 63-63.

X. Gao, J. Zhang, L. Zhang, “Hollow sphere selenium nanoparticles.
Their in vitro anti-hydroxyl radical effect”. Adv. Mater, vol. 14, no. 4,
pp. 290- 293, Feb. 2002.

H. Wang, J. Zhang, H. Yu, “Elemental selenium at nano size possesses
lower toxicity without compromising the fundamental effect on
selenoenzymes: comparison with ~ selenomethionine in mice”, Free
Radic. Biol. Med., vol. 42, no. 10, pp. 1524-1533, May 2007.

D. Peng, J. Zhang, Q. Liu, E. Taylor, “Size effect of elemental selenium
nanoparticles (Nano-Se) at supranutritional levels on  selenium
accumulation and glutathione S-transferase activity”, J. Inorg. Biochem.,
vol. 101, no. 10, pp. 1457-1463, Oct. 2007.

R. Oremland, M. Herbel, J. Blum, S. Langley, T. Beveridge, P. Jayan,
T. Sutto, A. Ellis, S. Curran, “Structural and spectral features of
selenium nanospheres produced by Se-respiring bacteria”, Appl.
Environ. Microbiol., vol., 70, no. 1, pp. 52-60, Jan. 2004.

P. Tejo, N. Sharma, R. Prakash, K. Raina, J. Fellowes, C. Pearce, J.
Lloyd, R. Pattrick, “Aerobic microbial =~ manufacture of nanoscale
selenium: exploiting nature’s  bio-nanomineralization potential”,
Biotechnol. Lett., vol. 31, no. 12, pp. 1857-1862, Aug. 2009.

V. Yadav, N. Sharma, R. Prakash, K. Raina, L. Bharadwaj, P. Tejo,
“Generation of Selenium containing Nano-structures by soil bacterium,
Pseudomonas aeruginosa”, Biotechnol., vol. 7, no. 2, pp. 299-304,
2008.

A. Abdelouas, W. Gong, W. Lutze, J. Shelnutt, R. Franco, I. Moura,
“Using cytochrome c3 to make selenium nanowires” Chem. Mater., vol.
12, no. 6, pp. 1510-1512, May 2000.

Y. Gorby, T. Beveridge, R. Blakemore, “Characterization of the
bacterial magnetosome  membrane”. J. Bacteriol., vol. 170, no. 2, pp.
834-841, Feb. 1988.

W. Leinfelder, K. Forchhammer, F. Zinoni, G. Sawers, M. Mandrand-
Berthelot, A. Bock, “Escherichia coli genes whose products are
involved in selenium metabolism”. J. Bacteriol., vol. 170, no. 2, pp.
540-546, Feb. 1988.

M. Tanaka, Y. Okamura, A. Arakaki, T. Tanaka, H. Takeyama, T.
Matsunaga, “Origin of magnetosome membrane: proteomic analysis of
magnetosome membrane and comparison  with  cytoplasmic
membrane”, Proteomics, vol. 6, no. 19, pp. 5234-5247, Oct. 2006.

A. Arakaki, J. Webb, T. Matsunaga, “A novel protein tightly bound to
bacterial magnetic particles in magnetospirillum magneticum strain
AMB-1" J. Biol. Chem. Vol. 278, no. 10, pp. 8745-8750, Mar. 2003.

[13]

[14]

[15]

[1e]

[17]

(18]

G. Kaur, M. Igbal, M. Bakshi, “Biomineralization of fine selenium
crystalline rods and amorphous spheres”.  J. Phys. Chem. C vol.

113, no. 31, pp. 13670-13676, July 2009.

J. Dobias, E. Suvorova, R. Bernier-Latmani, “Role of proteins in
controlling selenium nanoparticle size”, Nanotechnology, vol. 22, no.
19, pp. 1-9, May 2011.

S. He, Z. Guo, Y. Zhang, S. Zhang, J. Wang, N. Gu, “Biosynthesis of
gold nanoparticles using the bacteria ~ Rhodopseudomonas
capsulata”. Mater Lett., vol. 61, no. 18, pp. 3984-3987, July 2007.

D. Correa-Llantén, J. Larrain-Linton, P. Mufioz, M. Castro., F.
Boehmwald, J. Blamey, “Characterization of the thermophilic bacterium
Geobacillus sp. Strain GWEI isolated from a sterilization oven”, Korean
J. Microbiol. Biotechnol., vol. 41, no. 3, pp. 278-283, Sept. 2013.

M. Amenabar, J. Blamey, “Purification and characterization of a
thermostable glutamate  dehydrogenase from a thermophilic bacterium
isolated from a sterilization drying oven”, B.M.B. Rep., vol., 45, no. 2,
pp. 91-95, Feb. 2012.

P. Fesharaki, P. Nazari, M. Shakibaie, S. Rezaie, M. Banoee, M.
Abdollahi, A. Shahverdi, “Biosynthesis of  selenium nanoparticles
using Klebsiella pneumoniae and their recovery by a simple
sterilization process”, Braz. J. Microbiol., vol. 41, no. 2, pp. 461-466,
June 2010.

641



