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Stenotrophomonas maltophilia SelTEO2 and Ochrobactrum sp. MPV1 were isolated
from the rhizosphere soil of the selenium-hyperaccumulator legume Astragalus
bisulcatus and waste material from a dumping site for roasted pyrites, respectively.
Here, these bacterial strains were studied as cell factories to generate selenium-
nanostructures (SeNS) under metabolically controlled growth conditions. Thus, a
defined medium (DM) containing either glucose or pyruvate as carbon and energy
source along with selenite (SeOé_) was tested to evaluate bacterial growth, oxyanion
bioconversion and changes occurring in SeNS features with respect to those generated
by these strains grown on rich media. Transmission electron microscopy (TEM)
images show extra- or intra-cellular emergence of SeNS in SelTEO2 or MPV1
respectively, revealing the presence of two distinct biological routes of SeNS biogenesis.
Indeed, the stress exerted by SeO%‘ upon SelTEO2 cells triggered the production
of membrane vesicles (MVs), which surrounded Se-nanoparticles (SeNPssemeo2—G e
and SeNPsgereo2—p ¢ With average diameter of 179 £ 56 and 208 4+ 60 nm,
respectively), as highlighted by TEM and scanning electron microscopy (SEM), strongly
suggesting that MVs might play a crucial role in the excreting mechanism of the
SeNPs in the extracellular environment. On the other hand, MPV1 strain biosynthesized
intracellular inclusions likely containing hydrophobic storage compounds and SeNPs
(123 4+ 32 nm) under pyruvate conditioning, while the growth on glucose as the only
source of carbon and energy led to the production of a mixed population of intracellular
SeNPs (118 £ 36 nm) and nanorods (SeNRs; average length of 324 + 89). SEM,
fluorescence spectroscopy, and confocal laser scanning microscopy (CLSM) revealed
that the biogenic SeNS were enclosed in an organic material containing proteins
and amphiphilic molecules, possibly responsible for the high thermodynamic stability
of these nanomaterials. Finally, the biogenic SeNS extracts were photoluminescent
upon excitation ranging from 380 to 530 nm, whose degree of fluorescence emission
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(hem = 416-640 nm) was comparable to that from chemically synthesized SeNPs with
L-cysteine (L-cys SeNPs). This study offers novel insights into the formation, localization,
and release of biogenic SeNS generated by two different Gram-negative bacterial strains
under aerobic and metabolically controlled growth conditions. The work strengthens the
possibility of using these bacterial isolates as eco-friendly biocatalysts to produce high
quality SeNS targeted to possible biomedical applications and other biotechnological

purposes.

Keywords: biogenic nanomaterials, selenium, selenite, nanoparticles, nanorods, Stenotrophomonas maltophilia
SelTE02, Ochrobactrum sp. MPV1, photoluminescence

INTRODUCTION

The chalcogen selenium (Se) is an element that possesses
intriguing physical-chemical properties due to its ability to
behave as both metal and non-metal, therefore defined as
metalloid (Haynes, 2014). This bivalent nature of Se relies on its
existence in different allotropic forms, namely: amorphous Se (a-
Se) that exists either as brick-red dust or black vitreous shape,
which is generally obtained by means of reduction reactions, and
crystalline Se, such as the gray hexagonal form (h-Se) and the
less stable red monoclinic state (m-Se) (Habashi, 2013). Thanks
to these structural peculiarities, Se has a very broad spectrum
of applications in chemical, electrical and electronic industries,
as it is characterized by a high photo- and thermal-conductivity,
as well as electrocatalytic and photovoltaic activities (Chaudhary
et al., 2016). Furthermore, Se is characterized by biological
relevant properties, being an essential micronutrient contributing
to the proper metabolic functioning in many living organisms
(Reyes et al., 2006). Indeed, it is fundamental for the catalytic
activity of glutathione (GSH) peroxidases (Mehdi et al., 2013),
the detoxification of harmful compounds by GSH S-transferase
enzyme (El-Bayoumy and Sinha, 2004), the prevention of DNA
oxidation, and it is efficacious as both anticancer (Tinggi,
2008) and nutritional complement drug (Holubova et al., 2006),
therefore resulting suitable for biomedical and pharmaceutical
purposes (Chaudhary et al., 2016).

The significance and technological potential of Se is
greatly improved when this element is scaled down to the
nanorange (1-100 nm), emphasizing its peculiar physical-
chemical properties (i.e., catalytic, mechanical, electrical, and
opt-magnetic properties) (Appenzeller, 1991; Yuwen and Wang,
2013), due to the high surface-to-volume ratio, large surface
energy and high spatial confinement of nanomaterials (Cao,
2004). In this respect, advances in the nanotechnology field
led to the development of facile methods to produce Se-
based nanomaterials (Brus, 1998), which found applications
in diagnostics, electronic devices, catalysis, production of fuel
cells, and environmental remediation (Chaudhary et al., 2016).
However, most of the synthetic procedures considered so far
require the use of toxic and harsh chemicals, resulting in the
formation of hazardous waste, negatively impacting both human
health and environment (Zhang et al., 2006). Moreover, these
chemical practices involve the use of expensive equipments
and chemical substances strongly affecting the production costs

(Piacenza et al., 2018b); hence, we are now witnessing a growing
demand for new, safe, economic and eco-friendly strategies to
generate valuable Se-nanomaterials (Ankamwar et al., 2005).

The alternative green frontier in Se-nanostructures synthesis
is represented by the exploitation of biological systems (plants,
bacteria, fungi, yeasts, and algae) to bioconvert toxic Se-
oxyanions (i.e., Selenate — Seog_ - and Selenite - SeOg_) into
their less toxic elemental forms (Se”) producing nanostructures
(Zannoni et al, 2008). Particularly, bacteria are among the
most explored organisms for Se-nanomaterials biosynthesis, due
to their ability to colonize, adapt to and persist in adverse
environmental niches (Li et al., 2011). In this context, both
Gram-positive and -negative bacteria displayed their proficiency
to biosynthesize intra-, extra-cellular and membrane bound Se-
nanostructures (SeNS) as one of the mechanisms of oxyanion
detoxification (Kessi et al., 1999; Wadhwani et al., 2016). The
majority of Se-oxyanion bioconverting bacteria investigated so
far, were able to produce Se-nanoparticles (SeNPs) ranging in
size between 50 and 500 nm (Shirsat et al., 2015), while other
biogenic Se nanomorphology (e.g., Se-nanorods — SeNRs) were
observed in the case of few microorganisms (i.e., Pseudomonas
alcaliphila, Streptomyces bikiniensis strain Ess_amA-1, Bacillus
subtilis, Ralstonia eutropha, Rhodococcus aetherivorans sp. BCP1)
(Wang et al, 2010; Zhang et al, 2011; Ahmad et al., 2015;
Srivastava and Mukhopadhyay, 2015; Presentato et al., 2018a).
The so-called biogenic SeNS showed to be efficacious as both
antimicrobial agents capable of inhibiting the proliferation of
pathogenic microorganisms growing as planktonic cells and/or
forming biofilms (Oves et al, 2013; Zonaro et al, 2015;
Cremonini et al., 2016; Piacenza et al., 2017), and anticancer
agents against human tumor cell lines (Ahmad et al.,, 2015),
therefore emphasizing the biotechnological relevance of these NS.

Another undisputed property of quantum confined metalloids
is the optical one, and from a chemical perspective, Se-based
nanomaterials have proven suitability as optoelectronic devices
(Chaudhary et al., 2016). However, this characteristic for the
biogenic Se counterparts have yet to be explored, representing
still to date an important gap to be filled to explore their
possible use in different fields (e.g., electronics and biomedicine,
as advanced and innovative cell imaging tools).

In the present study, Stenotrophomonas maltophilia SeITE02
and Ochrobactrum sp. MPV1, previously isolated from different
environmental matrices (Di Gregorio et al., 2005; Lampis et al.,
2015), were evaluated for their ability to handle Seog_ toxicity
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under metabolically controlled growth conditions. Our aim was
to expand the knowledge about the bacterial physiology of these
two strains as compared to earlier studies performed under
optimum growth conditions in rich medium (Lampis et al., 2017;
Zonaro et al., 2017). Here we observe SeITE02 and MPV1 strains
elicited different bioprocess mechanisms to cope with Seog_
toxicity under metabolically controlled growth conditions, which
in turn determined the synthesis of Se-nanomaterials featured by
different morphologies. The biogenic extracts containing SeNS
were then characterized from a physical-chemical perspective
to elucidate macromolecular composition and thermodynamic
stability of the biogenic nanostructures, as well as to shed light on
their photoluminescence (PL) properties, as proof of concept of
their suitability as novel optical imaging tool for biotechnological
purposes.

MATERIALS AND METHODS

Bacterial Cultures and Growth

Conditions

The environmental bacterial isolates Stenotrophomonas
maltophilia SeITE02 and Ochrobactrum sp. MPV1 were
routinely pre-cultured in Luria Bertani [hereafter named as
LB, containing (g L™1): sodium chloride (10, Sigma-Aldrich®),
tryptone (10, Oxoid™), yeast extract (5, Ox0id™); when
needed LB medium was solidified by adding 15 g L™! of Agar
(0x0id™)] medium for 16-h at 27°C with shaking (200 rpm).
SeITE02 and MPV1 strains were then inoculated (1% v/v) in
250 mL Erlenmeyer flasks containing 50 mL of Defined Medium
(hereafter named as DM; Frassinetti et al., 1998) amended with
glucose and/or sodium pyruvate (0.5% v/v, Sigma-Aldrich®) as
the only source of carbon and energy, with or without 0.5 mM
sodium selenite (Na,SeQ3, Fluka®). To estimate the bacterial
growth, every 24-h (up to 120-h) an aliquot of cells (100 pL)
was serially diluted and plated onto LB agar recovery plates, in
order to count the colony forming unit (CFU mL~!), which is
reported in logarithm scale with standard deviations (n = 3), for
each experimental condition tested.

Biotic Conversion of Se03-

The Seog_ concentration was evaluated over the incubation time
as published elsewhere (Kessi et al., 1999), by sampling both
SeITE02 and MPV1 culture broths every 24-h of growth. The
residual oxyanion concentrations are reported as average values
(n = 3) with standard deviations.

Preparation and Recovery of the
Biogenic SeNS Extracts and Chemical
SeNPs

The biogenic SeNS extracts were prepared by means of two
different methods, depending on the type strain considered. Since
SeITEOQ2 strain produced SeNPs extracellularly, SeITE02 biomass
was centrifuged (3000 g for 20 min) after 120-h of growth to
recover the cell-free spent medium, which was filtered using
0.20 pm Filtropur (Sarstedt). After this step, the filtered solution

containing SeNPs was centrifuged (20,000 g for 30 min) to
collect the biogenic nanomaterial, which was then resuspended
in sterile distilled water. On the other hand, since MPV1
strain produced Se-nanomaterial intracellularly, the cells were
(i) collected through centrifugation (3000 g for 20 min), (ii)
resuspended in 10 mL of 1.5 mM Tris-HCI (Sigma-Aldrich®)
buffer (pH 7), and (iii) disrupted by ultrasonication (UP50H
hielscher) at 50 W for 5 min, performing 30 s of burst interspersed
by 30 s of pause on ice. Finally, the cellular debris was removed
by centrifugation (3000 g for 20 min) and the supernatant
containing SeNS was treated as described above, in order to
collect the biogenic nanomaterial.

Since the biogenic SeNS extracts were generated utilizing two
different bacterial isolates grown under two different conditions,
for clarity, in the Supplementary Table S1 is reported a summary
of the bacterial growth conditions tested to generate the biogenic
SeNS extracts, as well as their acronym.

L-Cysteine SeNPs (L-cys SeNPs) were prepared as described
by Li et al. (2010). Briefly, L-cysteine (50 mM) and sodium
selenite (100 mM) solutions were mixed in a ratio 4:1 at room
temperature, in order to obtain a population of SeNPs ranging
in size between 150 and 200 nm, similarly to those biogenically
synthesized.

Electron Microscopy (EM) and
Energy-Dispersive X-ray Spectroscopy

(EDX) Analyses

SeITE02 and MPV1 cells grown in the presence of Seog_ were
imaged by collecting (every 24-h) an aliquot (500 L) of cells
that was washed three times (10 min each) with distilled water to
remove the excess of salts deriving from the culture broth. Then,
5 L of cells resuspended in distilled water were deposited onto
carbon coated copper grids (CF300-CU, Electron Microscopy
Sciences), which were then air-dried prior their visualization by
means of a Philips CM100 transmission electron microscope
(TEM).

The morphological and elemental analyses of SeNS extracts
were carried out using a Zeiss Sigma VP field emission
scanning electron microscope (FESEM) and a Bruker XFlash® 4
detector, respectively. In this respect, the biogenic SeNS extracts
were washed with ethanol and hexane/water solution (Sigma-
Aldrich®) to remove excesses of organic contaminants, then 2 pL
of each extract deposited onto crystal silicon wafers (type N/Phos,
size 100 mm, University Wafer) and dried at room temperature,
prior the imaging. To establish the actual average diameter
and/or length of SeNS, 100 randomly chosen nanostructures were
measured using Image] software.

Confocal Laser Scanning Microscopy
(CLSM) and Photoluminescence (PL)

Analyses

The biogenic SeNS extracts were labeled by using the lipophilic
tracer DiOCg(3) as published elsewhere (Presentato et al.,
2018b). Subsequently, 20 pL of the labeled samples were
deposited on microscopy glass slides and air dried, being then

Frontiers in Microbiology | www.frontiersin.org

December 2018 | Volume 9 | Article 3178


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Piacenza et al.

Biogenic Se-Nanostructures as Tool in Biotechnology

imaged using a LEICA model DM IRE2 confocal laser scanning
microscope (CLSM) exploiting a 488-nm laser source.

The fluorescence emission and excitation spectra of the
labeled samples as well as the PL properties of L-cys SeNPs
and the unlabeled biogenic SeNS extracts were collected using a
Nanolog/Fluorolog-3-2iHR320 modular spectrofluorimeter.

RESULTS

SelTEO2 Growth, Seog‘ Bioconversion,

and Biosynthesis of SeNS

The addition of Seog_ to glucose growing cultures of SeITE02
led to a 24-h lag phase, which was absent in the case of those not
amended with the oxyanions (Figure 1A). On the other hand,
SeITE02 growth profile on pyruvate did not differ regardless
Seog_ exposure (Figure 1B).

Different extents of Seog_ consumption were observed as
function of the carbon source supplied to the growth medium
(Figures 1A,B), partially occurring the bioconversion of 0.5 mM
of oxyanions within 120-h of growth. Indeed, SeITE02 glucose-
grown cells consumed higher amounts of Seog_ (0.26 mM) as
compared to those grown on pyruvate, where the extent of SeO?
bioconversion was 0.15 mM.

Regardless the carbon source utilized to support SeITE02
growth, this strain showed the capability of producing SeNPs
consequently to SeO? bioconversion (Figures 2, 3). Although
some intracellular SeNPs were detected in SeITE02 cells after 24-
h of growth upon exploitation of both carbon sources supplied
(Figures 2A, 3A), these nanostructures were mostly released
into the extracellular environment over the timeframe considered
(from 24 to 120-h). Further, biogenic SeNPs were surrounded
by membrane vesicles (MVs; Figures 2B,B1, 3A,B), which were
produced by SeITE02 cells along with extracellular polymeric
substance (EPS; Figure 2A) as stress response to Seog_ during
the earliest stages of growth (24 and 48-h) on either glucose or
pyruvate. This phenomenon appeared to be exacerbated at 120-
h of growth upon pyruvate conditioning of the bacterial cells
(Figure 3E).

MPV1 Growth, Seog‘ Bioconversion, and

Biosynthesis of SeNS

MPV1 strain was differently influenced with respect to SeITE02
by the presence of Seog_ added to the culture broth amended
with either glucose or pyruvate as the only source of carbon and
energy (Figures 1C,D). Indeed, MPV1-glucose grown culture
under SeO? pressure displayed a 24-h time-shifted growth
as compared to that not exposed to the oxyanions, eventually
reaching an equal biomass yield; further, both batch cultures
showed a linear decrease of the CFU mL™! over the incubation
time (Figure 1C). In the case of MPV1 cells grew on pyruvate, the
bacterial growth was featured by a delayed cell death, as observed
in the case of MPVI1-glucose grown cells, while under SeOg_
stress the culture reached a plateau after 24-h of incubation and a
low biomass yield over the experimental timeframe (Figure 1D).

Similarly to SeITE02, MPV1 cells partially consumed 0.5 mM
SeOg_ within the incubation time considered (Figures 1C,D),
bioconverting comparable amount of oxyanions i.e., 0.20 and
0.18 mM in the case of cells grew either on glucose or pyruvate,
respectively.

As a result of Seog_ bioconversion, MPV1 strain was
capable of producing selenium nanomaterials with different
morphologies, depending on the carbon source exploited to
sustain bacterial growth (Figures 4, 5). Indeed, while MPV1-
pyruvate grown cells generated SeNPs (Figure 5), a mixed
population of NPs and NRs was detected when MPV1 grew on
glucose as sole carbon and energy source, most likely due to
NPs dissolution, as shown in Figures 4 (D,E and inlets D1,E1).
Overall, MPV1 biosynthesized intracellular SeNS (Figures 4, 5),
which were either homogenously distributed within the cells
or located mainly on the outer cellular surfaces (Figures 4, 5).
Moreover, intracellular organic accumulations were produced
by this strain from 24-h onwards (Figures 5A1 and inlet D1)
when grown in the presence of pyruvate and SeO%f. These
cellular inclusions were sphere-shaped and electron-transparent
(Figures 5 inlets A1,D1) as those observed by Alvarez et al. (1996)
in the case of the hydrocarbon-degrading Rhodococcus opacus
PD630 strain (Alvarez et al., 1996). None of these intracellular
structures were observed in MPV1 cells under glucose growth
condition (Figure 4).

Overall, the data reported so far suggest different strategies
adopted by SeITE02 and MPV1 strains to adapt, interface and
bioprocess SeO>~, as well as the carbon source supplied.

Bio-chemical and -Physical Features of
SeNS Extracts

The biogenic SeNS extracts were analyzed by using scanning
electron microscopy (SEM), EDX, fluorescence spectroscopy
and CLSM, in order to shed light on their morphological
and physical-chemical features. In this regard, the average
diameter and length of SeNPs and NRs of the extracts
SeNPsseiTE02—G_e>  SeNPsserTr02-p_e»  SeNPsypyi—p e, and
SeNSnmpvi—cG_e are reported in Table 1. A morphological feature
shared among the biogenic SeNS extracts was the presence
of a material composed by light elements that enclosed the
SeNS (Figures 6A,C, 7A,C), preventing their aggregation
even upon deposition onto silicon (Si) wafers. To support this
hypothesis, the elemental composition of SeNS extracts was
evaluated by EDX spectroscopy. Since the extracts containing
the biogenic nanostructures were dried onto silicon wafers,
the Si signal (K, = 1.739 KeV) was obtained for all analyzed
samples (Supplementary Figure S2), while the presence of
sodium (Na; K, = 1.041 KeV; Supplementary Figure S2a)
most likely depended on the extraction protocol used, which
involved sodium salts. EDX spectra showed the presence
of two Se peaks (K, = 11.207 KeV and L, = 1.379 KeV),
one signal for carbon (C; K, = 0.277 KeV) and oxygen (O;
Ky = 0.525 KeV) (Supplementary Figure S2) in all the biogenic
nanomaterial extracts, while sulfur (S; Ky = 2.307 KeV) and
phosphorous (P; K, = 2.013 KeV) signals were detected only in
the case of those extracts deriving from SeITE02 cell-free spent
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FIGURE 1 | Growth curves of Stenotrophomonas maltophilia SelTEO2 (A,B) and Ochrobactrum sp. MPV1 (C,D) in DM amended with glucose and/or pyruvate (black
curves), and with the addition of 0.5 mM Seog’ (gray curves). The gray dashed curves represent the biotic conversion of Seog’ over the timeframe considered.

SeNPS
+

o

mvs
s

FIGURE 2 | Time course imaging by transmission electron microscopy (TEM) of Stenotrophomonas mailtophilia SelTEO2 strain grown in DM amended with glucose
(0.5% v/v) and SeOg’ (0.5 mM) for 24-h (A), 48-h (B), 72-h (C), 96-h (D), and 120-h (E). The inset (B1) shows an enlargement of a cell featured by membrane
vesicles (MVs), which is indicated by black arrow, as well as other features such as: extra polymeric substance (EPS) and selenium nanoparticles (SeNPs).

FIGURE 3 | Time course imaging by TEM of Stenotrophomonas maltophilia SelTEO2 strain grown in DM amended with pyruvate (0.5% v/v) and Seog‘ (0.5 mM) for
24-h (A), 48-h (B), 72-h (C), 96-h (D), and 120-h (E). The inlet (E1) shows an enlargement of microbial vesicles (MVs), which is indicated by black arrow, as well as
SeNPs.

media (Supplementary Figures S2a,b). Thus, the elemental
composition analysis of the biogenic SeNS extracts indicated that
the material enclosing the NS was of organic nature.

To better elucidate the biomolecular composition of
the organic material surrounding the biogenic SeNS,
fluorescence spectroscopy was performed. The presence of
proteins was assessed exciting the biogenic SeNS extracts

at 280 nm, resulting in a sharp fluorescence emission
peak at 325 nm typical of the amino acid tryptophan in
proteins (Supplementary Figure S3a; Lakowicz, 1999),
while L-cys SeNPs, which were utilized as chemical
comparison, showed only the water Raman peak contribution
(308 nm; Supplementary Figure S3b) (Bartlett al,
1998).

et
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FIGURE 4 | Time course imaging by TEM of Ochrobactrum sp. MPV1 strain grown in DM amended with glucose (0.5% v/v) and Seog’ (0.5 mM) for 24-h (A), 48-h
(B), 72-h (C), 96-h (D), and 120-h (E). The inlets (A1-E1) show enlargements of intracellular SeNPs and nanorods (SeNRs), which are indicated by black arrows.

: -

8 c
s SeNPs
SeNPs.
2
1um - o pm

FIGURE 5 | Time course imaging by TEM of Ochrobactrum sp. MPV1 strain grown in DM amended with pyruvate (0.5% v/v) and Seog’ (0.5 mM) for 24-h (A), 48-h
(B), 72-h (C), 96-h (D), and 120-h (E). The inlets (A1,D1) show intracellular inclusions. SeNPs are indicated by black arrows.

X
SeNPs.
dpm

TABLE 1 | Average diameter and length (nm) of SeNS generated by SelTE02 and
MPV1 cells grown for 120-h in the presence of Seog’ and either glucose or
pyruvate as the only source of carbon and energy.

Average diameter/length (nm)

Sample SeNPs SeNRs
SeNPssemE02-G 6 179 £ 56 ND2
SeNPSSeWEoQ,pj 208 + 60 ND
SeNSypvi_c e 118 + 36 324 + 89
SeNSypvi—p e 123 £ 32 ND

@None detected.

The amphiphilic nature of the organic layer surrounding
the biogenic nanostructures was assessed by labeling the
extracts with the lipophilic tracer DiOC;g(3). Particularly, the
specificity of this dye relies on its capability to emit fluorescence
in an apolar solvent or when it is bound to hydrophobic
moieties, being otherwise the free tracer molecules quenched in
aqueous polar environment (Huaglang, 2002; Yefimova et al.,
2008). The interaction between the lipophilic tracer and the
amphiphilic moieties present in the samples, as well as the
potential formation of organized structures resulting from this
interaction, was assessed by performing CLSM. The labeled
extract SeNPsseiTEo2—G e showed diffuse green fluorescence
(Figure 6B), suggesting a uniform distribution of the organic
layer, while regular ring-like green fluorescent structures
were observed in the case of DiOCs(3)-SeNPsserTE02—P e
(Figure 6D), therefore indicating a peculiar organization
of the amphiphilic molecules around SeNPs. On the other
hand, the fluorescent signals of the labeled SeNSypyi1—G  and
SeNPsyppyi—p e extracts resulted to be localized around the
nanomaterial content (Figures 7B,D). Particularly, DiOC,3(3)-
SeNSmpvi—c e displayed green fluorescent needle-like structures
(Figure 7B), which resembled the SeNRs previously detected
through EM (Figures 7A,Al and Supplementary Figure S1).

Furthermore, since DiOCig(3) dissolved in ethanol showed
a fluorescence emission peak at 505 nm, the fluorescence
signal of the DiOC;g(3) labeled samples detected at 507 nm
(Figure 8) suggested that an interaction between the lipophilic
tracer and the amphiphilic molecules of the biogenic extracts
occurred. These results were corroborated by the fluorescence
excitation spectra that displayed the main peak centered at
485 nm (Figure 8 and Supplementary Figure S4), which
corresponds to the excitation wavelength of DiOCig(3).
A second emitting species contributing to a broad fluorescent
emission peak (hem = 530 nm) was detected (Figure 8),
which might be due to intrinsic photoluminescence (PL)
properties of the biogenic selenium nanomaterials, discussed
below.

Photoluminescence (PL) Properties of
Biogenic SeNS Extracts

To investigate the intrinsic PL properties of the biogenic
SeNS extracts, fluorescence spectroscopy was performed on the
unlabeled samples and chemically synthesized SeNPs (L-cys
SeNPs; Li et al., 2010) to evaluate the photoluminescent behavior
of Se at the nanoscale (Figure 9). As a result, L-cys SeNPs
showed PL emission maxima at 416 and 428 nm upon excitation
at 380 nm, while the highest PL signal for those of biogenic
synthesis was centered at 416 nm (Figure 9A), which is in line
with the PL data reported by Khalid et al. (2016) and Qian
et al. (2017). Moreover, as the excitation wavelength increased
(i.e., Nexc = 485 or 532 nm) a red-shift of the PL emission
maxima (hem = 530 or 640 nm) was observed (Figures 9B,C).
Thus, the PL emission peak at 530 nm detected upon excitation
at 485 nm (Figure 9B) indicated that the fluorescent signal
previously observed for the DiOC;g(3) labeled biogenic SeNS
extracts (Figure 8) was due to the intrinsic PL properties of Se
in nanosized form.

The SeNS PL dependency on the excitation wavelength
was assessed by systematically moving 20 nm steps the hexc
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FIGURE 6 | Scanning electron microscopy (SEM) of SeNPsggteoe—g e [A (In Lens detector), A1 (detector for back scattered electron)] and SeNPssereo2—p ¢ [C (In
Lens detector), C1 (detector for back scattered electron)]. Confocal laser scanning microscopy (CLSM) of SeNPssereo2—G e (B) and SeNPsggrego-—p ¢ (D) labeled

with the lipophilic tracer DIOC1g(3).

(from 380 to 589 nm; Supplementary Table S2). In this
regard, the PL peak position maxima red-shifted from 416
or 428 to 680 nm within the range of the ey tested,
showing a linear relationship between the variation of the
PL emission and the excitation wavelength (Supplementary
Figure S5 and Table S2). The PL excitation (PLE) spectra
confirmed the PL dependency on the excitation wavelength,
resulting in the detection of PLE maxima at 485 or 532 nm
when either 530 or 640 nm were set as emission wavelengths
(Supplementary Figures S6b,c). Additionally, a progressive
increase (ca. 20 nm interval) of the hep (from 416 to 640 nm)
yielded PLE peaks whose position red-shifted from 380 to
532 nm (Supplementary Table S3), being hepm and hexc linearly
correlated (Supplementary Figure S7), thus supporting the PL
results described above.

As further aid to appreciate the results here, a list of the
key observations highlighting both similarities and differences
occurring between SeITE02 and MPV1 is supplied as Table 2.

DISCUSSION

The environmental robustness and resilience of SeITE02 and
MPV1 isolates against SeOj  under optimized conditions
of growth (Lampis et al, 2017; Zonaro et al, 2017) were
earlier investigated. In the present study, these two strains
were challenged under aerobic and metabolically controlled
growth conditions, in order to shed light on possible biological

routes leading to the synthesis and release of selenium
nanomaterials.

The environmental isolates were capable of exploiting either
glucose or pyruvate as the only source of carbon and energy,
although MPV1 was strongly affected by the mere presence of
the carbon sources supplied as compared to SeITE02 (Figure 1).
Indeed, MPV1-glucose grown cells, and with a lesser extent those
grown on pyruvate, had an evident death phase that started
after 24 or 72-h of incubation, respectively (Figures 1C,D).
A reasonable explanation of this phenomenon may rely on the
metabolism of glucose in an oxic environment, as in a condition
where glucose is in excess (ca. 0.5% w/v), the tricarboxylic
acid cycle (TCA) is turned off, therefore determining pyruvate
accumulation (Somerville et al,, 2003). As a result, pyruvate
produced during bacterial glycolysis can be in turn converted into
acetic acid, which is secreted until the complete glucose depletion
occurs (Patton et al., 2005). Thus, the uptake and catabolism of
high amounts of acetic acid appears to be an important factor
responsible for cell fate (life vs. death), as it can stimulate the
murein hydrolase activity, therefore determining cell lysis (Rice
et al., 2005; Rice and Bayles, 2008).

The growth profile of both strains was temporally shifted upon
addition of SeO3™ to the culture broth, and, even though any
statistical difference was not observed between the CFU mL~!
at the latest time points considered, the biomass production was
lower over the time course as compared to Seog_ free cultures
(Figure 1). Moreover, although these two bacterial strains were
previously described for their ability to totally bioconvert 0.5 mM
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lipophilic tracer DIOC+g(3).

FIGURE 7 | Scanning electron microscopy of SeNSypy1—g e [A (In Lens detector), A1 (detector for back scattered electron)] and SeNPsypy1_p ¢ [C (In Lens
detector), C1 (detector for back scattered electron)]. Confocal laser scanning microscopy (CLSM) of SeNSypy1—¢ e (B) and SeNPsypy1_p_¢ (D) labeled with the

Seog_ within 30 (MPV1) and 52-h (SeITE02) of growth in rich
medium (Lampis et al., 2017; Zonaro et al., 2017), here, the
initial oxyanion content was not entirely bioconverted by both
bacterial strains in all the conditions tested (Figure 1). This
aspect may be related to the toxicity exerted by Seog_ that relies
on the generation of a strong cytoplasmic redox unbalance of
the glutathione/glutaredoxin (GSH) and thioredoxin (RSH) pool
(Carmel-Harel and Storz, 2000), which is considered to cause
an increased production of intracellular reactive oxygen species
(ROS; e.g., hydrogen peroxide), leading to cell death (Held and
Biaglow, 1994). Thus, considering that in both SeITE02 and
MPV1 strains Seog_ bioconversion mainly occurs by means
of the cytoplasmic GSH pools exploiting either NADH or
NADPH as electron donors (Lampis et al., 2017; Zonaro et al.,
2017), the lower biomass yield produced under metabolically
controlled growth, and, therefore, the decreased cellular GSH
content, might explain the incomplete oxyanion consumption
as compared to that observed under optimized conditions of
growth.

The partial Seog_ bioconversion performed by SeITE02 and
MPV1 strains led to the production of either extracellular or
intracellular Se-nanomaterials (Figures 2-5 and Supplementary
Figure S1), respectively. Particularly, the biosynthesis of SeNPs
by SeITE02 started within the cells during the earliest stage
of incubation, while later on mainly extracellular SeNPs were
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_ 1000000 A f — DIOC,4(3) -
5 1 - D!°C1a(3)‘59N5wv1-s_e =
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FIGURE 8 | Fluorescence emission and excitation spectra of DiOC+g(3)
labeled biogenic SeNS extracts.

detected, as already observed when this strain was grown under
optimized conditions (Lampis et al., 2017), indicating that a
sort of SeNPs expulsion mechanism must occur. Although the
knowledge of the expulsion process of biogenic SeNPs is still
in its infancy, the proposed mechanisms up to date are those
involving (i) the active export through membrane-associated
reductases (Losi and Frankenberger, 1997), (ii) the binding of
SefA protein to SeNPs (Butler et al., 2012), (iii) cell lysis (Tomei
etal., 1995) and (iv) the vesicular-mediated expulsion (Kessi et al.,
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FIGURE 9 | Photoluminescence emission spectra of the unlabeled chemically
and biogenically synthesized SeNS at exitation wavelengths of 380 (A), 485
(B), and 532 nm (C). The dashed black line indicates the water Raman peak.

1999). In line with the latter hypothesis, one of the routes most
exploited by Gram-negative bacteria for the secretion of both
insoluble and soluble material is the formation of MVs from
the outer membrane, which normally occurs as bacterial stress
response (McBroom and Kuehn, 2007; Kulp and Kuehn, 2010).
In the present study, SeITE02 cells cultured under metabolically
controlled conditions were characterized by a massive presence of
MV (Figures 2, 3), which were observed to surround the SeNPs
(Figures 2D, 3C). These observations suggested that SeNPs
expulsion might occur through a vesicular-mediated process, as
proposed for Rhodospirillum rubrum (Kessi and Hanselmann,
2004) and Saccharomyces cerevisiae (Zhang et al., 2012; Pereira
et al., 2018). Moreover, at the early stage of SeITE02 growth
on glucose, EPS-like material was detected (Figure 2A), which
represents a strategy adopted by bacteria to counteract the
toxicity exerted by metal cations or metalloid oxyanions, due to
the adsorptive potential of these biological exudates (Jixian et al.,

2015; Zheng-Bo et al,, 2015). On the other hand, the biosynthesis
of a mixed population of SeNPs and NRs by MPV1 cells
exploiting glucose as carbon and energy source (Figures 4D inlet
DLE, inlet E1 and Supplementary Figure S1) could be ascribed
to the concomitantly production of surfactant-like molecules.
The synthesis of these biologically active compounds was earlier
reported for bacterial strains belonging to the Ochrobactrum
genus growing under stress conditions (Kumar et al., 2014).
Since the mere presence of glucose represented a condition of
stress for MPV1 cells (Figure 1C), it is reasonable to think
that the further stress derived upon SeO3  exposure might
lead to the production of biosurfactants guiding the growth
of SeNRs, which were not observed when MPV1 cells grew
under optimized conditions (Zonaro et al., 2017). Indeed, the
chemical production of NRs is generally achieved by the addition
of surfactants in the reaction mixture, which, due to their
amphiphilic nature, can adsorb onto the nanomaterial surface
acting as both stabilizing agent and driving force stimulating
the anisotropic growth of NRs in one direction (Evans and
Wennerstrom, 1994; Eastoe and Tabor, 2014). This process
appears to be facilitated for those elements, such as the metalloid
Se, that can exist in amorphous or crystalline configuration,
being the latter more thermodynamically stable and typical
constituent of NRs (Jeong et al., 2006), as also suggested in
the case of SeNRs biosynthesized by Rhodococcus aetherivorans
BCP1 (Presentato et al, 2018a). Conversely, upon pyruvate
consumption, the biosynthesis of SeNPs was coupled with
the appearance of intracellular accumulations (Figures 5 inlets
A1,D1) resembling inclusions containing hydrophobic storage
compounds. These observations are in line with the studies
conducted on Azospirillum brasilense Sp245 and Sp7 strains,
where heavy metal stress induced accumulation of polyester
compounds (i.e., poly-3-hydroxybutyrate; Kamnev et al., 2002,
2005), which play a crucial role in bacterial tolerance toward
environmental stresses, such as counteraction of a prolonged
starvation phase (Olubai et al., 1998; Sun et al., 2000). Overall,
these data reflected the way both SeITE02 and MPV1 strains
responded to SeO? stress, suggesting a different behavior
of these two environmental isolates once cultured under
metabolically controlled conditions and as compared to their
growth exploiting optimized ones.

From a physical-chemical point of view, a direct consequence
of the high surface energy typical of material at the nanoscale
(1077 m) is the tendency of nanostructures to form aggregates
to reach their thermodynamic stability (Goldstein et al., 1992).
This represents a scenario that needs to be prevented to
take advantages of the unique physical-chemical properties
of nanomaterials (Roco, 1999). The stabilization of chemical
nanomaterials is achieved by the addition of a variety of
expensive and potentially toxic compounds able to generate
electrostatic, steric or electrosteric repulsive interactions (Pachon
and Rothenberg, 2008; Segets et al., 2011). Conversely, biogenic
nanomaterials are featured by a natural thermodynamic stability,
which mostly relies on their association with an organic
material with a complex molecular composition that may act as
electrosteric stabilizer (this topic has been extensively reviewed by
Piacenza et al., 2018a). The stabilization of SeNPs biosynthesized
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TABLE 2 | Synoptic report that at glance supply evidences regarding the microbial physiology of SelTEO2 and MPV1 strains, as well as physical—chemical and biological

features of selenium nanomaterials.

Stenotrophomonas maltophilia SelTE02

Ochrobactrum sp. MPV1

Growth of the environmental isolates under metabolically controlled conditions

e Glucose and pyruvate are the sources of carbon and energy exploited by bacterial cells to grow either in the presence or absence of Seog’ as selenium precursor;

e Both strains can biotically convert SeOg’ synthesizing selenium nanomaterials

Occurrence of selenium nanostructures

e Intracellular

e Extracellular and on the outer cellular surface

Physiology features and morphology of the biogenic nanomaterial as function of the carbon source

Glucose Pyruvate Glucose Pyruvate
o Microbial vesicles (MVs); o SeNPs; o Intracellular inclusions;
e SeNRs e SeNPs
e Extracellular Polymeric Substance (EPS);
o SeNPs
Elemental composition of the organic coating of selenium nanostructures
e Carbon; e Carbon;
o Oxygen; o Oxygen
o Sulfur;

e Phosphorous

Macromolecules detected by fluorescence spectroscopy

e Proteins (hem = 325 nm);
o Amphiphilic molecules upon labeling with DIOC1g(3) (hem = 507 nm)

Photoluminescence properties of selenium nanostructures

e Photoluminescence emission maxima (hem) at 416 nm (hexe = 380 nm);

e Red-shift of photoluminescence emission centered at 530 or 640 nm upon excitation of the biogenic nanomaterial at 485 or 532 nm, respectively;

o Linear dependency of the photoluminescence emission on the excitation wavelength

by bacteria was earlier ascribed to their interaction with
proteins and amphiphilic molecules, as reported in the case of
Rhodospirillum rubrum, Enterobacter cloacae SLD1a-1, Thauera
selenatis and Rhodococcus aetherivorans BCP1, to name a few
(Kessi and Hanselmann, 2004; Yee et al.,, 2007; Butler et al.,
2012; Presentato et al, 2018a). Thus, the organic material
closely related to the biogenic SeNS detected (Figures 6, 7
and Supplementary Figure S2) likely contributed to their
stabilization, as washing steps in hexane/water solution failed to
completely remove it from the nanomaterial content, suggesting
the existence of a sort of dynamic equilibrium between the
organic and inorganic components constituting the biogenic
extract (Presentato et al., 2016). In this context, the development
of an electrosteric interaction between the organic material and
the biogenic SeNS was supported by the detection of proteins
and amphiphilic molecules through fluorescence spectroscopy
(Figure 8 and Supplementary Figures S3, S4) and CLSM
analyses (Figures 6B, 7B).

The uniqueness of nanomaterials relies on their enhanced
physical-chemical properties as compared to their bulk
counterpart, which makes nanostructures suitable for a variety
of applications (Cao, 2004). For instance, photoelectric,
photoconductive and semiconductive properties of Se at the

nanoscale are emphasized as in the case of Se quantum dots,
which, thanks to their high quantum confinement, are featured
by high intrinsic fluorescence, whose emission wavelength red-
shifts as the size decreases (Singh et al., 2010; Qian et al., 2017).
Khalid et al. (2016) reported on the intrinsic photoluminescence
properties of SeNPs (Aem = 416 and 580 nm) upon excitation
at 325 nm. Similarly, biogenic SeNS extracts and L-cys SeNPs
showed the same behavior (he;y = 416 nm) when excited at
380 nm, being also detected emission peaks at 450 and 480 nm
(Figure 9A), which were not previously reported. The different
excitation maximum peak (hexc = 380 nm) observed for biogenic
SeNS extracts and L-cys SeNPs may depend on their bigger size
(Table 1) as compared to those earlier synthesized (ca. 80 nm)
by Khalid et al. (2016). Indeed, Shah et al. (2010) reported that
the absorption maximum of SeNPs depended on the particle
size, resulting centered in the region between 300 and 350 nm
for particles up to 100 nm size, while a red-shift was observed as
the SeNPs size increased. Nevertheless, the excitation spectra of
biogenic SeNS extracts fixing the ey at either 530 or 640 nm
revealed peaks in the 385-395 nm range (Supplementary
Figures S6b,c), suggesting that the biogenic extracts contained
few NPs of ca. 80 nm size. The polydispersity of the SeNS extracts
may explain the PL dependency on the excitation wavelength,
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as by its variation the excitation of nanomaterials featured
by a certain size can be achieved, therefore determining PL
emission peaks centered at different wavelengths (Stengl and
Henych, 2013). Further, Singh et al. (2010) indicated that the
contribution to the PL emission of SeQDs upon excitation at
450 nm depended on both excitonic decay (hem = 520 nm) and
surface defects (heym = 580 nm). Thus, the PL peak centered
at 416 nm observed for SeNS (Figure 9A) was likely due to
excitonic decay, which appears to be the highest contribute to
PL emission. Indeed, the low degree of quantum confinement
to which big SeNPs are subjected may result in less surface
defects typically found in small NPs or QDs (Singh et al., 2010),
therefore causing low PL emission above 500 nm. Moreover, all
the biogenic SeNS extracts displayed an excitation wavelength-
dependent PL emission (Figure 9, Supplementary Figure S5 and
Supplementary Table S2), which agrees with the data reported
by Qian et al. (2017). Finally, the main criteria to be satisfied for
fluorescent biomarkers mostly relies on the possibility to excite
them at a wavelength (\exc > 500 nm) that does not interfere with
the intrinsic fluorescence of cellular components (e.g., collagens
and flavins; hem 400-550 nm), therefore highlighting the need
of probes able to emit fluorescence at wavelengths greater than
600 nm (Khalid et al.,, 2016). Indeed, the major drawbacks of
fluorescent probes applied for clinical purposes is their ability
to chemically react with the sample generating artifacts, as
well as their toxicity (Jensen, 2012). In this context, since Se
is an essential micronutrient, it is considered a preferential
alternative to most of the chemical fluorescent compounds used
for diagnostics (Khalid et al., 2016), as research to date showed
also that Se-based nanomaterials resulted to be less toxic in
comparison with other Se-compounds toward osteoblasts and
human dermal fibroblasts (Tran et al., 2010; Ramos and Webster,
2012; Cremonini et al., 2016). Thus, the exploitation of the
intrinsic fluorescence of SeNPs results advantageous, as they
can be used as probe per se without the necessity of additional
tags. In this regard, the excitation of biogenic SeNS extracts at
532 nm gave rise to PL emission at 640 nm, suggesting their
promising suitability as potential photolumiscence tool for cell
imaging, as well as therapeutic agents, considering the already
established antimicrobial activity of SeNPs produced by SeITE02
strain against important nosocomial pathogen bacteria (Zonaro
etal., 2015).

CONCLUSION

The boosted physical-chemical properties and low intrinsic
toxicity of selenium in the form of nanostructure, as well
as the potentially amendable nanomaterial surface, empower
the use of this chalcogen element by means of strategies
aimed at generating new and non-toxic Se-based smart
devices. With all this in mind, here, we showed that the
bacterial strains Stenotrophomonas maltophilia SEITE02 and
Ochrobactrum sp. MPV1 cultured under defined metabolic
conditions revealed novel aspects in the respect of both Seog_
bioprocessing and the synthesis of different morphologies

of Se-nanostructures. Particularly, this study contributed to
expand the knowledge regarding the different behavior and
strategies adopted by these microorganisms to counteract the
toxicity of these oxyanions, while a fine characterization of the
biogenic Se-nanostructure extracts highlighted their promising
intrinsic photoluminescence property. Thus, the two different
environmental isolates here investigated are worthy to be
explored as suitable cell factories to biosynthesize valuable and
tunable biogenic Se-nanomaterials, which represent an advanced
technological and scientific frontier of scaled down material with
multi-branched activities for biotechnological and biomedical
applications.
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