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Abstract: Selenium is an important component of human diet and a number of studies have
declared its chemopreventive and therapeutic properties against cancer. However, very lim-
ited studies have been conducted about the properties of selenium nanostructured materials
in comparison to other well-studied selenospecies. Here, we have shown that the anticancer
property of biostabilized selenium nanorods (SeNrs) synthesized by applying a novel strain
Ess_amA-1 of Streptomyces bikiniensis. The strain was grown aerobically with selenium
dioxide and produced stable SeNrs with average particle size of 17 nm. The optical, structural,
morphological, elemental, and functional characterizations of the SeNrs were carried out using
techniques such as UV-vis spectrophotometry, transmission electron microscopy, energy dis-
persive X-ray spectrometry, and Fourier transform infrared spectrophotometry, respectively.
The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay revealed that
the biosynthesized SeNrs induces cell death of Hep-G2 and MCF-7 human cancer cells. The
lethal dose (LD,,,) of SeNrs on Hep-G2 and MCF-7 cells was recorded at 75.96 pg/mL and
61.86 ng/mL, respectively. It can be concluded that S. bikiniensis strain Ess_amA-1 could be
used as renewable bioresources of biosynthesis of anticancer SeNrs. A hypothetical mechanism
for anticancer activity of SeNrs is also proposed.
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Introduction

Selenium (Se) is an important trace element that plays a crucial role in human health
and regulates many crucial cellular functions mediated through its incorporation
into selenoproteins.'? This inorganic element also occurs in trigonal and monoclinic
phases of crystalline microstructures. The monoclinic phase is less stable and occurs
in ¢, B, and y forms, which differ only in the way that the crystals are packed.> The
antioxidant function of Se is conferred by some of these selenoproteins that directly
or indirectly protect against oxidative stress. The extensive experimental evidence
indicates based on the in vitro, animal, geographic, and prospective studies that Se
supplementation reduces the incidence of various types of cancers. Since as early as
the 1960s, geographical studies have proved a consistent trend for populations with
low Se compounds intake to have higher cancer mortality rates.>* However, at elevated
doses, Se compounds usually turn into a prooxidant with well-established cell growth
inhibiting/killing properties.! Thus, the uses of Se compounds for anticancer therapy
have been greatly explored during the last decade and results of studies have shown
that Se compounds reduce the risk of various types of cancers, such as mammary,
prostate, lung, colon, and liver cancers.'*” The research findings also suggest that the
concentration, chemical species, and redox potential of Se compounds are critical for
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their anticancer activity."® These Se compounds have more
promising anticancer activity at high dosage; however, high
doses of Se compounds give rise to greater concerns about its
toxicity." In this regard, selenium nanostructured materials
(SNMs) could reduce the risk of Se toxicity and be widely
used in cancer biology due to its promising anticancer activity
and less toxicity, compared to Se compounds (inorganic and
organic).*’ SNMs also exhibit unique physical, chemical, and
biological properties compared to that of Se compounds. !
Various types of SNMs, which are stabilized and modi-
fied with different kinds of biological macromolecules, are
reported to possess excellent anticancer activities."!''!3 Based
on this, some researchers suggest that biological macromole-
cules stabilized and modified may have potential applications
as anticancer agents for the killing of human cancer cells. For
these reasons, the study of SNMs has gained considerable
importance in recent years and therefore, various types SNMs
have been obtained by employing physico-chemical meth-
ods, ie, amorphous,>!" trigonal, nanorods,'*!* nanoribbons,'*
hexagonal prism,'* nanoplates,'® nanotubes,'® and spheres."
Therefore, SNMs are being widely used in basic and applied
areas of chemistry, physics, environmental science, material
science, and biomedicine.”!'>!'”!® However, concern is now
growing regarding the environmental impact of the SNM
synthesis process based on physico-chemical methods that
require high pressures, temperatures, and toxic chemicals.
These methods have some drawbacks: (i) production of
stable SNMs dispersions only at lower concentrations and
unsuitability for large-scale production; (ii) requirement of
additional stabilizing agents; (iii) production of hazardous by-
products, and (iv) increased pollution in the environment.
Consequently, significant efforts are ongoing toward the
development of novel nontoxic methods for the synthesis and
surface modification/stabilization of SNMs."”?! Biogenic
methods are a renewable, clean, nontoxic, and environmen-
tally friendly procedure for the synthesis of these types of
nanomaterials.”?>? Recently, biogenic methods have been
utilized for the synthesis of a variety of SNMs at ambient
conditions.*!*+2¢ It is well established that biosynthesized
SNMs have several important characteristics, including more
stability and higher biological activity, due to the surface
functionalization by biological macromolecules secreted by
fungi and bacteria.”*'"*?” Among the different microorgan-
isms, Actinomycetes are less explored for the synthesis of
SNMs. Actinomycetes are a diverse group of filamentous
true bacteria found in a variety of habitats in terrestrial and
aquatic environments.?® Hence, there are reports that have

shown that actinomycetes are efficient bioagents for the intra-
cellular and extracellular synthesis of metal nanostructured
materials (MNMs).2> Most of the studies have been done on
species of Streptomyces genus due to its inherent capability
for the production of redox active macromolecules/secondary
metabolites.?° The capability of Streptomyces genus for the
biosynthesis of MNMs has previously been reported.'s-2231-34
However, the synthesis of biostabilized selenium nanorods
(SeNrs) using any strain of actinomycetes has not been
reported yet. In the present study, we reported: (i) a simple,
environmentally friendly, and renewable biogenic method
for synthesizing disperse and stable SeNrs by Streptomyces
bikiniensis strain Ess_amA-1 and (ii) presented evidence
that biosynthesized SeNrs have the anticancer activity.
To the best of our knowledge, this is the first report on the
synthesis of SeNrs by S. bikiniensis as a novel renewable
bioresource and opens up the possibility of commercially
viable biogenic production of SeNrs for novel anticancer
nanostructured materials.

Materials and methods

Isolation of S. bikiniensis

An insect Tapinoma simrothi was collected from Eldrieh,
Riyadh, Saudi Arabia (24.7 N latitude and 46.7 E longitude),
and used for the isolation of S. bikiniensis. The suspension of
T. simrothi was prepared in normal saline solution (NSS) for
the isolation of saccharolytic actinomycetes and an appro-
priate dilution was spread on the starch casein agar (SCA)
medium (pH 7.210.2), supplemented with antibiotics (cyclo-
heximide [40 mg/L], nystatin [30 mg/L], and nalidixic acid
[10 mg/L]).*>*¢ The inoculated Petri plates were incubated
aerobically at 30°C until the appearance of powdery texture
colonies with branching filaments and aerial mycelia. The
selected colonies were subcultured and further purified by
streaking and among them the strain Ess_amA-1was selected
and maintained on International Streptomyces Project 2
(ISP-2) agar medium by periodical subculturing.

Morphological and physiological
characterization of S. bikiniensis strain

Ess amA-I

The color of aerial mycelium was determined from mature
and sporulating aerial mycelia of the actinomycete colonies
on different media such as ISP-2, ISP-4, ISP-6, ISP-7, Czapek
Dox, and SCA. The color was determined using color names
lists.’” The color of the soluble pigments was determined
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visually by observing the color changes in the medium due
to the diffusing pigments produced by strain Ess_amA-1.3
Carbohydrates and physiological tests were performed using
the specific media and methods.**' All the cultures were
incubated at 30°C for 7 days. The assay for enzymatic activity
was performed according to Bibb et al.*?

Genomic DNA extraction and

purification

Total genomic DNA of strain Ess_amA-1 was isolated from
the mycelium biomass (0.1 g), which was harvested from
the freshly grown culture in ISP-2 medium as described.
Briefly, the collected mycelium biomass was crushed with
liquid nitrogen and the powder was mixed with 500 UL lysis
buffer (containing 50 mM Tris-HCI, pH 8.0; 5 mM EDTA,
pH 8.0; 50 mM NaCl; and 20 pL lysozyme, 10 mg/mL).
The cells were lysed by vigorous vortexing and lysate was
incubated at 37°C for 30 minutes. Subsequently, 20 uL SDS
(10% w/v) and 20 UL of proteinase K (10 mg/mL) were added
into the Eppendorf tube and incubated at 55°C for 30 minutes.
The cell lysate was cooled down and extracted once with an
equal volume of phenol and chloroform (1:1 v/v). The aque-
ous phase was collected by centrifugation at 10,000 rpm for
5 minutes. Total genomic DNA was precipitated from the
obtained aqueous phase by the addition of two volumes of
chilled isopropanol. The precipitated genomic DNA was pal-
letized by centrifugation at 13,000 rpm for 30 minutes and the
pellet was washed with 70% ethanol. The washed pellet was
air dried under laminar flow and dissolved in 50 UL TE buffer
(containing 50 mM Tris-HCl and 1 mM EDTA; pH 7.2).

Polymerase chain reaction amplification
of 16S ribosomal RNA (16S rRNA) gene

and nucleotide sequencing

For molecular characterization, /6S ribosomal RNA (16S
rRNA) gene was amplified using primer set Star-F
(5"-GAGTTTGATCMTGGCTCAG-3’) and 1387-R
(5’-CGGGCGGTGTGTACAAGG-3’). Briefly, ~50 ng
genomic DNA was used as the template in 25 puL of poly-
merase chain reaction (PCR) mixture containing 0.20 mM
dNTPs (Deoxyribonucleotide triphosphates), 25 pmole of each
primer, 5X Taq polymerase buffer (5 uL), 2.0 mM MgCl,, and
0.2 U Taq DNA polymerase. The PCR parameters consisted
of 35 cycles of denaturation at 94°C for 1 minute, annealing
at 51°C for 1 minute, extension at 72°C for 1 minute with an
initial denaturation, and the final extension was performed

for 3 minutes and 7 minutes at 94°C and 72°C, respectively.
Amplification was performed on the PCR machine (Sens
Quest co., D-37085 Goettingen, Germany). The amplicon was
analyzed and sequenced by GATC Biotech, European Custom
Sequencing Centre (Cologne, Germany).

Multiple sequence alignments

and phylogenetic analysis

The obtained /6S ¥rRNA gene sequence was compared with
the homologous sequences retrieved from GenBank using the
Blastn tool.* Multiple sequence analysis with the sequences of
different actinomycetes groups was performed using CLUST-
ALW with default parameters.** A phylogenetic tree was
constructed by the neighbor-joining method with nucleotide
pair-wise genetic distances corrected by the Kimura two-param-
eter method* using the TreeCon tool. The reliability of the tree
topology was subjected to a bootstrap test and numbers at the
nodes indicate bootstrap support values as a percentage of 1,000
replications. All branches with <<50% bootstrap support were
judged as inconclusive and were collapsed and branch lengths
for all trees were normalized to 0.02% divergence. Based on
biochemical and molecular characterization, the characterized
strain was designated as S. bikiniensis strain Ess_amA-1.

Biosynthesis of SeNrs

Briefly, sterile 100 mL ISP-2 medium containing 1 mM sele-
nium dioxide (SeO,) was inoculated with 1 mL of the fresh
inoculums (OD600, 0.5) of strain Ess_amA-1 and incubated
in an orbital shaker incubator (150 rpm) at 30°C for 48 hours.
A control flask containing ISP-2 without SeO, was inoculated
with a test strain and incubated under the same conditions.
The reduction of SeO, into the elemental selenium (S°) and
the nucleation/growth of SeNrs were monitored by sampling
an aliquot of the medium at different time periods of incuba-
tion (6 hours, 12 hours, and 48 hours). The cells were then
removed by filtration and the resulting cell-free filtrate was
then centrifuged at 14,000 rpm for 15 minutes to obtain the
biosynthesized SeNrs.

Characterization of biosynthesized SeNrs
The optical, structural, morphological, elemental, and func-
tional characterizations of the SeNrs were carried out using
UV-Vis spectrophotometer, transmission electron micro-
scope (TEM), energy dispersive X-ray (EDAX) spectrometer,
and Fourier transform infrared (FTIR) spectrophotometer,
respectively. In order to ascertain the optical characteristics
of synthesized SNTs, the absorption spectrum was recorded
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by Lambda 35 double beam UV-Vis spectrophotometer
(Hitachi, Japan) in the wavelength range of A, ~A, nm
using a quartz cuvette. The size and structure of the biosyn-
thesized SeNrs were analyzed by JEM-1010 TEM (JEOL,
Tokyo, Japan) at an accelerating voltage of 80 kV. For this
analysis, the sample was prepared by placing drops of SeNrs
aqueous solution on carbon coated copper grids and air dried
under dark conditions. The elemental analysis of SeNrs was
done using the energy dispersive X-ray spectroscopy (EDS)
equipped with JSM-6380 LA scanning electron microscope
(SEM) (JEOL, Tokyo, Japan). For functional characterization
of SeNrs, the FTIR spectrum was recorded in the range of
400-4,000 wave number (cm™") on Nicolet 6700 FTIR spec-
trometer in the transmittance mode at a 4 cm™ resolution.

3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay

The anticancer activity of biosynthesized SeNrs was tested
on human breast adenocarcinoma cell line (MCF-7) and
human liver carcinoma cell line (Hep-G2) cells (ATCC,
Manassas, VA, USA) using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) dye reduction assay.
This assay is based on the reduction of MTT dye to a blue
colored formazan product by mitochondrial dehydrogenase.
The cells were cultured in a humid environment at 37°C and
5% CO, in a cell culture minimum essential medium (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with
15% fetal bovine serum and 1% penicillin/streptomycin
(Thermo Fisher Scientific). At 85%-90% confluence, cells
were harvested using 0.25% trypsin/EDTA solution and
subcultured into a 96-well plate. The MTT colorimetric
assay developed by Mosmann*® with modification was used
to screen the cytotoxic activity of SeNrs. Briefly, the MCF-7
and Hep-G2 cells (1x10* cells/well) were grown overnight
in 96-well flat bottom culture plates, and then exposed to
seven different concentrations (1.0, 2.0, 5.0, 10, 25, 50, and
100 pg/mL) of SeNrs for 24 hours. In addition, negative/
vehicle control and positive control (doxorubicin) were also
used for comparison. After the completion of the desired
treatment, 10 UL of MTT reagent (Thermo Fisher Scientific)
was added to each well and further incubated for 3 hours at
37°C. Finally, the medium with MTT solution was removed,
and 100 uL of DMSO (Sigma-Aldrich Co., St Louis, MO,
USA) was added to each well and further incubated for
20 minutes. The optical density (OD) of each well was
measured at 570 nm using a microplate reader (Synergy;
BioTek, Winooski, VT, USA). The percentage of cytotoxicity
compared to the untreated cells was determined. Triplicates

were maintained for each treatment. Lethal concentration
(LC,,) was determined by calculating the cell viability:

% of viability = — Meg‘gesft ODtr - 100
can o1 contro

Statistical analysis

The triplicate sets of data for the various parameters evaluated
were subjected to analysis of variance in accordance with the
experimental design (completely randomized design) using
SAS statistical packages (Cary, version 6.12; SAS Institute
Inc., NC, USA) to quantify and evaluate LSD. The values
were calculated at P level of 0.05%.

Results and discussion

Characterization of strain Ess_amA-|

In the present study, the actinomycete strain Ess_amA-1 was
isolated from an insect 7. simrothi with the aim of exploiting
its SeNrs synthesizing potential for anticancer therapy. The
presumptive taxonomic identification of the strain was done
by its morphological and biochemical characteristics. For the
identification of morphological characteristics, a specimen of
the strain was examined under the bright-field microscope and
analysis revealed that the strain Ess_amA-1 produces a light
brown and gray substrate (Figure 1A). These morphological
characteristics of the strain were precisely confirmed by the
SEM. The image showed that the smooth-surfaced spores are
held in straight chains (rectiflexibiles) (Figure 1B).*”*® The
morphological characteristics of the strain Ess_amA-1 were
further substantiated by physiological and biochemical tests.
The results of the physiological and biochemical characteris-
tics are summarized in Tables 1 and 2. The strain showed fast
growth behavior on media (ISP-2, 4, 6, and 7) and moderate
growth behavior on ISP-5 and Czapek-Dox agar medium;
melanin pigment production was determined on ISP-6
medium. Thus, based on the morphological and biochemi-
cal characteristics of strain Ess_amA-1 was identified as a
member of Streptomyces genus.*® For the authentic taxonomic
characterization of the strain, /65 ¥rRNA gene sequencing was
performed and obtained data were analyzed carefully. The
strain was identified as a member of S. bikiniensis by 16S rRNA
gene sequencing and in silico analysis that has been deposited
in NCBI GenBank (Accession Number: KF588366). The total
length of the /6S rRNA gene sequenced in the present study
has 1,206 base pairs, and NCBI Blastn analysis revealed ~99%
sequence homology with the strain of S. bikiniensis clone
7D Hu (GenBank, Accession No: AY946043.1). The related
sequence data sets were retrieved from the Blastn result and
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Figure | Isolation and morphological characterizations of Streptomyces bikiniensis strain Ess_amA-1.
Notes: (A) Growth behavior of the isolated strain Ess_amA-1on ISP-2 solid medium Petri plate after 48 hours incubation at 30°C. The strain shows the production of light
brown and gray substrate and aerial mycelium on solid medium; (B) scanning electron microscope image of strain Ess_amA-| shows the morphological characteristics of

mycelium and spores at 2 UM scale.
Abbreviation: ISP-2, International Streptomyces Project 2.

phylogenetic analysis indicated a close genetic relatedness of
strain Ess_amA-1 with S. bikiniensis and we therefore desig-
nated the strain as S. bikiniensis strain Ess_amA-1 (Figure 2).
The members of the Streptomyces genus have been largely
exploited for the production of bioactive secondary metabo-
lites (ie, antimicrobials, antitumorals, antihypertensives,
and immunosuppressants) with wide uses in medicine and
agriculture 3**-° Thus, the species of the genus Streptomyces
are well established bioresources for the production of valu-
able nanostructured materials.'82231-3451-57

Biosynthesis of SeNrs

The bioreductive capability of the strain was utilized for the
synthesis of SeNrs. The strain when challenged with 1 mM
SeO, exhibited a time-dependent change in the color of the
ISP-2 liquid culture medium from light gray to red after
6 hours incubation period. The intensity of the red color

of culture medium increased upon further incubation up
to 48 hours (Figure 3). The emergence of a red-brick color
in the culture medium after incubation of 48 hours was a
clear indication that the strain biogenically easily reduces
selenite ions to insoluble elemental Se (Se’) form.682527:38
The yield of SeNrs was determined and was approximately
7.74 mg/100 mL. The reaction mixture of SeNrs biosynthesis
can be optimized to increase the yield and purity by altering the
physico-chemical and cultural conditions in the used medium:
1) precursor salt, ii) carbon and nitrogen source, iii) pH and
oxygen supply, and iv) addition of electron donor, etc.”

Characterizations (optical, morphological,

elemental, and functional) of SeNrs
The synthesis of SeNrs in liquid culture medium was moni-
tored by the UV—Vis spectroscopy that showed a strong and

Table | Morphological characteristics and growth behavior of Streptomyces bikiniensis strain Ess_amA-| on different culture media

Medium Parameter
Color of aerial Color of substrate =~ AM/SM Pigmentation Melanin Growth Form of spore
mycelium mycelium production chain

ISP-2 Gray with green Dark pink AM Brown - Good Rectus

ISP-4 Gray Red AM Red - Good Rectus

ISP-5 Black Light grey AM - - Moderate Rectus

ISP-6 Gray with white Light white AM Brownish black +ve Good Rectus

ISP-7 Gray with white Violet AM Violet - Good Rectus

Czapek Dox Gray Light white AM - - Moderate Rectus

Starch casein agar ~ Gray Light white AM Red - Good Rectus

Abbreviations: ISP, International Streptomyces Project; AM, aerial mycelium; SM, substrate mycelium.

International Journal of Nanomedicine 2015:10

submit your manuscript

3393

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Ahmad et al

92,1 2112uadojAyd aya ur Apnis siya
WoJ) |-\WE ™ SS3 UIeIS JO SNIBIS D3 SIUSSDIADL MOy HUBGUSD) [gDN WO} PaASLIISI $92UaNbas sual YNy §9 | UO paseq saldads sadAL01da.is JO SUre.ls JSYIO UM |-\yWe ™ ss3 ureds jo diysuone|s. aya Suimoys 9943 2119usSojAyd s930N
*|-YWE ST UIRIS SISUSIUDYIG S32AW01da.1S JO UONEZIISIDEIRYD JBNIDO| T 24nS14

8ousnbaes |eiued YNY [ewosoqu S94 ZLM uteds sisusixbuelf eiodsAjodoseyooes | L1110 w_z_,,e_?%?mvm_aj

100

—

66

sousnbes [erUed vy BWOSOqU S94 6016 INOF UIBAS SIsuaqoy “dsans ensiy eiodsAjodoseyooes |1 gryyy0 uNleilgsoseLerelt ' |00
@ouanbas |erped auab YNy jewosoqu S9. 060LLYVH “ds ejodsAjodoseyooes || ENEooﬂ_%_%mmv:mm__ml_

souanbas [eled YNy [eWOoSOoqLU S9 H-avV Uless sisusysepjbueq seofwoidens |1 ¥9Ler0 UNIeI|L Y9861 EreliB

@ouanbas |eped auab yNY jewosoqu S9) 1981 1 SY Ulen)s JojooL) seofwoidasns |1'088666AVIAB|9116.£99]16

€751 OHaN :ulels aouanbas elled YNy S94 o}y usb snawes seofwoldess |1°6.9181avIapI0050960616

sousnbas [eiped YN [ewosoqu S9L 7.8y SV Uledls snjosso. seofwoydess ||'668666AVIABIG916.£99]16 l_

aousnbaes [eled ausb YNy /ewosogqu S94 G607 LLINNGH ulens sisusiyseue) seofwoydens [1°¢291+8N3196I1L¥665E¥6 1116

loot

sousnbes |eied ausb YNy /ewosoqu S94 /1L 80PSX Ulells sisusjjieayeu seafwoidess |L°£90181r41a61969+9981 216 16
sousnbes |ejped ausb YN [BWOSOqU S9) Z1L6Z L O4l Uless Snjoajpyosaulbignt saoAwojdess || 198666 AvIablocy6.£99116

@ouanbes [eiped susb yNY [ewosoqu S9L NH QZ SUO|D Sisudiupjiq seoAwojdass |1 e0976 AVIAbI89,2591 9116
(1-V urens) sisuaiunjiq seofwoyds.nsS

L -
o '
<
8 |§
2 |
) )
~ w0
w w
1 £
L |g
< b
] M
= 2
S g
- |2
o | =X
2 |a t i t
0 Elu + 0+ 0 F e+ L+ 4+ 4+ + 4+ + 0+ o+ o P+, 1 P4 [
R )
<
a - 3
T w O &
S c [ Y
‘s r4 7]
= 8 v g =
< » < T £ =
L own o 0 — o
S o S a S 2 B YR _ P52
O < t o - vo=x=>22w N o
5 O c c c E in © = —~ 20
O =|w 0 £ 9] ) ) s 2 =9 O_bou.
» S |80 ) > = = I . §T—-=-—9oac — o
XX |ol @ v ‘@ c ] ] 0 wW o0 -=—=0&
~ 0 & 0w K R ~ < <
S8 |¥|lv = S a2 O v snE = = w > )(A ~
o I 3 o > ki) c 5 2 v = h— = = GP)Ve)
al2|5 2 £ 8 e I © ° L clef sy
Q «w c o oS o8 ¥ = + ‘O =
ZWHW o 3 c o &8 g ® .Byruu@mma I © .mCVI.mG/m\.n.G|UMn.\
€10l 2 o 4 s 0 o £ EL 0409, 2 €9 97T < < < PEEZ GO >2c
0 S|e|lcd 8228288y NPLLETEaRIReITE29TY S ES 5 2Esa385E5 %
M.D.mbntopmolaﬂ/.mmsﬁe.&v,he.mh%m.hupua 3 3 3 2 =85 g59%8¢8
[3) LE U5 R BbUX S5 N2g ES TS 5w s 029 3 e O <] B cEg g e g=7F
8B S|8[8F5 28 CPNRNELEU>A T cEQPecgZEghELDBEReSS S o & WoNI EE9 FGE s 0 E
FAIZIVOUrCLa<I0n00Z450 8 5W<alU0TITSIIZDS0 S R=EZI0ON=Z0Ovrvammmsts<QuO0OacyY>0<

)

S~
Bo ¥ wmw
3 = 3 3~
Co 5 ©0
o Mm Y- o =
a~20 3T 3
—0V S ~=9
oTNla<=ae
> 35 5~ =
0 < O3~
T.KCD(RT
<:YFC-EE
0 g =T =0
ESE: £ £
I = € X = 3T
c £ET g 0T %
O 8 N c% g O
o s 0 O ¢ ®
s 08 38c 3 S
Zhem.m..m.e
<00 E08& -
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— means negative.

Abbreviations: NaCl, sodium chloride; HZS, hydrogen sulfide.
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Figure 3 Biosynthesis of SeNrs using strain Ess_amA-I.

Notes: (A) ISP-2 medium containing | mM selenium dioxide (SeO,) was inoculated with | mL of the fresh inoculums of strain Ess_amA-| and incubated in an orbital shaker
incubator at 30°C for 48 hours. The in situ reduction of SeO, into the SeNrs (brick red color development) is shown by strain Ess_amA-1; (B) a control flask containing ISP-2
without SeO, was inoculated with Ess_amA-1 and incubated under the same conditions.

Abbreviations: SeNrs, selenium nanorods; ISP-2, International Streptomyces Project 2.

broad surface plasmon resonance (SPR) peak at ~620 nm,
which is a characteristic of SeNrs (Figure 4A). However,
no absorption peak corresponding to the SeNrs in the con-
trol flask (without SeO,) was observed. It is well known
that due to Mie scattering, SeNrs exhibit absorption at the
wavelength ~620 nm. As evident from previous reports, the
presence of a single SPR peak evokes biogenic synthesis of
SeNrs by S. bikiniensis strain Ess_amA-1, and this was fur-
ther confirmed by TEM and EDS techniques.*® The time-de-
pendent intensity of red color increase of the culture medium
indicated the gradual growth in the size and shape of SeNrs
during the incubation period. Hence, the SeNrs were analyzed
at three different incubation times, 6 hours, 24 hours, and
48 hours, employing the TEM. The time-dependent change
in the shape and morphology of SeNrs was noticed. During
the incubation, the shape of reduced elemental selenium
(Se?) gradually changed from the spherical structure to a
rod-like structure. Figure 4Ba shows the spherical shape of
Se’ irregular nanospheres, which possess an average diameter
of 50-100 nm after 6 hours of incubation. However, these
spherical shape structures start to lose their integrity as rela-
tively low aspect-ratio anisotropic structures (rods). After
12 hours, aggregates of higher aspect-ratio rods emerging
from a few growth centers were observed (Figure 4Bb). After
48 hours, the length of the structures increased in one dimen-
sion and they were converted into the rod-like structures
(Figure 4Bc). The SeNrs with an average length of 600 nm,

average diameter of 17 nm, and aspect ratio of 35:1 were
observed. Nevertheless, most of the biosynthesis methods
have reported the production of spherical shape selenium
nanoparticles (SeNPs).>#2627.60 However, few recent studies
reported the biosynthesis of Se nanorods via spherical SeNPs
that acted as seeds for growth.®!” The high free energy of
SeNPs evoked the Ostwald ripening process, which may be
responsible for the growth of spherical SeNPs into SeNrs.!”!
The TEM data also revealed the nucleation/growth of the
SeNrs (6 hours and 12 hours incubation) that is probably
due to the presence of aromatic amino acids produced by
the strain Ess_amA-1, thus indicating possible adhesion of
biological macromolecules on the surface of SeNrs. These
data are consistent with the previously documented occur-
rence of biological macromolecules associated to SNMs of
microbial origin.”*2? The EDX analysis revealed the presence
of Se peak at 1.37 keV, confirming that the SeNrs was suc-
cessfully synthesized.”> However, the peaks of carbon (C)
and oxygen (O) were believed to be derived from biological
macromolecules present on the surface of SeNrs (Table 3).
These biological macromolecules may be responsible for
the reduction, growth, and stabilization of biosynthesized
SeNrs.” FTIR spectroscopy was performed to identify the
functional groups of the biological macromolecules respon-
sible for the reduction of SeO, into the elemental selenium
(S°) and the nucleation/growth of SeNrs. The FTIR spectrum
shows the characteristic stretching vibration bands of proteins
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nm wavelength due to the localized surface plasmon resonance property; (B) the
representative TEM micrographs of in situ SeNrs nucleation and growth at different time periods of growth of strain Ess_amA-1 (6 hours, |12 hours, and 48 hours) was
carried out on JEM-1010 TEM (JEOL, Tokyo, Japan) at an accelerating voltage of 80 kV; (Ba) shows spherical shape of Se® irregular nanospheres, after a 6-hour growth period;
(b) aggregates of higher aspect-ratio rods emerging from a few growth centers from Se? irregular nanospheres, after a 12-hour growth period; (c) the length of the structure
increased in one dimension and converted into the nanorod-like structure (SeNrs), after 48-hour growth period; (C) FTIR spectrum of biosynthesized SeNrs suggests the
presence of proteins/enzymes produced by the strain Ess_amA-| that are primarily responsible for the nucleation/growth of the SeNrs.
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Table 3 Elemental composition of biosynthesized SeNrs using
Streptomyces bikiniensis strain Ess_amA-|

Element keV Mass %
Cand O 28.84
Se Lo 1.379 71.16
Total 100

Abbreviations: SeNrs, selenium nanorods; C, carbon; O, oxygen; Se, selenium.

on the surface of biosynthesized SeNrs (Figure 4C). The
band positions at 3,430 cm™' were assigned to the stretching
vibrations of -N—H and C=0 from the amide A and amide
I bands of proteins/enzymes, respectively.® The free amine
or cysteine groups of proteins have a strong ability to bind to
metal NPs.>% FTIR data suggest that the proteins/enzymes
produced by the strain Ess_amA-1 are primarily responsible
for the synthesis of the SeNrs. The proteins/enzymes pres-
ent on the surface of SeNrs were acting as natural capping
agents, preventing agglomeration and promising anticancer
activity. Taken together, the data obtained from EDX and
FTIR analyses revealed the purity of SeNrs on the basis of
absence of signature peaks of other species of SNMs such
as SeO, NPs.

Assessment of anticancer activity
of SeNrs

Nanostructured selenium materials have attracted substan-
tial attention due to its excellent biological activity and low
toxicity.!” With promising applications in cancer nanotech-
nology, SNMs are being touted as the new anticancer and
chemopreventive agents.® Very recently, the cytotoxic effect
of the inorganic and organic Se compounds on the MCF-7
cell line was assessed."” Various types of SNMs stabilized
and surface modified with different types of biological
macromolecules/functional groups are reported to possess
excellent anticancer activities via the including induction
of reactive oxygen species (ROS) production, cell cycle
arrest, mitochondrial dysfunction, DNA fragmentation,
and cell apoptosis.'*® These SNMs have also been shown
to augment the anticancer properties of chemotherapeutic

drugs like adriamycin and doxorubicin.®”-*® Therefore, the
SeNrs were evaluated for their anticancer properties against
Hep-G2 and MCF-7 cell lines. The biosynthesized SeNrs
showed growth inhibition of Hep-G2 and MCF-7 cells in a
dose-dependent manner (Table 4). The inhibitory effect of the
SeNrs was significantly higher on the MCF-7 cells than on the
Hep-G2 cells. For instance, SeNrs at 10 ug/mL, 25 ug/mL,
50 ug/mL, and 100 pg/mL reduced MCF-7 cell viability to
69.1%, 54.4%, 44.3%, and 37.5%, respectively. All of those
values were significantly lower than those of the Hep-G2
cells: 86.9%, 72.5%, 56.4%, and 42.3%, respectively, at LSD
(0.05) =5.7% (Figure SA). The lethal dose (ID, ) of SeNrs
on Hep-G2 and MCF-7 cells was obtained at 75.96 ug/mL
and 61.86 ug/mL, respectively, as shown in Figure 5B.
The data indicated that the effect of SeNrs on MCF-7 cells
was significantly more than on Hep-G2 cells. Moreover,
microscopic cell morphological observation after MTT
staining showed that Hep-G2 and MCF-7 cells treated with
SeNrs showed a dose-dependent reduction in cell numbers,
loss of cell-to-cell contact, cell shrinkage, and formation of
apoptotic bodies (Figure 5C; MCF-7 cells data not shown).
These results collectively suggested that biosynthesized
SeNrs have the anticancer property against cancer cells and
can serve as potential anticancer agents. However, a few
recent studies have reported lower toxicity and selectivity of
SNMs toward normal cells.!?* The mechanism involved in
the selectivity of the SNMs remains unexplained. Therefore,
we tried to explain the plausible mechanism of SNMs for
selective killing of cancer cells.

Plausible anticancer mechanism of SeNrs

The inorganic and organic selenium compounds play an
essential role in human life and a number of them are consid-
ered to possess chemopreventive and therapeutic properties
against cancer. In situ surface functionalized SNMs via the
biosynthesis procedure have recently gained much attention
as potential anticancer agents due to their excellent anticancer
activity, biocompatibility, and low toxicity, when compared
to inorganic and organic Se compounds.'>*° Conjugation with

Table 4 Analysis of variance of the effect of different concentrations of biosynthesized SeNrs on the linear growth of Hep-G2 and

MCEF-7 cell lines

Source DF Type llI SS Mean square F-value Pr>F
Cell line 0 0.00000000 - - -
Concentration of SeNrs 0 0.00000000 - - -

Cell line X concentration of SeNrs 7 0.27992798 0.03998971 61.15 <0.0001
Abbreviations: SeNrs, selenium nanorods; DF, degrees of freedom; SS, sum of squares; Pr, probability.
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Figure 5 Anticancer activity of biosynthesized SeNrs.

Notes: (A) Effect of SeNrs on the viability of Hep-G2 and MCF-7 human cancer cells under in vitro condition. Human cancer cells were treated with various concentrations
(10 pg/mL, 25 pg/mL, 50 pg/mL, and 100 ug/mL) of SeNrs and the MTT assay revealed that the biosynthesized SeNrs induces cell death of Hep-G2 and MCF-7 human cancer
cells; (B) determination of ID, . of SeNrs for the Hep-G2 and MCF-7 human cancer cells. The ID ., of SeNrs on Hep-G2 and MCF-7 cells was recorded at 75.96 Lig/mL and
61.86 Lg/mL, respectively. (C) Microscopic cell morphological observation of Hep-G2 cells after MTT staining showed that cells treated with SeNrs exhibited some important
killing features, including reduction in cell viability, loss of cell-to-cell contact, cell shrinkage, and formation of apoptotic bodies.

Abbreviations: SeNrs, selenium nanorods; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; ID,

functional ligands/groups, indeed, can not only prevent the
aggregation of SNMs via plus-to-minus charge interactions,
but also enhance the anticancer efficacy.! These SNMs are
established as promising antioxidants (redox modulating) but
can also act as prooxidants and thereby exhibit potential anti-
cancer properties in the presence of transition metal ions (Cu).

<oz lethal dose.

It is well established that tissue, cellular, and serum copper
levels are considerably elevated in various malignancies.”®”!
These SNMs are able to bind cell chromatin materials (both
DNA and Cu[Il]) forming a ternary complex. A redox reac-

tion of the Se compound and Cu(Il) in the ternary complex
may occur, leading to the reduction of Cu(II) to Cu(I), whose
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How selenium nanostructure materials selectively kill
cancerous cells?
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Figure 6 Plausible anticancer activity of biosynthesized SeNrs.
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Notes: The anticancer mechanism of SeNrs involves the mobilization of endogenous copper (Cu), possibly chromatin-bound copper, and the consequent prooxidant action.
Cancer cells may be more subject to electron shuttle between copper ions and SeNrs to generate ROS, thereby exert the killing effect on Hep-G2 and MCF-7 cells.

Abbreviations: SeNrs, selenium nanorods; ROS, reactive oxygen species.

reoxidation generates a variety of ROS. Therefore, cancer
cells may be more subject to electron shuttle between copper
ions and SeNrs to generate ROS, thereby exhibiting the kill-
ing effect on Hep-G2 and MCF-7 cells (Figure 6). Thus, our
hypothesis is that the anticancer mechanism of SeNrs involves
the mobilization of endogenous copper, possibly chromatin-
bound copper, and the consequent prooxidant action.

Conclusion

The isolated S. bikiniensis strain Ess_amA-1 has the inherent
potential to produce more stabilized, bioefficacious, and
ecofriendly SeNrs than physico-chemically synthesized

SNMs, and can be exploited for mass-scale production.
The biosynthesized SeNrs showed anticancer activity
against Hep-G2 and MCF-7 cells under in vitro conditions.
SNMs are potent anticancer agents, with a modest effect
on normal cells. The exact mechanism by which this anti-
cancer activity is mediated remains unclear to the scientific
community. In this paper, we suggest a hypothesis that the
anticancer mechanism of SeNrs involves mobilization of
elevated endogenous copper of cancer cells and consequent
prooxidant action. Nevertheless, in-depth studies should be
conducted to investigate the anticancer action mechanism
of SNMs.
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