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A B S T R A C T

Herein, we reported a method to synthesize selenium nanowires (Cr-SeNWs) relying to purified cysteine-rich
antimicrobial peptide crustin in presence of ascorbic acid. Cr-SeNWs were characterized by UV–vis, XRD, FTIR
and Raman spectroscopy, as well as SEM, HR-TEM and EDAX. The UV–vis spectroscopy peak was noted at
350 nm. XRD showed the crystalline nature of Cr-SeNWs through diffraction peaks observed 2θ at 12° and 28°
corresponding to (020), and (241) lattice planes, respectively. HR-TEM results shed light on the size of Cr-
SeNWs, ranging from 17 to 47 nm. Raman spectroscopy and EDAX analysis of Cr-SeNWs showed presence of
57% selenium element. Furthermore, Cr-SeNWs showed higher antimicrobial activity on Gram-positive bacteria
(Staphylococcus aureus, Enterococcus faecalis) over Gram-negative ones (Pseudomonas aeruginosa, Escherichia coli).
The zone of inhibition was larger on S. aureus (50 μg/ml=4.0mm, 75 μg/ml= 7.2mm) and E. faecalis (50 μg/
ml=3.1mm, 75 μg/ml= 5.1mm), over P. aeruginosa (50 μg/ml= 2.1mm, 75 μg/ml=4.8mm), E. coli (50 μg/
ml=1.3mm, 75 μg/ml= 4.3mm) bacteria. The antibiofilm activity of Cr-SeNWs was also investigated and
biofilm reduction was observed at 75 μg/ml. In addition, Cr-SeNWs were highly effective as larvicides against
Zika virus and Japanese encephalitis mosquito vectors, i.e., Culex quinquefasciatus and Culex tritaeniorhynchus,
with LC50 values of 4.15 and 4.85mg/l, respectively. The nanowire toxicity and internalization was investigated
through confocal laser scanning microscopy and histological studies. To investigate the potential of Cr-SeNWs
for real-world applications, we also evaluated Cr-SeNWs in hemolytic assays, showing no cytotoxicity till 5 mg/
ml. Besides, higher antioxidant activity at the concentration at 100 μg/ml was noted, if compared with purified
crustin. The strong antioxidant potential of this nanomaterial can be helpful to boost the shelf-life potential of Cr-
SeNWs-based pesticides and antimicrobials.

1. Introduction

Managing mosquito vectors and microbial pathogens is a challenge
for current research in public health and entomology [1], worsened by
the quick drug and pesticide resistance development in targeted species
[2]. A number of species belonging to the genera Anopheles, Aedes and
Culex still act as major vectors of mosquito-borne diseases affecting and
killing millions of humans and other animals per year in tropical and
sub-tropical regions [3,4]. In particular, arboviral threats are rapidly
growing in the latest decade, with the raise of dengue, West Nile,

chikungunya and Zika virus cases over time [5,6]. Several Culex species
can act as vectors of Japanese encephalitis, Zika virus, St. Louis en-
cephalitis virus, and Western equine encephalitis virus [7] globally, up
to 20,400 human deaths are caused by Japanese encephalitis, with
more than 50,000 clinical cases in each year. Primarily, it affects chil-
dren and no antiviral treatment is currently available for infected pa-
tients [8].

The frequent overuse of commercial pesticides for vector control
operations leads to the resistance development and is also detrimental
to human health and the environment [9], therefore researchers are
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looking to novel and more eco-friendly tools to manage vector popu-
lations and parasites [10–21].

A similar scenario applies well to microbial pathogens. Microbial
cells in various ecosystems frequently live in surface-attached and
densely clustered communities, i.e., biofilms, to defend themselves
from hard environmental conditions [22]. Biofilms play a fundamental
role in healthcare-associated severe infections. Biofilm-related bacteria
provide vast tolerance towards host immune defense mechanisms and
antibiotics often ensuing in persistent and hard to treat infections [23].
Hence, alternative drugs are urgently needed to fight biofilm-forming
pathogens of clinical relevance [24].

Nanobiotechnology currently plays a key role in diagnostics, phar-
macology, chemical industries, environmental research, engineering,
electronics and entomology [25,26]. Biomolecules such as proteins and
carbohydrates as well as secondary metabolites of plant and animals
can be used for the successful fabrication of nanomaterials with wide
biomedical applications [27–29]. Among biomolecules with a role in
the invertebrate immune system, antimicrobial peptides – such as
crustin and penaeidin – are useful for bacterial control, as well as to
inhibit the growth of bacterial pathogens [30], including biofilm-
forming ones [31]. Crustin is a cationic cysteine rich 7–14 KDa anti-
microbial peptide, widely found in marine especially in crustacean
haemolymph. It contains various domains, including glycine, proline-
rich and whey acidic protein in N and C terminus regions, respectively
[32].

Selenium is a trace element naturally found in various biological
sources, it represents an essential supplement in living organisms [33].
Yeast enriched with selenium can be used for supplementation and as
well as for enrichment of various organisms by administration of so-
dium selenite [34,35]. Selenium-based synthesis of nanostructures has
been shown as a useful biomedical tool, with special reference to an-
ticancer activity [36,37], cancer prevention through molecular me-
chanisms [38], antioxidant properties [39], antidiabetic potential [40].
On the other hand, in vitro toxicity studies with mice model have been
also done [41]. Notably, it has been never used for the synthesis of
nanoproducts helpful to fight insect vectors and pathogenic bacteria.
Earlier reports on the synthesis of selenium nanostructures relied to the
employ of polysaccharides [42] and proteins (e.g., keratin, bovine
serum albumin) [43], for various biomedical purposes. In another
study, selenium nanowires have been synthesized using cytochrome C
[44] and β-carotene [45].

Generally, the synthesis of nanoparticles using different chemical
and physical routes is used. Widely adopted procedures includes heat
evaporation, photochemical and electrochemical reduction, however
these methods are expensive, time consuming and environmentally
toxic [46]. Nowadays, focusing on alternative, eco-friendly synthesis
protocols to fabricate nano materials using “green” reducing and sta-
bilizing compounds from natural products research (e.g., proteins, plant
extracts and biopolymers) is a fast-growing field of research interest
[47,48]. However, little has been done to fabricate selenium nanos-
tructures with eco-friendly molecules isolated from invertebrates,
studying them against mosquito vectors and biofilm-forming bacteria.

Herein, selenium nanowires (Cr-SeNWs) were synthesized using
purified cysteine-rich antimicrobial peptide crustin in presence of as-
corbic acid. Cr-SeNWs were characterized by UV–vis, XRD, FTIR and
Raman spectroscopy, as well as SEM, HR-TEM and EDAX. Cr-SeNWs
were tested for their antimicrobial activity on Gram-positive bacteria
(Staphylococcus aureus, Enterococcus faecalis) and Gram-negative ones
(Pseudomonas aeruginosa, Escherichia coli). The antibiofilm activity of
Cr-SeNWs was also investigated. Furthermore, they were evaluated as
larvicides against Zika virus and Japanese encephalitis mosquito vec-
tors, i.e., Culex quinquefasciatus and Culex tritaeniorhynchus. The nano-
wire mode of action was investigated through confocal laser scanning
microscopy (CLSM) and histological studies. To study the potential of
this nanomaterial for real-world applications, we evaluated Cr-SeNWs
in hemolytic assays on red blood cells (RBCs), as well as their

antioxidant activity, since the latter can be helpful to boost the shelf-life
potential of Cr-SeNWs-based insecticides and antimicrobials.

2. Materials and methods

2.1. Chemicals and bacteria

Sodium selenite (NaS2O3), ascorbic acid (C6H8O6), ethanol
(C2H5OH), methanol (CH3OH), acridine orange (235474), resazurin
(C12H7NO4) and crystal violet (c3886) were purchased from Sigma-
Aldrich. We also used Live/Dead BacLight Bacterial Viability Kit
(L7012-Molecular Probes, Invitrogen, Grand Island, NY, USA) and 2, 2-
diphenyl-1-picrylhydrazyl hydrate (DPPH) (St. Louis, MO, USA).
Nutrient broth (NB) and Luria Bertani agar (LBA) were purchased from
HiMedia (India). The bacteria Staphylococcus aureus (MTCC 9542),
Enterococcus faecalis (HQ 693279.1), Pseudomonas aeruginosa (HQ
4006631) and Escherichia coli (ATCC 25922) were used.

2.2. Crab haemolymph extraction and purification of crustin

P. pelagicus crabs were obtained from the coastal area of Mandapam,
Ramanathapuram district, (9.2770 °N, 79.1252 °E) Tamil Nadu, India.
They were rinsed with clean water to eliminate particles and then
haemolymph was extracted in presence of anticoagulant solution. The
haemolymph was centrifuged at 4000× g for 10min, the supernatant
was collected and stored at −80 °C. The cell pellet was washed in
200ml of 1× Tris buffer and the material was applied to a Blue-
Sepharose column (8×1 cm). The column was rinsed with 1x Tris
buffer at 3ml min−1 and the crustin pellet was collected as the max-
imum density 1.2 ml fraction [31].

2.3. Synthesis of Cr-SeNWs

The synthesis of Cr-SeNWs followed by the method of Li et al. [49],
with slight changes. Synthesis of Cr-SeNWs through sodium selenite and
crustin as capping agent under the assistance of ascorbic acid was done
at 37 °C. To fabricate Cr-SeNWs, 2ml of crustin was mixed in sodium
selenite solution (30mM, 0.1 g per 100ml) and the initiator ascorbic
acid was added drop wise until the color changed to orange, high-
lighting the reduction reaction. After mixing, the solution was kept
under vigorous magnetic stirring till we obtained fire red color solution,
which indicates conversion of sodium selenite into selenium. The red
solution was sealed and kept in the darkness for a week then cen-
trifuged at 8000× g for 10min. The collected pellet was washed with
water followed by deep freeze-drying at −80 °C and vacuum drying
overnight. Cr-SeNWs as powder was stored at room temperature (37 °C)
for further experiments.

2.4. Characterization of Cr-SeNWs

The characterization of Cr-SeNWs was performed through UV–vis
spectroscopy at wavelengths ranging between 200–700 nm (UV-1800,
Shimadzu, Japan), crystalline nature of Cr-SeNWs was analyzed by XRD
(X’PERT PROPAN analytical, PHILIPS,USA). Capping molecules of Cr-
SeNWs were studied by FTIR spectroscopy (Shimadzu, Japan).
Morphology, size and shape of Cr-SeNWs were determined through
SEM (SEM, JSM 6701F-6701, JPEG, India), HR-TEM (JOEL model in-
strument 1200 EX instrument, Japan), while phase structure and crys-
tallinity was studied by SAED. Furthermore, Raman spectroscopy on Cr-
SeNWs was do neat room temperature through Micro-Laser Raman
(Seiki, Japan). The powder sample was analyzed with semiconductor
laser source (λ=532 nm) at a power of 50mW and the resolution of
the Raman spectrum was 1 cm−1 in the measured frequency region.
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2.5. Antibacterial activity of Cr-SeNWs

The antibacterial activity of Cr-SeNWs was evaluated on the growth
of Gram-positive S. aureus, E. faecalis and Gram-negative P. aeruginosa,
E. coli bacteria. The antibacterial activity of Cr-SeNWs was tested by
agar well diffusion method as described by Vijayakumar et al. [50]. The
targeted organisms (10 μl or 0.1%) were inoculated in LB broth (pH 7.4)
for 18 h and allow growing further subculture. LB agar plates were
prepared into the sterile petriplate with 20ml of molten media. Then
the targeted isolates (0.1%) were spread on LB agar plates using ster-
ilized cotton swabs. Solidified agar plane was bored with gel borer to
make wells (7 mm diameter). The addition of Cr-SeNWs was done
testing various concentrations, i.e., 50 μgml−1 and 75 μgml-1 in ster-
ilized double distilled water (which acted as negative control) into se-
parate wells. The plates were incubated at 37 °C for 24 h and triplicates
were carried out for all tested species. After the formation of zones
around the well measured with transparent glass ruler in mm. Anti-
bacterial efficacy of Cr-SeNWs was compared with negative control.

2.5.1. Microtiter plate assay for MIC with resazurin dye
For determining the MIC value of Cr-SeNWs on different bacteria,

we relied to the method by Thirunarayanan et al. [51]. In polystyrene
ninety-six well plate, 50 μl nutrient broth were added to every well,
along with 10 μl of 106 cfu/ml bacterial suspensions (OD 600= 1.2). Cr-
SeNWs was added to each well at various concentrations (10–100 μg/
ml) and the plates were incubated for one day at 37 °C, subsequently the
addition of 10 μl of resazurin blue dye was done. After 7–12 h, the
column showed the appearance of blue and pink colors, pointing out
bacterial growth inhibition and bacterial viability, respectively.

2.5.2. Antibiofilm activity of Cr-SeNWs
The biofilm inhibition of Gram-Positive (S. aureus, E. faecalis) and

Gram-negative (P. aeruginosa, E. coli) bacteria by Cr-SeNWs were de-
termined by following Divya et al. [52]. Briefly, tested bacterial strains
(1× 106 cfu ml−1) grown on glass pieces (diameter 1× 1 cm) were
placed in 24 well plate along with 1.5ml of nutrient broth plus various
concentration of Cr-SeNWs (50–75 μg/ml) followed by incubation at
37 °C for 48 h. The glass pieces were then bind with crystal violet
(0.04%) and observed by a Nikon inverted microscope (ECLIPSE Ti100)
at 40× magnification. Crystal violet stain bound to tested bacterial
biofilm was rinsed using 100% ethanol and quantified by measuring the
absorbance at 545 nm using the microplate absorbance reader. Simi-
larly, another set of biofilms was prepared as described above, binding
with 0.1% acridine orange and observed through a CLSM (Carl Zeiss
LSM 710, Germany) at 20X magnification. The Z-stack examination
(three-dimensional architecture) was performed through the Zen 2009
image software (Carl Zeiss, Germany).

2.5.3. Live and dead cell assay post-treatment with Cr-SeNWs
Live and dead cell assay post-treatment with Cr-SeNWs, were done

using the BacLight Bacterial Viability Kit (L7012, Invitrogen) following
Stiefel et al. [53]. In brief, bacterial cultures of Gram positive (S. aureus,
E. faecalis) and Gram negative (P. aeruginosa, E. coli) were used to ob-
tain suspension density of OD 600= 1.2 with fresh nutrient medium and
aliquot into 1.5ml Eppendorf tubes. Cells were treated with two dif-
ferent concentrations of Cr-SeNWs (50 and 75 μg/ml), then incubated at
37 °C for 1 h and centrifuged at 7000× g for 10min. After, the pellet
was washed by PBS buffer. The pellet was combined with nuclear
binding stains containing 10 μL of 3mM SYTO® 9 and 20 μL of 20mM
propidium iodide in 2ml of PBS buffer, at 37 °C in absence of light for
900 s. The Cr-SeNWs-treated bacterial cells were studied by CLSM.

2.6. Cytotoxicity assays on RBCs

Cr-SeNWs was tested for hemolytic activity according to the method
by Abinaya et al. [54]. Goat blood was mixed with1 ml of sodium

citrate (9:1) to prevent coagulation. The sample was centrifuged at
3000× g for 10min, the pellet containing RBCs was washed with 10ml
of PBS (pH=7.4). RBCs were incubated with PBS and 2ml of ery-
throcyte suspension was treated with Cr-SeNWs at various concentra-
tions (1.5, 2.5 and 5.0mg/ml), PBS was used as control; each suspen-
sion was incubated at 37 °C for 1 h. The treated samples were
centrifuged and the supernatant was separated. The collected super-
natant (2 ml) was used for absorption studies at OD=540 nm using a
UV–vis spectrophotometer and the percentage (%) of hemolysis was
estimated:

Hemolysis (%) = (A sample−A blank)/A control × 100

In addition, the treated solution was smear on the glass slide and
captured under Nikon inverted light microscopy (Nikon U-RFLT50,
Japan) at 40X magnification for visualization of the morphological
changes of RBCs.

2.6.1. Morphological studies on RBCs
Morphology study of RBCs was examined by light microscopy

(Nikon U-RFLT50, 40X). RBCs were incubated with 1.5, 2.5, 5.0mg/ml
of Cr-SeNWs for 24 h, then the samples were centrifuged. The super-
natant was removed then the pellet was washed with PBS for removing
unbounded Cr-SeNWs, a drop of suspension was mounted on a glass
slide with cover slip and examined under the microscope (Nikon U-
RFLT50, Japan, 40X).

2.7. Antioxidant activity of Cr-SeNWs

The antioxidant potential of Cr-SeNWs was determined by DPPH [1,
1-diphenyl-2-picryl hydrazyl] radical method as described by Das et al.
[55] with slight modifications. The reaction mixture containing 100 μl
of 0.2 Mm DPPH dissolved in 95% methanol (v/v) solution and Cr-
SeNWs at various concentrations (i.e., 20, 40, 60, 80 and 100 μg/ml)
was added in 96 well microtiter plate. After incubation at 37 °C in the
dark for 30min, the absorbance was calculated at OD=517 nm. As-
corbic acid was set as positive control, crustin was the negative control.
The DPPH radical scavenging ability of Cr-SeNWs, crustin and ascorbic
acid was estimated as follows:

DPPH scavenging activity (%) = (1− (A sample−A blank)/A control) ×
100

2.8. Mosquito larvicidal activity of Cr-SeNWs

3rd instar larvae of Cx. tritaeniorhynchus and Cx. quinquefasciatus
were reared as described by Abinaya et al. [54]. On both species, lar-
vicidal activity was studied adopting the WHO method (WHO 1996)
[56] with minor changes by Vijayakumar et al. [23]. For each species,
each replicate was composed by 20 mosquito larvae plus 200ml of
water. Different concentrations of Cr-SeNWs (i.e., 2, 4, 6, 8, 10 mg/l)
were evaluated. The control was dechlorinated tap water. After 24 h of
exposure, the number of dead larvae was counted and mortality (%)
was reported as the average of 3 replicates. Control mortality was
corrected by using Abbott’s formula and the mortality (%) was calcu-
lated.

2.8.1. Microscopic and histological studies on mosquitoes post-exposure to
Cr-SeNWs

Microscopic studies were done as described by Song et al. [57] with
slight modifications, 3rd instar larvae of both species Cr-SeNWs treated
and control were fixed 10% formalin on slide along with propidium
iodide (PI) staining to understand the effect of physical adsorption and
internalization of Cr-SeNWs on Cx. quinquefasciatus and Cx. tritae-
niorhynchus, the uptake of Cr-SeNWs was visualized using fluorescent
dye propidium iodide staining in CLSM by fluorescent and PMT mode
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(Carl Zeiss, Germany).
Furthermore, 3rd instar larvae of both species Cr-SeNWs treated and

control were fixed and mounted in paraffin blocks with 8 μm thick
sections of larval tissue. They were cut with glass knives using a rotary
microtome and mounted on glass slides. The sections were treated with
haematoxylin and eosin stains for histopathological analysis and then
observed using the photomicroscope Nikon SMZ 745 T Japan and light
microscopy [54].

2.9. Statistical analysis

Mosquito larval mortality data were subjected to probit analysis and
LC50, LC90 values were calculated. Data normality was checked through
the Shapiro-Wilk test (P > 0.05). Microbial pathogen growth inhibi-
tion data and antioxidant assays were examined by ANOVA followed by
Tukey’s HSD test. We employed the software SPSS version 21. In all
experimental data analyses, P < 0.05 was considered as statistically
significant to assess the differences among control and treated groups.

3. Results

3.1. Synthesis and characterization of Cr-SeNWs

In the present investigation, Cr-SeNWs were synthesized using the
antimicrobial peptide crustin from P. pelagicus crabs, which acts as the
capping agent for the fabrication of nanowires. After 2-hours incuba-
tion period, color changed from transparent to fire red. The observed
color change was due to the reduction of sodium selenite to form se-
lenium nanowires. Below the chemical reaction and mechanism of so-
dium selenite to form selenium nanowires, thus confirming the synth-
esis of Cr-SeNWs.

Sodium selenite+Crustin+Ascorbic acid→Crustin capped sele-
nium nanowires (Cr-SeNWs)

Na2SeO3 +Cr+C6H8O6 → Se° →Cr-SeNWs

Basic optical properties of Cr-SeNWs were studied using UV–Vis
absorption spectroscopy. An absorbance peak (λ max) at 350 nm was
recorded, due to surface Plasmon resonance (SPR) (Fig. 1A).

XRD peaks recorded herein well matched with the standard sele-
nium (JCPDS file no.65-1290). Diffraction peaks were observed 2θ
value at 12° and 28° these peaks correspond to (020) and (241) lattice
planes, respectively (Fig. 1B). No additional diffraction peaks were
observed, indicating the presence of pure monocline Cr-SeNWs.

Concerning FTIR spectrum, the broad peak at 3442.52 cm−1 cor-
responded to N-H stretching vibrations of primary amide group of
crustin; the intense band at 2922.38 cm−1 indicated the presence of
alkynes (C^C), while the strong peak at 1633.33 cm−1 represented the
diketones group. The peak at 1380.56 cm−1indicated the isopropyl
group, while other peaks showed C]O stretching vibrations, OH and
carboxylic groups in agreement with the standard peaks of selenium,
due to the stretching of Se bonds (Fig. 1C).

HR-TEM, SEM and SAED pattern shed light on the nano-crystalline
nature of Cr-SeNWs. SAED diffraction results (Fig. 2) support the XRD
pattern described above. Cr-SeNWs showed wires-like shape with size
ranging from 17 to 47 nm (Fig. 2). The Raman spectrum of Cr-SeNWs
was recorded and the peak band centered, then obtaining two peaks,
one at 1871 cm−1in G mode and the other in E00 mode at 1600 cm−1 D
mode (Fig. 3A). The elemental composition of Cr-SeNWs was outlined
by EDAX analysis demonstrating that the Se elemental composition was
57% (Fig. 3B).

3.2. Antibacterial activity of Cr-SeNWs

Cr-SeNWs inhibited the growth of Gram positive and Gram negative
bacteria. The inhibition zone was higher in Gram positive than in gram

negative bacteria depicted in Table 1. Cr-SeNWs showed higher anti-
microbial activity on Gram-positive bacteria (S. aureus, E. faecalis) over
Gram-negative ones (P. aeruginosa, E. coli). The zone of inhibition was
larger on S. aureus (50 μg/ml= 4.0mm, 75 μg/ml=7.2mm) and E.
faecalis (50 μg/ml= 3.1mm, 75 μg/ml=5.1mm), over P. aeruginosa
(50 μg/ml= 2.1mm, 75 μg/ml=4.8mm), E. coli (50 μg/ml= 1.3mm,
75 μg/ml= 4.3mm) bacteria. Significant differences were detected
testing increasing concentrations of Cr-SeNWs on the targeted microbial
pathogens (S. aureus: F2,6=828.1, P < 0.001, E. faecalis:
F2,6=1.80e3, P < 0.001, P. aeruginosa F2,6=84.246, P < 0.001, E.
coli: F2,6=774.4, P < 0.001).

Fig. 1. [A] UV–Visible spectrum of crustin-synthesized selenium nanowires (Cr-
SeNWs) highlighting an absorption peak at 350 nm. [B] XRD pattern of Cr-
SeNWs. [C] FTIR spectrum showing the functional groups characterizing Cr-
SeNWs.
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3.2.1. Microtiter plate assay for MIC with resazurin dye
Bacterial control of Gram-positive and Gram-negative species was

achieved testing10 μg/ml and 100 μg/ml of Cr-SeNWs, respectively.
The MIC value was determined by the disappearance of color change
occurring at lowest effective concentration. In this assay, pink showed
bacterial growth while blue indicated the bacterial growth arrest, as a
result, MIC < 25 μg/ml showed high antibacterial activity of Cr-
SeNWs against targeted bacterial pathogens (data not shown).

3.2.2. Antibiofilm activity of Cr-SeNWs
In the present study, inverted microscope and CLSM bacterial ob-

servation showed high thickness biofilm formation in control. Gram-
positive bacteria (S. aureus, E. faecalis) and Gram-negative bacteria (P.
aeruginosa, E. coli) whereas, bacteria treated with Cr-SeNWs (50 and
75 μg/ml) showed inhibited biofilm formation in a concentration-de-
pendent manner. At the highest Cr-SeNWs concentration tested (75 μg/
ml) biofilm growth was completely arrested (Fig. 4).

3.2.3. Live and dead assay on bacteria treated with Cr-SeNWs
Post-treatment with Cr-SeNWs, tested bacteria showed reduced

growth inhibition as depicted by CLSM analysis using nuclear mem-
brane permeable staining. Control cells showed a higher quantity of live
cells (green color, SYTO® 9) in Cr-SeNWs treated dead cells are (red
color, propidium iodide) dominated, if compared to live cells, at both
50 and 75 μg/ml (Fig. 5).

3.3. Cytotoxicity test on RBCs

The hemolytic potential noted on RBCs treated with Cr-SeNWs at
different concentrations was reported in Table 2. RBCs exposed to Cr-

SeNWs (1.5, 2.5 and 5.0 mg/ml) showed a significant effect of the
tested concentration (F3,9=6.429, P=0.016). Trials showing the in-
teraction of Cr-SeNWs (5.0 mg/ml) with RBCs revealed low hemolytic
activity on RBCs. Hence, these concentrations of Cr-SeNWs are con-
sidered biocompatible for biomedical purposes (Table 2).

3.3.1. Morphological changes on RBCs
The inverted microscopic images of RBCs treated with 1.5, 2.5 and

5.0 mg/ml of Cr-SeNWs, were taken after an incubation period of 24 h
(Fig. 6a). When compared to control RBCs (Fig. 6a), scarce membrane
damage and structural deformation at the tested concentration level
were noted.

3.4. Antioxidant activity of Cr-SeNWs

The antioxidant activity of Cr-SeNWs was studied testing ascorbic
acid as positive control and crustin as negative control. The scavenging
activity of Cr-SeNWs increased raising the tested concentration, i.e., 25,
50, 75 and 100 μgml−1. The effect of testing increasing concentrations
of ascorbic acid (F4,16=499.4, P < 0.001), Cr-SeNWs (F4,16=4.488,
P < 0.001) and crustin (F4,16=3.002, P < 0.001) was significant. As
expected, maximum scavenging activity of Cr-SeNWs was showed
testing 90±1.2% at 100 μg/ml (Fig. 6b). Overall, the scavenging ac-
tivity of Cr-SeNWs was limited concerning the scavenging potential on
DPPH, if compared to the positive control.

3.5. Mosquito larvicidal activity of Cr-SeNWs

The larvicidal activity of Cr-SeNWs against late 3rd instar larvae of
Cx. quinquefasciatus and Cx. tritaeniorhynchus was reported in Table 3.

Fig. 2. [A] SEM of crustin-synthesized selenium nanowires (Cr-SeNWs). [B–C] HR-TEM analysis of Cr-SeNWs. [D] SAED pattern of Cr-SeNWs.
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In both species, mosquito mortality raised when increasing the tested
concentration of Cr-SeNWs (Supplementary Online Material Fig. S1).
100% mortality of Cx. quinquefasciatus and Cx. tritaeniorhynchus larvae
was achieved testing Cr-SeNWs at 10mg/L. The LC50 and LC90 values of
Cr-SeNWs against Cx. quinquefasciatus were 4.15mg/l and 8.61mg/l
respectively. The LC50 and LC90 values of Cr-SeNWs on Cx. tritae-
niorhynchus were 4.85mg/l and 9.53mg/L respectively in Table 3.

3.5.1. CLSM studies on mosquito larvae exposed to Cr-SeNWs
Microscopy analyses showed that Cr-SeNWs were ingested by the

larvae of both tested Culex species, leading to nanowire accumulation in

the abdominal tissues. At higher concentrations, deposited Cr-SeNWs
were noted as attached to the body surface of Culex larvae, also leading
to reduced swimming ability. CLSM visualization on nanowire-exposed
mosquito larvae highlighted live cells marked by green fluorescence,
while dead cells are outlined by red fluorescence (Fig. 7). Control larvae
of both Cx. quinquefasciatus and Cx. tritaeniorhynchus showed strong
green fluorescence, indicating that the body cells were live (Fig. 7). On
the other hand, Cx. quinquefasciatus and Cx. tritaeniorhynchus larvae
treated with Cr-SeNWs at 10mg/L mostly showed red fluorescence in
head, thorax and abdomen regions, indicating that a high number of
body cells were dead (Fig. 7A and B). This is due to the permeability of
PI dye toward larvae with damaged body cell membranes.

3.5.2. Histopathological studies on Cr-SeNWs-treated mosquito larvae
Histological studies were also carried out on nanowire-exposed Cx.

quinquefasciatus and Cx. tritaeniorhynchus larvae (Fig. 8), since both
target species showed 100% mortality at extremely low concentrations
of Cr-SeNWs. Larvae treated with Cr-SeNWs showed significant histo-
logical changes over control. Noted damages in Cr-SeNWs-treated
larvae included the loss of antennal, lateral, upper and lower head
hairs, breakdown of epithelial layer and outer cuticle, the hindgut and
muscles were also affected, the epithelium was vacuolated within the
cellular membrane damages, but still enclosing the cell nuclei (Fig. 8).

Fig. 3. [A] Raman scattering spectrum and [B] EDAX analysis of crustin-synthesized selenium nanowires (Cr-SeNWs).

Table 1
Growth inhibition activity of crustin-synthesized selenium nanowires (Cr-
SeNWs) against Gram-positive and Gram-negative bacteria.

Bacteria Accession number Zone of inhibition (mm)

50 μg ml−1 75 μg ml−1

Staphylococcus aureus MTCC-9542 4.0 ± 0.2a 7.2 ± 0.4b

Enterococcus faecalis HQ693279.1 3.1 ± 0.1a 5.1 ± 0.4b

Escherichia coli ATCC 25922 1.3 ± 0.3 a 4.3 ± 1.1 b

Pseudomonas aeruginosa HQ 4006631 2.1 ± 0.2a 4.8 ± 1.2b

Within each row, different letters indicate a significant effect of the tested
concentration (P < 0.05).
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4. Discussion

From a biological point of view, several trace elements play a key
role on life, such as selenium, which is widely used in the production of
food products as well as by biotechnology and pharmaceutical in-
dustries. Quantitatively trace amount of selenium may represent useful
supplements leading to proper functioning in various living organisms
[58]. For example, trace amounts of selenium binds and produce sele-
nium-rich organisms like yeast Saccharomyces cerevisiae and Candida
albicans exploited by several industrial applications [59,60]. The pre-
sent research firstly reports the successful synthesis of selenium nano-
wires (Cr-SeNWs) using purified crustin in the presence of ascorbic
acid. Bioactive antimicrobial peptides (AMPs) are an interesting class of
bio-pharmaceuticals released from proteins that exhibit unique prop-
erties, including – besides antibacterial and antifungal activity – even
antioxidant and antihypertensive [61]. During the last decades, orga-
nometallic groups in biological molecules like peptides and proteins
received a major research focus. The metal core can be responsible of
bio-functionalities, including the growth inhibition against multidrug-
resistant bacteria [62]. The development of effective and cheap pur-
ification processes to obtain AMP from the mass of proteins in the
circulating haemolymph is therefore crucial [63] since these molecules

can combine with several molecules like carbohydrates by non-self-re-
cognition reactions [64]. In this framework, earlier antimicrobial pep-
tide/protein-based preparation of nanoparticles, such as zinc oxide
nanoparticles with β-1, 3-glucan binding protein (BGBP) from Para-
telphusa hydrodromus [28] and nanosilver capped with BGBP and lectin
from Portunus pelagicus, have been reported [29,64]. However, the in-
vertebrate biomolecule-based fabrication of selenium nanostructures
for antimicrobial and insecticidal purposes has not been studied. On the
other hand, selenium nanowires prepared using Shinorhizobial cyclo-
sophoraose (cyclic b-(1→2)-glucan) and ascorbic acid have been re-
ported [65].

The various mechanism of reduction selenate to selenite (SeO4
−2 →

SeO3
−2), selenite into Selenium (SeO3

−2 → Se0) seems to vary among
different micro-organisms, as well as among different enzymes [66].
The reduction of inorganic selenium using glutathione was reported by
Avendano et al., (2016) [66]. The reduction of selenite to selenium,
SeO3

−2 → Se° can be explained by the following mechanism (i) selenite
becomes chelated first by thiol-containing molecules like glutathione,
as of selenodiglutathione; (ii) this compound is the substrate of glu-
tathione as an enzyme reductase that produces unbalanced inter-
mediates ultimately transformed to elemental selenium. Hence, the
current synthesis of selenium nanowires capped with crustin molecule

Fig. 4. Antibiofilm activity of crustin-synthesized selenium nanowires (Cr-SeNWs) against Gram-positive and Gram-negative bacteria. (A) Confocal laser scanning
microscopy. (B) Light microscopy.
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was obtained through the reduction of sodium selenite into selenium.
Preliminarily confirmation was obtained noting the color change to red
due to the reduction of selenite into elemental selenium. These results
are supported by Kieliszek et al. [67] who reported that the employ of
glucose might enhance a reduction of selenium occurring in the form of
selenite ions, which led to in the formation of red elemental selenium.

Herein, the synthesis Cr-SeNWs was confirmed by UV spectroscopy
with an absorption peak obtained at 350 nm. Earlier studies showed
that the selenium nanostructure absorption peak can be detected at
254 nm and 374 nm [68]. X-ray diffraction analysis pointed out the
crystalline nature of synthesized monoclinic Cr-SeNWs, substantiating
the arrangement of atoms and lattice nature with different Bragg’s

reflection peaks at 12° and 28°, in agreement with Gao et al. and Shah
et al. [69,70]. The FTIR spectrum of crustin was recently reported by
our recent study Rekha et al. [71]. Current research showed that Cr-
SeNWs resulted in strong bands indicating the presence of NH, C]O,
C^C, OH and carboxylic groups. These results strongly suggested the
interaction between the cysteine-rich peptide with selenium nanowires
[72].

Structure prediction of selenium nanowires smooth surface with
sharp edges was obtained by SEM analysis and the results correlated
with Li et al. [73], who also synthesized selenium nanocomposites. HR-
TEM showed single nanowires with dark strips depicting crystalline
nature. Moreover, Raman spectroscopy showed a peak range indicating
the presence of pure selenium. This outcome supports the earlier re-
search by Ali et al. [74]. EDAX analysis of Cr-SeNWs showed a sig-
nificant selenium peak (57%) concluding that selenium was highly
presented in the prepared sample.

AMPs play an essential role in drug development for pharmaceutical
applications [75]. Nanoparticles fabricated using biomolecules can be
used for various therapeutic applications, due to their multifaceted
properties, since they often are biocompatible and eco-friendly in
nature. As an example, earlier BGBP-fabricated ZnO nanoparticles
showed excellent antibiofilm activity, as reported by Iswarya et al.

Fig. 5. Live and dead cell assay testing crustin-synthesized selenium nanowires (Cr-SeNWs) against Gram-positive and Gram-negative bacteria.

Table 2
Hemolytic activity of crustin-synthesized selenium nanowires (Cr-SeNWs).

Treatment Optical density at 540nm Hemolysis (%)

Control (saline) 1.209 ± 0.004 –
Cr-SeNWs 1.5mg 0.011 ± 0.002 0.94 ± 0.12a

Cr-SeNWs 2.5mg 0.014 ± 0.003 1.16 ± 0.25ab

Cr-SeNWs 5mg 0.018 ± 0.002 1.52 ± 0.18b

Within each column, different letters indicate significant differences
(P < 0.05).
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[28]. Various metal nanoparticles have been studied, with special re-
ference to Ag ones. The antibacterial ability of silver nanowires was
examined against E. coli, S. aureus and Bacillus subtilis [76]. High anti-
bacterial efficacy and relevant membrane damages on various bacteria
have been also noted testing 0.7 g/l of magnesium oxide (MgO) nano-
wires [77]. In another report, selenium nanomaterial was used to in-
hibit the growth of S. aureus [78]. Selenium nanowires and nanotubes
also had the ability to reduce the biofilm formation. Nanowires [79–82]
and nanotubes [83] have the excellent properties to trap bacteria [84]

in bloodstream. Concerning live and dead assays, our results showed
high red fluorescent indicating dead cells post-treatment with Cr-
SeNWs (50 and 75 μg/ml) over the control. Similarly, Divya et al. [85]
outlined that Scylla serrata β-GBP at 100 μg/mL allowed high bacterial
cell control using BacLight fluorescent staining technique.

in vitro assays testing the hemolytic activity of synthesized Cr-
SeNWs exhibited scarcely toxic and non-hemolytic activity on RBC cells
treated with Cr-SeNWs at 5.0mg/ml [54], DPPH scavenging potential
was also noted. The total antioxidant potential of Cr-SeNWs was higher

Fig. 6. (a) Hemolytic activity of crustin-syn-
thesized selenium nanowires (Cr-SeNWs) on
red blood cells; the arrow ( ) indicates cell
morphology without cell damages. (b)
Antioxidant activity of Cr-SeNWs. T-bars re-
present SD. (For interpretation of the refer-
ences to colour in this figure legend, the reader
is referred to the web version of this article).

Table 3
Toxicity of crustin-synthesized selenium nanowires (Cr-SeNWs) against larvae of the Japanese encephalitis vectors Culex quinquefasciatus and Culex tritaeniorhynchus.

Target Concentration
(mg L−1)

Mortality (%)± SD LC50

(95% LCL-UCL)(mg L−1)
LC90

(95% LCL-UCL)(mg L−1)
Regression equation χ2

(d.f.=5)

Culex quinquefasciatus 2
4
6
8
10

31 ± 0.8
48 ± 1.2
64 ± 0.6
83 ± 0.8
100 ± 0.0

4.15
(2.26–5.37)

8.61
(7.07–12.37)

y=13.30+8.650x 8.708n.s

Culex tritaeniorhynchus 2
4
6
8
10

26 ± 0.6
41 ± 0.8
54 ± 0.6
78 ± 1.2
97 ± 0.8

4.85
(4.36–5.30)

9.53
(8.79–10.52)

y=5.50+8.950x 7.783n.s

d.f. = degrees of freedom.
n.s. = not significant (α=0.05).
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if compared to crustin results. Earlier studies noted that selenium na-
nomaterials have higher antioxidant capacity that eliminate and even
prevent the formation of free radicals through the increase of the Se-
containing enzyme, glutathione peroxidase [86]. As recently pointed

out, nanomaterials can achieve toxicity on insects through a wide
number of mechanisms of action [26]. Previously, Kieliszek et al.,
(2018) [60] showed bare selenium toxicity on Saccharomyces cerevisiae
MYA-2200 and Candida utilis ATCC 9950 yeasts. Selenium toxicity

Fig. 7. Confocal laser scanning microscopy of crustin-synthesized
selenium nanowires (Cr-SeNWs)-treated larvae of Culex quinque-
fasciatus (A) and Culex tritaeniorhynchus (B) (scale bar= 1mm),
the arrow ( ) highlights live (green) and dead (red) cells. (For
interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).
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affected the differentiation of cellular morphology, changes in protein
level, lipid peroxidation, which consequently damage the loss of in-
tegrity of the cytoplasmic membrane in the yeasts cells.

However, the mechanisms triggered by Se nanomaterials leading to
mosquito larval death are still poorly understood. We can argue that the
Cr-SeNWs can rapidly damages organelles and cellular enzymes,
leading to a strong reduction of ATP synthesis and loss of membrane
permeability [12]. Results reported here showed higher toxicity against
mosquitoes, if compared to earlier studies where nanomaterials (e.g.,
nanosilver) have been produced using plant extracts or related products
[87–90]. For example, Ag nanoparticles obtained using Pedalium murex
extract were less toxic to mosquitoes, i.e., Ae. aegypti LC50= 34.88,
LC90 = 64.56 μg/ml [91]. On the other hand, zinc oxide nanoparticles
produced using the leaf extract Plectranthus amboinicus showed a re-
markable mosquitocidal activity, both on Cx. quinquefasciatus, with
LC50= 3.1 mg/L and LC90 =4.5mg/L, and Cx. tritaeniorhynchus is
LC50= 4.2 mg/L and LC90= 5.7 mg/L [23]. Herein, larvicidal activity
was very high, since Cr-SeNWs tested on both Culex species showed
interesting results for mosquito control, with effective toxicity on Cx.
quinquefasciatus i.e., LC50= 4.1mg/L and LC90 = 8.6 mg/L; as well as
on Culex tritaeniorhynchus, i.e., LC50= 4.8 and LC90= 9.5mg/L. Com-
paratively, these results suggest the potential of Cr-SeNWs to develop
novel insecticides to be used in the fight against Culex spp. at minimum
concentrations. In agreement with our results, fluorescent water soluble
carbon nanoparticles wsCNPs have been recently used to control Culex
mosquito larvae testing 0.5mg/l and 3mg/l [92]. Herein, mosquito
cells were stained by propidium iodide and tissue damages were eval-
uated under CLSM [93]. In the present study, it has been elucidated that
Cr-SeNWs were ingested by the larvae of both Culex species, leading to
nanowire accumulation in the head, thorax and abdominal tissues.
Control larvae of Cx. quinquefasciatus and Cx. tritaeniorhynchus showed
strong green fluorescence intensity, indicating that body cells were live.

On the other hand, Cx. quinquefasciatus and Cx. tritaeniorhynchus larvae
treated with Cr-SeNWs at 10mg/L mostly showed PI staining red
fluorescence high intensity in head, thorax and abdomen regions, in-
dicating that a high number of body cells were dead. This is due to the
permeability of PI dye in larvae with damaged body cell membranes.
Fallon [94] recently reported flow cytometry studies on Wolbachia-in-
fected mosquito cells using PI staining. In this case, the increase of PI
fluorescence intensity during examination was discussed in relation to
changes in properties of the host cell, such as adherence to substrate,
cell-cell aggregation, and membrane fragility, which can vary over the
course of an experiment.

5. Conclusions

Overall the present research work presented an effective and eco-
friendly approach to fabricate Cr-SeNWs using crustin. Cr-SeNWs size
ranges from 17 to 47 nm, with smooth surfaces. The biofilm inhibition
ability was noted testing the nanowires at 75 μg/ml, light and confocal
laser scanning microscopy confirmed the results. Notably, the nano-
wires exhibited highly effective larvicidal properties against two major
Japanese encephalitis vector species (Cx. quinquefasciatus LC50= 4.1
and LC90 =8.6; Culex tritaeniorhynchus LC50= 4.8 and LC90= 9.5). The
nanowire mode of action was investigated through confocal laser
scanning microscopy and histological studies. To investigate the po-
tential of this nanomaterial for real-world applications. We also eval-
uated Cr-SeNWs in hemolytic assays, which showed no cytotoxicity at
5mg/ml. Besides, higher antioxidant activity at the concentration at
100 μg/ml was noted, if compared with purified crustin. The strong
antioxidant potential of this nanomaterial can be helpful to boost the
shelf-life potential of Cr-SeNWs-based pesticides and antimicrobials.
Further studies will be taken to develop Cr-SeNWs as potential mos-
quito repellents for industrial purposes. In addition, the Cr-SeNWs may

Fig. 8. Photomicroscope and histological analysis of crustin-synthesized selenium nanowires (Cr-SeNWs)-treated (a) Culex quinquefasciatus and (b) Culex tritae-
niorhynchus larvae. The arrow ( ) indicates tissue damages to abdomen, thorax and siphon regions (scale bar= 1mm). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article).
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be exploited to produce sterile, clinical biomaterial for bio-pharma-
ceutical applications.
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