
ORIGINAL PAPER

Green synthesis and structural characterization of selenium
nanoparticles and assessment of their antimicrobial property

Nishant Srivastava1 • Mausumi Mukhopadhyay1

Received: 29 August 2014 / Accepted: 30 April 2015 / Published online: 14 May 2015

� Springer-Verlag Berlin Heidelberg 2015

Abstract In the present study, selenium nanoparticles

were biologically synthesized by non-pathogenic, eco-

nomic and easy to handle bacterium Ralstonia eutropha.

The selenium oxo anion was reduced to selenium

nanoparticles in the presence of the bacterium. The bac-

terium was grown aerobically in the reaction mixture. An

extracellular, stable, uniform, spherical selenium nanopar-

ticle was biosynthesized. The TEM analysis revealed that

the biosynthesized selenium nanoparticles were spherical

in shape with size range of 40–120 nm. XRD and SAED

analysis showed that nanocrystalline selenium of pure

hexagonal phase was synthesized. The formation of acti-

nomorphic trigonal selenium nanorods was also observed.

A mechanism of biosynthesis of selenium nanoparticles by

R. eutropha was proposed. The biosynthesized selenium

nanoparticles were investigated for their antimicrobial ac-

tivity against potential pathogens. Selenium nanoparticles

showed excellent antimicrobial activity. The 100, 100, 250

and 100 lg/ml selenium nanoparticles were found to in-

hibit 99 % growth of Pseudomonas aeruginosa, Staphylo-

coccus aureus, Escherichia coli and Streptococcus

pyogenes, respectively. Similarly, the 500 lg/ml of sele-

nium nanoparticles was found to inhibit the growth of

pathogenic fungi Aspergillus clavatus. The antimicrobial

efficacy of selenium nanoparticle was comparable with

commercially available antibiotic drug Ampicillin.

Keywords Biosynthesis � Ralstonia eutropha � Selenium

nanoparticles � Antibacterial

Introduction

Selenium (Se) is one of the necessary trace elements in the

human body. Approximately, 40–300 lg of Se is needed

daily as dietary supplements by a normal adult [1]. Se at

lower concentration is essential for maintenance of proper

functioning of animal and human body [2]. High concen-

tration of selenium (such as 3200 lg or above/day) is toxic

for human body and other living organisms [1, 3]. Re-

searchers revealed that the organoselenium inhibited the

bacterial growth [4]. It is found that elemental Se at nano

size carries high biological activity with low toxicity [5, 6].

This exciting property of nano Se has provided its appli-

cation in medical and pharmaceutical sciences [2, 7]. Re-

cently, selenium nanoparticle (SeNPs) has shown its

excellent antibacterial activity against pathogenic bacteria

Staphylococcus aureus. Researchers are also used SeNPs

for coating on polymeric medical devices to keep them

infection free. The traditional antibiotics are found inef-

fective on several multi drug-resistant bacteria [1]. The

antioxidant activity of SeNPs is also reported by re-

searchers. The SeNPs in size range of 5–200 nm can di-

rectly scavenge free radicals in vitro in a size dependent

manner [8, 9]. The property of SeNPs is not limited to

biological applications only; even it has wide use in

oxidation reduction reactions, catalysis, photocells, photo-

graphic exposure meters, photocopy machines and semi-

conductor rectifiers [10, 11].

Conventional method for nanoparticles synthesis in-

cludes physical and chemical approaches. Physical meth-

ods are highly expensive as they required high-cost
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instrument setup, optimal temperature, pH, pressure [12].

Evaporation and laser ablation techniques are some of the

widely used physical processes for nanoparticles synthesis

[13]. In chemical synthesis, solvents, additives, reductants

or a stabilizer such as ethaline, borohydride, dode-

canthiolates and many more chemicals are utilized. These

chemicals are environmentally unfriendly, hazardous and

toxic for living organisms [12]. The overall environmental

concern has influenced researchers to replace this

methodology with clean, nontoxic and environment

friendly, green chemistry approach. Bacteria are the or-

ganism of choice for nanoparticles synthesis [14]. It is easy

to handle, a fast growth rate, efficient and economical [2].

These small creatures have the significant ability to reduce

metal ions into zero valent nanoparticles. The chemical

detoxification mechanism and energy-dependent ion efflux

from the bacterial cell by membrane protein have been

responsible for such an interesting reduction performance

[15–17]. Recently, aerobic biogenesis of SeNPs has been

reported by bacteria Pantoea agglomerans, Zooglea rami-

gera, Pseudomonas alcaliphila, Bacillus subtilis, Bacillus

cereus, Duganella sp. [2, 10, 11, 18–20] etc. Se respiring

bacteria Sulfurospirillum barnesii, Bacillus selenitire-

ducens and Selenihalanaerobacter shriftii are reported for

biogenesis of SeNPs in anaerobic conditions [21].

Biosynthesis in aerobic condition is much easier compared

to the anaerobic biogenesis. Anaerobic biogenesis is a

tiresome and difficult process [20].

In the present study, an economic, facile and environ-

ment-friendly synthesis of SeNPs by the non-pathogenic,

Gram-negative, facultative litho-autotrophic, soil and fresh

water bacterium Ralstonia eutropha is reported. The bac-

teria in the experiment can be a promising alternative for

synthesis of SeNPs. The biosynthesized SeNPs are further

evaluated for antibacterial efficacy on pathogenic strains of

Gram-positive bacteria S. aureus (MTCC-96) and Strep-

tococcus pyogenes (MTCC-442) and Gram-negative bac-

teria Escherichia coli (MTCC-443), Pseudomonas

aeruginosa (MTCC-1688). The antifungal activity of

SeNPs is also investigated on Aspergillus clavatus (MTCC

1323). The antimicrobial potential of biosynthesized

SeNPs is determined with minimum inhibition concentra-

tion (MIC) methodology.

Materials and methods

Materials

Lyophilized culture of R. eutropha (MTCC No: 2487) was

obtained from MTCC, IMTECH, Chandigarh, India.

Sodium selenite (Na2SeO3) and bacterial growth medium

nutrient broth (N-broth) and nutrient agar was procured

from Himedia laboratories, Mumbai, India. Sterilized Milli

Q water (Merck Millipore, Germany) was used throughout

the experiment. All other chemicals were of analytical

grade.

Bacterial growth and preparation of biomass

The lyophilized seed culture of R. eutropha was revived

and maintained on Nutrient agar (peptic digest of animal

tissue: 5 g/L, sodium chloride: 5 g/L, beef extracts: 1.5 g/L

and yeast extract: 1.5 g/L and Agar: 15 g/L; pH 7.4 ± 0.2)

slant as described by MTCC guidelines. The bacterial

culture from N-Agar slant was sub-cultured in 100 ml N-

broth growth medium in 250 ml Erlenmeyer flask and in-

cubated in Orbital shaking incubator (CIS 24 BL, REMI,

India) for 24 h at 30 �C. After 24 h of incubation, the

bacterial biomass was harvested by centrifugation at a

speed of 5000 rpm (3634 g) using Centrifuge (C30BL,

REMI, India) at room temperature for 10 min for further

experiment. The biomass obtained by centrifugation was

washed several times using sterilized Millipore water.

Synthesis of SeNPs by bacteria

Thoroughly washed fresh R. eutropha biomass (2 g wet

weight) was added in 100 ml aqueous 1.5 9 10-3 M

sodium selenite solution. The reaction mixture was incu-

bated at 30 �C for 48 h at 120 rpm. The reaction mixture

was observed for any change in color and analyzed time to

time in UV visible (HACH, DR 6000, USA) spectropho-

tometer operated at a resolution of 1 nm. After completion

of reaction, the biologically synthesized SeNPs were har-

vested by centrifuging the reaction mixture at 12,000 rpm

(20,929 g) for 10 min. The SeNPs were washed several

times with Millipore water and acetone. The washing

process by centrifugation and for purification was repeated

several times to avoid any impurity or any biomolecules. In

the control experiment, the R. eutropha active biomass was

autoclaved (121 �C, 15lbs for 15 min, Obromax, India) and

then this autoclaved biomass was inoculated to 100 ml

1.5 9 10-3 M sodium selenite and allowed to react in

same condition as described above with active bacteria.

Characterization of Se nanoparticles

The size and morphology of biogenic SeNPs were char-

acterized by transmission electron microscope (TEM,

Philips Holland Tecnai-20) at accelerating voltage of

200 kV at 0.27 nm point resolution. The sample for TEM

analysis was prepared by dispersing nanoparticles in ace-

tone and placing a droplet of nanoparticles on a copper grid

with mesh size of 300 and diameter of 3 nm. The excess

solvent was allowed to evaporate at room temperature. The
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size, size distribution and zeta potential of biogenic SeNPs

was measured by a dynamic light scattering (DLS) particle

size analyzer (Nano ZS 90, Malvern, UK). The elemental

analysis of nanoparticles was carried out by energy dis-

persive X-ray (EDX) analyzer associated with scanning

electron microscope (SEM) (JSM-7600F, JEOL, Japan), at

an accelerating voltage of 20 kV. The XRD analysis was

carried out (Xpert pro, PANalytical, Holland) at a voltage

of 45 kV with Cu-Ka radiation (K = 1.5406 Å) to exam-

ine the crystalline phase of synthesized nanoparticles.

Antimicrobial activity (MIC) of biosynthesized

SeNPs

The antimicrobial activity of biologically synthesized

SeNPs was investigated on pathogenic microbial isolates

E. coli (MTCC-443), P. aeruginosa (MTCC-1688), S. au-

reus (MTCC-96), S. pyogenes (MTCC-442) and A. clava-

tus (MTCC 1323) purchased from MTCC, IMTECH

Chandigarh. SeNPs (vacuum dried; powder form; washed

using acetone several times) in different concentration

range from 10 to 300 lg mL-1 were added in bacterial

suspension (adjusted to 108 CFU (colony forming unit)/ml

by turbidity measurement) and incubated for 24 h at 30 �C.

The concentration of SeNPs with 99 % growth inhibition

after 24 h of incubation at 30 �C was considered as mini-

mum inhibition concentration (MIC). The antibacterial

activity of wet biomass of R. eutropha was also carried out

as control experiment.

Results and discussion

Biosynthesis of selenium nanoparticles

The reaction mixture with activated R. eutropha and

sodium selenite was displayed a time-dependent color

change during incubation of 48 h at 30 �C, as shown in

the inset of Fig. 1(inset). At the initial point of reaction,

the color of reaction mixture was light yellow, which

gradually changed to red with time. After 48 h of incu-

bation, no further change in color was observed. This red

color of reaction mixture was attributed to the excitation

of surface plasmon vibrations of the Se nanoparticles and

provided an advantageous spectroscopic signature of their

formation. In control experiments, the autoclaved bacterial

cells were added into medium containing sodium selenite

without changing other reaction conditions. The color of

the reaction mixture was unchanged, and the reduction of

SeO3
- to Se0 was due to bacteria and its biomolecules.

Autoclaving killed the bacterium and degrades enzyme,

and other biomolecules present and limit their participa-

tion in reduction processes [2]. The surface plasmon

vibrations of SeNPs were also confirmed by UV–visible

spectra (Fig. 1). UV–visible spectra showed the broad

peak at 270 nm which confirms the formation of SeNPs.

The UV spectra centered between 200 and 300 nm was

due to the formation and surface plasmon vibration of

SeNPs [22, 23]. The broadness of peak also revealed that

the synthesized particles were polydisperse [24]. The in-

tensity of peak increased with respect to time. There was

no further significant increase in peak intensity observed

after 48 h of reaction. The peak intensity was increased

with time due to the reduction of SeO3
2- to Se0. There

was no further increase in peak after 48 h, which depicts

maximum reduction of SeO3
2- to Se0.

Figure 2 shows the electron microscopic images of

SeNPs. Figure 2a and b revealed that the SeNPs were

properly dispersed and spherical in shape with a diameter

of 40–120 nm. Figure 2c from SEM also showed a well

form of a spherical Se nanoparticle at a resolution of 10 nm

scale. Formation of some actinomorphic Se nanorods was

also observed in TEM and SEM analysis (Fig. 2d, f). These

actinomorphic Se nanorods were also known as trigonal Se

(t-Se). The formation of t-Se nanorods was due to higher

free energy of SeNPs. These small SeNPs acts as a seed,

which by depositing on the surface of t-Se to facilitate

uniform growth of t-Se nanorods. The formation of t-Se

nanorods indicated that Se nanoparticles were generated by

R. eutropha and extended with ageing. The transformation

process of small Se nanoparticles into large one was in

agreement with the typical Ostwald ripening process.

SAED patterns shown in Fig. 2e revealed the formation of

diffraction rings, which was attributed to the (100), (101),

(111), (102) and (110) reflections of nanocrystalline, hex-

agonal phase.

Fig. 1 UV visible spectra of SeNPs at 24 and 48 h; Change in color

of reaction mixture (initially light yellowish; Red color shows

formation of SeNPs) with respect to time (Inset)
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The distribution of size (percentage wise) of biosyn-

thesized selenium nanoparticles was shown in Fig. 3. The

TEM image also revealed that the particles were well

dispersed and uniform in shape.

The DLS analysis in Fig. 4a of colloidal solution of

SeNPs showed that biosynthesized particles were in the

size range of 43–121 nm with average size of 70.9 nm. The

frequency distribution from the histogram showed that

maximum synthesized particles were below 100 nm. The

poly dispersity index (PDI) was 0.403. Lower the PDI, the

lesser the aggregation of particles. The DLS results were

also in agreement with TEM results. The size measured by

DLS was larger than the size measured by TEM micro-

graphs. The DLS analysis measured the hydrodynamic

diameter. The corresponding zeta potential of -7.7 mV

observed as shown in Fig. 4b. The magnitude of zeta

potential was used to anticipate the stability of nanoparti-

cles in colloidal solution. The zeta potential of the

biosynthesized SeNPs indicated were relatively negative

charged in nature. The biosynthesized nanoparticles were

stable in colloidal solution to a certain extent.

The biologically synthesized Se nanoparticles formation

was analyzed by EDS measurements (Fig. 5). The presence of

strong peak at 1.5 keV was characteristics of Se. The presence

of Se peak confirmed that the SeNPs entirely composed of Se.

Some signals of Cu, Cl, P, Si and Na observed, which were

associated with grid impurity used for SEM–EDS analysis. The

C, P and O signals originated from biomolecules, e.g., enzymes,

proteins or bacterium biomaterial either capped or present near

the biologically synthesized nanoparticles. The Cu and C sig-

nals also observed this due to the presence of these elements on

the SEM sample grid.

Fig. 2 TEM and SEM

micrographs of SeNPs at

100 nm scale selenium

nanospheres (a) and at 500 nm

scale selenium nanospheres (b),

SEM image of spherical SeNPs,

scale at 10 nm (c), TEM image

of trigonal selenium nanorods,

scale at 100 nm (d), SAED

pattern shows SeNPs are

hexagonal crystalline (e), and

SEM image of single t-Se

nanorods, scale at 100 nm (f)
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In Fig. 6, XRD analysis of biosynthesized SeNPs

showed a clear, sharp Bragg reflection. The Bragg reflec-

tion peaks at 2h = 23.6, 29.9, 41.4, 43.8, 45.4, 51.8, 55.9,

61.8, 65.3 and 68.3 were attributed to the (100), (101),

(110), (102), (111), (201), (003), (202), (210) and (211)

reflections of the pure hexagonal phase of Se crystal. The

lattice parameters were a = 4.366 Å and c = 4.9536 Å

(JCPDS 06-0362). The presence of sharp Bragg’s reflection

was in agreement with SAED pattern. The crystalline size

of biosynthesized nanoparticles was calculated by Scher-

rer’s equation: D ¼ kk=bcosh [12, 13], where: k: X-ray

wavelength of Ka, 1.54 Å, h: Bragg angle, b: half max-

imum in radians and k: unknown shape factor. The average

crystalline size of biosynthesized Se nanoparticles obtained

by Scherrer’s equation was 79 nm. The R. eutropha me-

diated biologically synthesized SeNPs were crystalline and

highly stable for more than 6–8 months (According to DLS

analysis).

In the present study, the process used for nanoparticles

synthesis is natural and microorganism driven. These mi-

croorganisms can be obtained from the environment by

using simple isolation techniques. The materials required

for synthesis of nanoparticles using microorganism are

economical compared to the other processes. The down-

stream processing and purification of nanoparticle are very

economical in this case. The instrument required for

downstream process is the high speed centrifuge only. The
Fig. 3 Percentage wise size distribution of SeNPs according to TEM

images

Fig. 4 DLS analysis of

biosynthesized SeNPs; Size:

43–121 nm; Average size:

70.9 nm (a) and zeta potential

measurement (b)
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operating cost of instruments used in the biological syn-

thesis process is much less than instruments used in che-

mical or physical processes [10, 11, 17, 25, 26].

Antimicrobial activity (MIC) of biosynthesized

SeNPs

The anti-microbial activity of SeNPs was carried out on

four pathogenic bacterial strains, E. coli, P. aeruginosa, S.

aureus and S. pyogenes and one fungal strain A. clavatus.

Antibacterial drug, Ampicillin and antifungal drug, Gre-

seofulvin were used as positive control. The self-aggrega-

tion concentration method was carried out to measure the

antimicrobial activity of SeNPs. MIC was described as the

amount of antimicrobial agents which inhibits 99 % mi-

crobial growth. As shown in Fig. 7, MIC of all the four

potent pathogens were 125, 100, 100 and 250 lg/ml

of biosynthesized SeNPs which were found to inhibit 99 %

growth of P. aeruginosa, S. aureus, E. coli and S. pyoge-

nes, respectively. The control drug, Ampicillin showed

MIC at 100, 100, 250 and 100 lg/ml to inhibit 99 %

growth of P. aeruginosa, S. aureus, E. coli and S. pyoge-

nes, respectively. The MIC value of SeNPs showed its

excellent antibacterial property. MIC of SeNPs compared

to Ampicillin MIC showed better results.

In case of S. aureus, the MIC of SeNPs was found to be

far better compared to MIC of traditional antibacterial

drug, Ampicillin. SeNPs also showed a potent effect on

fungi A. clavatus. The MIC of 500 lg/ml was obtained for

A. clavatus compared to MIC 100 lg/ml of standard anti-

fungal drug, Greseofulvin. The results showed that SeNPs

at specific concentration inhibited the microbial growth. In

control experiment, the effect of biomass also showed in-

significant effects on pathogenic bacteria and fungi. The R.

Fig. 5 EDX pattern of

biosynthesized SeNPs

Fig. 6 XRD of biosynthesized

SeNPs by bacterium R.

eutropha
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eutropha biomass fails in controlling the growth of

pathogenic microorganisms in the present study. The

control experiment also suggested that the biomolecules, if

any, present on the SeNPs surface plays a negligible role in

antimicrobial activity. Up to 1 mg/L sodium selenite

showed no effect on culture growth [27].

Conclusions

R. eutropha mediated economical, nonhazardous, green

methodology for the biosynthesis of SeNPs is reported.

The bacterium found to be potent for the biosynthesis of

SeNPs. Biosynthesized SeNPs are spherical in shape with

size ranges between 40 and 120 nm. m-Se is dissociated

in solution and precipitated out as t-Se, which further

grow into actinomorphic t-Se nanorods. XRD and SAED

analysis reveals that SeNPs are hexagonal crystalline. The

mechanism of selenite reduction into SeNPs is also in-

vestigated. Proteins and biomolecules excreted from R.

eutropha are believed to be responsible for the formation

of SeNPs and t-Se nanorods. Proteins and other biomo-

lecules may play a role in long-term stability of SeNPs.

The biosynthesized SeNPs are used for antimicrobial

evaluation on pathogenic microorganisms. The SeNPs

shows exciting antimicrobial property against pathogenic

strains.
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