
95

Toxicol. Res.
Vol. 32, No. 2, pp. 95-102 (2016)

http://dx.doi.org/10.5487/TR.2016.32.2.095
plSSN: 1976-8257 eISSN: 2234-2753 Review Article

Open Access

Bio-Inspired Green Nanoparticles: Synthesis, Mechanism,
and Antibacterial Application

Palaniyandi Velusamy, Govindarajan Venkat Kumar, Venkadapathi Jeyanthi,
Jayabrata Das and Raman Pachaiappan

Department of Biotechnology, School of Bioengineering, SRM University, Kattankulathur - 603 203, Tamil Nadu, India

(Received July 28, 2015; Revised August 7, 2015; Accepted August 18, 2015)

In the recent years, noble nanoparticles have attracted and emerged in the field of biology, medicine and

electronics due to their incredible applications. There were several methods have been used for synthesis

of nanoparticles such as toxic chemicals and high energy physical procedures. To overcome these, biologi-

cal method has been used for the synthesis of various metal nanoparticles. Among the nanoparticles, silver

nanoparticles (AgNPs) have received much attention in various fields, such as antimicrobial activity, thera-

peutics, bio-molecular detection, silver nanocoated medical devices and optical receptor. Moreover, the

biological approach, in particular the usage of natural organisms has offered a reliable, simple, nontoxic

and environmental friendly method. Hence, the current article is focused on the biological synthesis of sil-

ver nanoparticles and their application in the biomedical field.
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INTRODUCTION

The study of nanomaterial has been emerging dramati-
cally throughout the world in the 21st century due to their
incredible applications in all spheres of human life (1). It
has opened several arms in the development of new nano-
materials and examining their properties by tuning the parti-
cle size, shape and distribution (2,3). Metal nanoparticles
have been extensively studied due to their specific charac-
teristics such as catalytic activity, optical properties, elec-
tronic properties, antimicrobial properties and magnetic
properties (4). Traditionally UV irradiation, aerosol technol-
ogies, lithography, laser ablation, ultrasonic fields, and pho-
tochemical reduction techniques have been used successfully
to produce various metal nanoparticles such as gold, silver,
platinum and palladium. However, considering the fast
growth in the usage of nanomaterials in diverse fields, there
is an urgent need to develop clean, nontoxic, simple and

eco-friendly procedures for their synthesis.
Synthesis of noble metal nanoparticles, in particular sil-

ver nanoparticles (AgNPs) synthesis using natural organism
has become a major research area in the field of nanotech-
nology. This may due to their simplicity of procedures, sta-
bility of nanoparticles, and their potential applications in
chemical sensing, biological imaging, antimicrobial, gene
silencing, drug delivery (5). Recently, several studies have
reported natural polymers such as chitosan, starch and tan-
nic acid as reducing agents for the synthesis of silver and
gold nanoparticles (6,7). A vast array of biological resources
including plants, algae, fungi, yeast, bacteria, and viruses
has been studied so far for the intra and extracellular syn-
thesis of silver, gold, platinum and titanium nanoparticles in
different sizes and shapes were tabulated in Table 1. The
major drawback of metal nanoparticles synthesis using plant
extracts as reducing and stabilizing agent. This differs due
to significant variation of biochemical compositions pres-
ent in the plant extract of the same species differ from other
part of the world. Therefore, identifying the biomolecules
responsible for mediating the nanoparticles synthesis is a
problem to overcome (8).

BACTERIA MEDIATED SYNTHESIS
OF NANOPARTICLES

Soil is an extensively explored ecological niche for sources
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of microorganisms that are involved in various interactions.
Among these, Metal-microbe interactions have important
roles with fascinating applications such as bioremediation,
biomineralization, bioleaching and microbial corrosion. How-
ever, recently that microorganisms have been explored as

potential biofactory for synthesis of metallic nanoparticles
such as cadmium, gold and silver (9,10). Among the
microbes, the use of bacteria, like in this study, is rapidly
gaining importance due to its growing success, ease of han-
dling and genetic modification. Klaus et al. demonstrated

Table 1. Biological synthesis of metal nanoparticles using various organisms

Sources Type of nanoparticles Location Size (nm) References

A. Bacteria

Pseudomonas aeruginosa Au Extracellular 15~30 9

Pseudomonas stutzeri Ag Intracellular 200 11

Bacillus subtilis Ag &Au Intra & Extracellular 5~10 12

Shewanella oneidensis U Extracellular 150 17

Lactobacillus sp. Ag & Au Intracellular 60 46

Escherichia coli CdS Intracellular 2~5 24

Clostridium thermoaceticum CdS Intra & Extracellular 2~5 47,48

Rhodopseudomonas capsulate Au Extracellular 10~20 49

Escherichia coli DH5α Au Intracellular 25~33 50

Thermomonospora spp. Au Extracellular 8 51

Streptomyces albidoflavus Ag Intracellular 10~14 52

Klebsiella pneumonia Ag Extracellular 5~32 53

B. Virus

Tobacco mosaic virus (TMV) SiO2, CdS, PbS, Fe2O3 Intra & Extracellular 45~80 22

M13 bacteriophage ZnS and CdS Intra & Extracellular 50~100 23

C. Fungi

Phoma sp. 3.2883 Ag Extracellular 71~74 54

Fusarium oxysporum Ag Extracellular 5~15 55

Verticillium Ag Intracellular 25 56

Aspergillus fumigates Ag Extracellular 5~25 57

Trichoderma asperellum Ag Extracellular 13~18 58

Phaenerochaete chrysosporium Ag Extracellular 50~200 56

Fusarium oxysporum Magnetite Extracellular 20~50 59

D. Yeast

Pichia jadinii Au Intracellular 100 21

Torulopsis CdS Intracellular 2~5 24

Candida glabrata CdS Intracellular 200 60

Schizosaccharomyces pombe CdS Intracellular 1~1.5 60

E. Algae

Scencedesmus sp. Ag Extracellular 15~20 61

Chlorella vulgaris Au Extracellular 9~20 62

F. Plant

Alfalfa sprouts Ag Intracellular 2~20 26

Cinnamomum camphora Ag and Au Extracellular 55~80 45

Azadirachta indica (Neem) Ag/Au Extracellular 50~100 63,64

Geranium leaves plant extract Ag Extracellular 16~40 65

Avena sativa (Oat) Au Extracellular 5~85 66

Aloe vera Au Extracellular 50~350 67

G. Human cell lines

SiHa Au Intracellular 20~100 33

HeLa Au Intracellular 20~100 33,34

SKNSH Au Intracellular 20~100 33

HEK-293 Au Intracellular 20~100 33,34
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that the Pseudomonas stutzeri AG259, isolated from a sil-
ver mine, produced silver nanoparticles of well-defined size
and distinct morphology within the periplasmic space of the
bacteria (11). In recent study various bacterial strains such
as Bacillus amyloliquefaciens, Acinetobacter calcoaceti-
cus, Escherichia coli and Bacillus megaterium could effec-
tively induce the synthesis of silver nanoparticles (12,13).
Biosynthetic methods can be categorized into intracellular
and extracellular synthesis according to the place where
nanoparticles are formed. Of which, the extracellular syn-
thesis of nanoparticles is still continually emerging in order
to understand the mechanisms of synthesis, easy down-
stream processing and rapid scale-up processing. For these
reasons, a bacterial system could prove to be a potential
source for the extracellular synthesis of metal nanoparticles
instead of physical and chemical procedures.

VIRUS MEDIATED SYNTHESIS
OF NANOPARTICLES

Viruses are unicellular organisms that hijack the replica-
tion machinery of the host cell and suspend most endoge-
nous cellular activity. Their structure consists of nucleic
acid, either DNA or RNA, which is surrounded by a pro-
tein shell that may or may not contain a lipid envelope.
Viral genomes can be non-segmented, consisting of a sin-
gle nucleic acid molecule, or segmented, consisting of more
than one nucleic acid molecule. The nucleic acid molecules
of a virus can be contained within a single virus or sepa-
rated into multiple viruses. Viruses do not express their own
ribosomal RNA. Viruses hold great promise in assembling
and interconnecting novel nanosized components, allowing
developing organized nanoparticle assemblies. Due to their
size, monodispersity, and variety of chemical groups avail-
able for modification, they make a good scaffold for molec-
ular assembly into nanoscale devices. Virus based nano-
composites are useful as an engineering material for the
construction of smart nano-objects because of their ability
to associate into desired structures including a number of
morphologies. Viruses exhibit the characteristics of an ideal
template for the formation of nano-conjugates with noble
metal nanoparticles.
These bioinspired systems form monodispersed units that

are highly amenable through genetic and chemical modifi-
cations. As nanoscale assemblies, viruses have sophisti-
cated yet highly ordered structural features, which, in many
cases, have been carefully characterized by modern struc-
tural biological methods. For many years animal viruses
have been developed for material science, gene delivery
and gene therapy purposes. More recently, other pathogens
such as plant viruses, bacteriophages and viruses are increas-
ingly being used for nanobiotechnology purposes because
of their relative structural and chemical stability, ease of
production, and lack of toxicity and pathogenicity in ani-

mals or humans (14). Biological scaffolds (viruses) hold
great promise in assembling and interconnecting novel nano-
sized components, allowing such organized assemblies to
interface with well-developed technologies such as lithogra-
phy as nanotechnology develops (15). The cowpea mosaic
virus (CPMV), for example, due to its size, monodispersity,
and variety of chemical groups available for modification,
makes a good scaffold for molecular assembly into nanoscale
devices. The tobacco mosaic virus (TMV) was also used as
bio-template, which has the shape of a linear tube, for assem-
bly of various kinds of nanoparticles inside and outside the
tubes. One can assemble gold nanoparticles onto the surfaces
of polypeptide nanotubes while controlling their assembly
position on the biomolecules using the specific affinities of
the polypeptide sequences (16).

FUNGI MEDIATED SYNTHESIS
OF NANOPARTICLES

Cell mass or extracellular components from fungi, such
as Fusarium oxysporum, Aspergillus flavus, Aspergillus
clavatus, and Penicillium brevicompactum (17,18) have
been utilized for the reduction of silver ions to AgNPs. Fila-
mentous fungi possess some distinctive advantages over
bacteria due to high metals tolerance, wall binding capac-
ity, and intracellular metal uptake capabilities (19). Previ-
ously, Vigneshwaran et al. (20) also showed that the use of
Aspergillus flavus resulted in the accumulation of silver
nanoparticles on the surface of its cell wall when incubated
with silver nitrate solution for 72 hr. The average particle
size was found to be 8.92 nm. The intracellular synthesis of
gold nanoparticles produced by V. luteoalbum (21) showed
morphologies of spherical, hexagonal and rods in the size
range of 8.92~25 nm. Fungi are more advantageous com-
pared to other microorganisms in many ways. Fungal myce-
lial mesh can withstand flow, pressure, agitation and other
conditions in bioreactors or other chambers compared to
plant materials and bacteria. These are fastidious to grow,
easy to handle and easy for fabrication. The extracellular
secretions of reductive proteins are more and can be easily
handled in downstream processing. Since the nanoparticles
precipitated outside the cell is devoid of unnecessary cellular
components, it can be directly used in various applications.

YEAST MEDIATED SYNTHESIS
OF NANOPARTICLES

Among the eukaryotic microorganism, yeast has been
exploited mainly for the synthesis of semiconductors. Can-
dida glubrata produced intracellularly monodispersed spheri-
cally shaped peptide bound CdS quantum crystallites of
20 Å by neutralizing the toxicity of metal ions by forming
metal-thiolate complex with phytochelatins (22) and Schizo-
saccharomyces pombe also produced wurtzite-typed hexag-
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onal lattice structured CdS nanoparticles in mid-log phase
in the range of 1~1.5 nm (23). Kowshik et al. (24) first
reported the synthesis of fcc structured CdS nanocrystal-
lites exhibiting quantum semiconductor properties using
yeast, Torulopsis sp. which intracellularly produced in the
vacuoles with a dimension of 2~5 nm in spherical morphol-
ogy when incubated with Pb2+ exhibiting λmax of 330 nm
in UV-Vis spectrophotometer. These nanoparticles were used
to fabricate diode heterojunction with poly (p-phenylenevi-
nylene). In addition, baker’s yeast, S. cerevisiae was also
reported to biosorb and reduces Au+ to elemental gold in the
peptidoglycan layer of the cell wall in situ by the aldehyde
group present in reducing sugars (25). Similarly, Pichia jad-
inii intracellularly formed gold nanoparticles of spherical,
triangular and hexagonal morphologies throughout the cell
mainly in the cytoplasm, of size 100 nm in 24 hr (26).

ALGAE MEDIATED SYNTHESIS
OF NANOPARTICLES

Algae are eukaryotic aquatic oxygenic photoautotrophs,
which produce its food through photosynthesis using sun-
light producing oxygen as their by-products. Their photo-
synthesis machinery has been evolved from cyanobacteria
via endosymbiosis. They are predominant primary produc-
ers in many aquatic environments. Among various algae,
Chlorella sp. was found to accumulate various heavy met-
als such as cadmium, uranium, copper, and nickel. Chlo-
rella vulgaris is a single-celled green algae belonging to
phylum Chlorophyta, and the extracts of C. vulgaris showed
anti-tumor properties (27). The dried algal cells were found
to have a strong binding ability towards tetrachloroaurate
(III) ions to form algal-bound gold, which was subsequently
reduced to form Au(0). Nearly 88% of algal-bound gold
attained metallic state and the crystals of gold were accu-
mulated in the interior and exterior of cell surfaces with tet-
rahedral, decahedral and icosahedra structures. Though
chemical synthesis produces nanoparticles more rapidly
with well-controlled shape, size and dispersity, the use of
toxic and expensive chemicals as reducing and capping
agents restricts its use in biomedical applications.
In that case, optimizing the conditions like pH, tempera-

ture and metal ions (solute) concentration for expediting the
biological synthesis of nanoparticles with narrow size and
shape is mandatory. To date, only very few reports have been
documented on the optimization in biological processes. A
28-kDa “gold shape-directing protein (GSP)” present in the
extract of green algae, C. vulgaris, was used in the biore-
duction and in the synthesis of size/shape controlled distinc-
tive triangular and hexagonal gold nanoparticles. With an
increase in the concentration of GSP, gold plates with lat-
eral sizes up to micrometers were produced (28). The study
of heavy metal biosorption by various algae showed that
brown algae are superior compared to other autotrophs and

algae (29).

PLANTS MEDIATED SYNTHESIS
OF NANOPARTICLES

Indeed, a number of bacteria, fungi and yeast have been
well-known for the synthesis of non-toxic noble nanoparti-
cles. However the microbial mediated synthesis of nanopar-
ticles is not industrially feasible as it requires expensive
medium and maintenance of highly aseptic conditions. Hence,
exploration of the plant systems as the potential bio-facto-
ries has gained heightened interest in the biological synthe-
sis of nanoparticles. Hence, exploration into plant systems
has been considered to be a potential bioreactor for synthe-
sis of metal nanoparticles without using toxic chemicals.
Recently, we have reported that the various plant materi-

als such as Rosmarinus officinalis (30), Sesbania grandi-
flora (31), Tribulus terrestris (32), used for biological synthesis
of silver and gold nanoparticles. In continuation of the efforts
for synthesizing gold nanoparticles by green route, here we
present a report on the facile, rapid, and single pot aqueous
biosynthesis of these nanoparticles using leaf extract of S.
grandiflora L. (belonging to the family Fabaceae), which is
commonly known as agati. The literature survey revealed
that they are rich in various active ingredients such as water
soluble antioxidant polyphenols, flavonoids etc, and research
is still underway.

HUMAN CELL LINE MEDIATED SYNTHESIS
OF NANOPARTICLES

Human cells are heterotrophic in nutrition. They need to
be provided with energy for their survival. Human cancer
cells and non-cancerous cells intracellularly produced some
metal nanoparticles in vitro conditions that mimic their nat-
ural cellular environment. With an incubation of 1 mM of
tetrachloroaurate solution, human cancer cells like SiHa
(malignant cervical epithelial cells), SKNSH (human neuro-
blastoma) and HeLa (malignant cervical epithelial cells),
and non-cancer cells like HEK-293 (non-malignant human
embryonic kidney cells) synthesized gold nanoparticles in
the size range of 20~100 nm. These nanoparticles were
located in the cytoplasm and in the nucleus of the cells. The
dimensions of these particles were smaller in nucleus com-
pared to the cytoplasmic particles (33,34).

MECHANISM OF NANOPARTICLE FORMATION

In producing nanoparticles using the intracellular and an
extracellular extract of organisms, the extract is simply mixed
with a solution of the metal salt at room temperature. The
reaction is complete within minutes. Nanoparticles of sil-
ver, gold and other metals have been produced previously
(35). Fig. 1 shows a picture of various organisms used for
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the biosynthesis of nanoparticles. The nature of the living
extract, its concentration, the concentration of the metal
salt, the pH, temperature and contact time are known to
affect the rate of production of the nanoparticles, their quan-
tity and other characteristics.

APPLICATIONS OF METAL NANOPARTICLES
IN ANTIBACTERIAL ACTIVITY

Mahendra et al. (36) reported that the silver nanoparticles
show efficient antimicrobial property due to their extremely
large surface area, which provides better contact with micro-
organisms. The nanoparticles penetrate the cell membrane
or attached to the surface of the bacteria based on the size.
Shekar et al. (37) reported that all AgNPs were found to be
highly toxic to the bacterial strains and their antibacterial
efficacy increased by lowering particle size. This effect was
significantly enhanced as the size of nanoparticles approached
the sub-10 nm range and, 5 nm AgNPs demonstrated the
fastest bactericidal activity as compared to 7 nm and 10 nm
AgNPs at their respective, Minimimum bactericidal con-
centration. The bacterial membrane contains sulfur-contain-
ing proteins and the silver nanoparticles interact with these
proteins in the cell as well as with the phosphorus contain-
ing compounds like DNA. Silver has a greater affinity to bind
with sulphur and phosphorus containing bio-molecules of
the cell. Therefore, sulphur containing proteins in the cell
membrane, inside the cells and phosphorus containing ele-
ments like DNA is likely to be the preferred sites for bind-

ing of silver nanoparticles (38). If the silver nanoparticles
enter the bacterial cell it forms a low molecular weight region
in the center of the bacteria to which the bacteria conglom-
erates thus, protecting the DNA from the silver ions. The
nanoparticles preferably attack the respiratory chain, cell
division finally leading to cell death. The nanoparticles release

Fig. 1. Mechanisms of nanoparticle synthesis.

Fig. 2. Disc diffusion test on Muller Hinton agar medium using
AgNPs against E. coli.
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silver ions in the bacterial cells, which enhance their bacte-
ricidal activity (38-42).
In the present study, we investigated whether these nano-

particles could induce nucleic acid DNA damage. For the
assay of DNA damage, agarose gel electrophoresis was per-
formed as per the manufacturer’s instructions using a com-
mercially available DNA extraction kit (Bangalore GeneiTM,
Bengaluru, India). The disc agar diffusion method was car-
ried out to find the minimum inhibitory concentration of the
AgNPs. Fig. 2 illustrates that 3 μg/mL shows the zone of
inhibition around 7 mm including the disc (6 mm). 6 μg/mL
which shows a little bigger zone of inhibition around 9 mm
including the disc and this was taken for further analysis
with field emission scanning electron microscopy (FE-
SEM). Fig. 3 shows the FE-SEM images of the treated E.
coli with the AgNPs. The morphological changes of E. coli
was observed after the treatment with the 6 μg/mL AgNPs..
The rupture of cell membrane leading to bacterial cell death
is clearly shown.
The bacterial cells of Gram negative, E. coli was har-

vested (before and after treatment with 6 μg/mL of AgNPs)
by centrifugation at 8000 rpm for 10 min. The extracted
DNA was analyzed for the occurrence of DNA damage.
Surprisingly, 4 hr treated cells of E. coli showed remark-
able DNA damage. However, the DNA of untreated cells
remained intact shown in Fig. 4. It was observed that the
amount of DNA damage within the cells increased with an
increasing concentration of the AgNPs, and the damage to
DNA from E. coli was higher than that Gram positive from
B. subtilis, implying that E. coli may suffer greater mem-
brane damage than B. subtilis. The various mechanisms by
which silver ions were thought to act includes structural
changes in the cell wall of bacteria, interactions with thiol

groups in proteins and enzymes, and interruption of DNA
replication due to damage of the DNA (43). Previously,
Ramamurthy et al. (44) studied the effect of silver nanopar-
ticles on E. coli, silver nanoparticles penetrate the nucleic
acid DNA of E. coli and exhibit antibacterial effect by caus-
ing DNA damage at low concentrations. Specific DNA
smearing is a characteristic feature of cell death.
In agreement with the DNA damage, the amount of pro-

tein present in the cell suspension of the E. coli strain was
analyzed by 12% SDS-PAGE. It was observed that for E.
coli treated with AgNPs showed protein bands were miss-
ing when compared with the control. With the increase in
the concentration of AgNPs, there was a further decrease in
the protein band intensity shown in Fig. 4. The effect was
more pronounced in case of E. coli bacteria than B. subtilis
bacteria. Several reports propose that the affinity of AgNPs
to the thiol groups of the proteins cause unfolding of the
protein chain. This might result in the degradation of the
proteins. Moreover the AgNPs are also implicated in the
inhibition of the translational process by inhibiting various
translation factors and hence preventing protein synthesis.

CONCLUSIONS

In recent years, there is an increased interest in studying
the novel metal nanoparticles. In particular, biological nano-
particles have been reported to produce various sources
possessing as an antibacterial activity. Increasing aware-
ness towards green chemistry and biological processes has
led to a desire to develop an environment-friendly approach
for the synthesis of non-toxic nanoparticles. Unlike other
processes such as physical and chemical methods, which
involve hazardous chemicals. Biosynthesis of nanoparticles

Fig. 4. (A) Agarose gel electrophoresis of E. coli control and
treated cells for DNA Analysis, (B) SDS-PAGE Protein analysis of
E. coli cells after treatment with AgNPs.Fig. 3. FE-SEM images of E. coli treated with AgNPs (6 μg/mL).
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is cost-effective and eco-friendly approach. Therefore, bio-
synthesis of nanoparticles has been emerged as an import-
ant branch of nanobiotechnology. Due to their rich diversity,
microorganisms have the innate potential for the synthesis
of nanoparticles and they could be regarded as potential bio-
factories for nanoparticles synthesis. However, to improve
the rate of synthesis and monodispersity of nanoparticles,
factors such as microbial cultivation methods and down-
stream processing techniques have to be improved. Further,
the combinatorial approach such as photobiological meth-
ods may be used. For instance, a great deal of effort has
been put into the biosynthesis of nanoparticles, especially
metal nanoparticles using plants. The use of plants and plant
products as sustainable and renewable resources in the syn-
thesis of nanoparticles is more advantageous over prokary-
otic microbes, which need expensive methodologies for
maintaining microbial cultures and downstream processing.
Furthermore, the biosynthesized nanoparticle was explained
the role of silver nanoparticles in antibacterial application
against Gram negative bacterial strain E. coli.
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