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ABSTRACT
Nanotechnology has many implications in our day today life with its core being the synthesizing of nanoparticles. The synthesis of nanoparticles is
significant because of its application in the biomedical field. The biological means of synthesizing nanoparticles are more advantageous than the
physical and chemical methods, as it involves simple methodology that are non-toxic and obtained at a minimum cost. The biological synthesis
implies the use of plants, plant parts and different microorganisms. Marine life has always been a unique source of bioactive compounds with
tremendous impact in the field of medicine and pharmaceutics. The marine ecosystem has captured a major attention in recent years, as they
contain valuable resources that are yet to be explored much for the beneficial aspects of human life. This review focuses on the biological synthesis
of nanoparticles from the huge diversified marine ecosystem, including, variety of species like bacteria, algae, fungi, yeast and sponges.
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INTRODUCTION
In this era of nanotechnology (Greek word ‘nanos’ - meaning
‘dwarf’), research on nanomaterials have become the subject of
interest for researchers and academia due to its technology, rapid
improvements and innovations in various aspects of everyday lives.
Nanotechnology is able to control and manipulate matter at the
atomic scale. Nanotechnology can be defined according to the
National Cancer Institute as “technology development at the atomic,
molecular, or macromolecular range of approximately 1–100 nm to
create and use structures, and devices, and systems that have novel
properties” [1]. Nanotechnology is broadly classified into three major
categories as i) wet nanotechnology, which comprises of living
biological systems ii) “dry nanotechnology”, which includes
engineered objects at the nano-scale level [2] and iii) computational
nanotechnology, which involves modeling of nano-scale structures [3].
What are nanomaterials? Nanomaterials are materials that consist of
or contain nanoparticles with improved physical and chemical
properties such as lower weight with higher strength. These can be
categorized as (i) one dimensional nanomaterials having one
dimension less than 100 nm (thin films or surface coatings), (ii) two
dimensional nanomaterials (nanowires, carbon nanotubes,
inorganic nanotubes, biopolymers, nanoribbons), (iii) three
dimensional nanomaterials [4] (fullerenes [5], dendrimers [6]), and
(iv) zero dimensional nanomaterials (quantum dots) [7].
The dimension factor is considered as one of the most important
aspects in nanotechnology. Because, at the nanoscale, new
properties emerge due to size confinement, surface effects and
quantum phenomena [8] which are quite different from the
properties of bulk materials. To be clear, materials at the nanoscale
have a larger surface area to volume ratio as compared to bulk
materials that show a major impact on the mechanical response [911]. On the other hand, the quantum effect also plays a dominant
role at the nanoscale affecting their optical, electrical and magnetic
properties. These new properties are utilized in many novel
applications. Nanotechnology produces materials that range
between 1 and 100 nm [12]. A nm is, therefore, defined as one
billionth of a metre, mathematically given as 10−9m. An interesting
fact is that a human hair measures approximately 80,000 nm in
width. We can then imagine the uniqueness of the nanoscale
materials.
Nanoparticles are considered have all three external dimensions at
the nanoscale. Nanoparticles are present in the following ways: (a)
naturally occurring (anthropogenic) (lipoproteins, virus, ferritin
[13] and particles from volcanic ash are some of the examples) and

(b) engineered nanoparticles. Engineered nanoparticles are
obtained either commercially or by experimental procedures in the
research laboratory. Fullerenes, carbon nanotubes, quantum dots,
metal and metal oxide nanoparticles are the few examples of
engineered nanoparticles [14]. Nanoparticles can be categorized
into different types based on various factors such as: (1) size (for
example, nanoclusters), (2) shape , nanospheres, nanorods,
nanowires, nanotubes, etc [15]), and (3) utilitization, further
classified into (a) metallic, dielectric and semiconductor
nanoparticles, (b) quantum dots, (c) semi-solid and soft
nanoparticles.
Nanotechnology finds its application in diverse areas. The unique
properties of carbon nanotubes make it ideal for electronic
applications [16]. Several nanomaterials are developed to provide
food safety [17], good taste, health benefits [18] and as packaging
material [19]. Nanotechnology plays an important role in improving
an eco-friendly environment by reducing pollution due to industrial
emissions [20] and also helps in minimizing contamination of
ground water [21]. The use of silicon nanowires helps in conversion
of solar to electric energy to obtain an efficient cost effective solar
cells [22]. The Zn/ZnO nanoparticles coated on the surface of cotton
fabrics emitted 82% of excessive infrared intensity [23].
Nanotechnology, in the field of medicine offers many exciting
possibilities. Use of nanorobots in treating human disease is one of
the major developments of modern medicine [24]. Nanomedicine
has found wide applications in drug delivery [25], gene delivery,
molecular diagnostics [26], fluorescent biological labels [27],
cardiovascular [28] and cancer imaging purposes [29], detecting
anti-microbial activity [30], detection of protein analytes [31],
purification of biomolecules and cells [32], and many others.
Nanowire nanosensors are used in detecting wide range of chemical
and biological species and this is exhibited in in-vivo diagnostics
[33]. The nanomaterials play an important role in the field of
medicine because of their size that is similar to most of the biological
molecules and structures. Due to this property, they are used in both
in-vivo and in-vitro biomedical applications.
Regarding the synthesis, there are different methods employed
which can be broadly classified as follows: (1) wet synthesis, (2) dry
synthesis and (3) milling. In both, wet and dry method of synthesis,
nanoparticles are produced by a bottom-up approach in which the
nanoparticles are formed first and then assembled into the final
material using chemical, physical and biological procedures.
Examples of bottom-up approach include chemical synthesis, selfassembly and molecular fabrication. The advantage of bottom-up
approach is that the nanoparticles are obtained with lesser defects
and the chemical composition is homogenous in nature. Wet
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synthesis includes sol-gel and precipitation methods. Whereas,
milling follows a top-down approach that involves breaking down of
larger particles mechanically. i.e., mechanism and structures are
miniaturized to a nm scale. An important example of this kind is the
lithographic technique (such as photolithography, ion beam
lithography, X-ray lithography) [34,35]. However, a major drawback
of this approach is the imperfection of the surface structure that can
have a significant impact on the properties of the nanoparticles. Dry
synthesis encompasses combustion, furnace and plasma synthesis of
nanoparticles. Attrition and pyrolysis are the commonly used
procedures for the physical methods. In attrition, initially the macro
or micro scale particles are ground in a ball mill, or a planetary ball
mill, or by other size reducing mechanism. The resulting particles
are air classified to recover nanoparticles. In pyrolysis, an organic
precursor (liquid or gas) is forced through an orifice at high
pressure and burned. The resulting solid is air classified to recover
oxide nanoparticles from by-product gases. Pyrolysis often results in
aggregates and agglomerates rather than singleton primary

particles. However, it seems that the productivity rate of the
nanoparticles synthesized by these methods is very low, and, on the
other hand, the expense of energy and pressure is much higher [36].
A wet chemical method involves the synthesis of metallic
nanoparticles by using reducing agents such as sodium citrate [37],
NaBH4 [38], N2H4, H2 gas [39], commonly available sugars such as
glucose, fructose and sucrose [40] or by reduction of metallic salts in
dry ethanol [41]. The metal colloids can be obtained from airsaturated aqueous solutions of polyethylene glycol (PEG) [42]. The
mesityl derivatives are also used in synthesizing metallic
nanoparticles [43]. Usually, the chemical methods are cost-effective
for large-scale synthesis. However, there are quite a few drawbacks
like contamination from precursor chemicals, use of toxic solvents,
and generation of hazardous by-products. The advantages of
biological synthesis over conventional method are shown in Fig. 1.
Hence, there is an increasing demand in the recent years to develop
an eco-friendly procedure with low-cost and non-toxic method for
the synthesis of nanoparticles.

Fig. 1: Advantages of biosynthesis over conventional methods

A new approach to these problems is addressed by utilizing the huge
variety of biological resources from nature. Over a decade, different
varieties of microorganisms and plants are used for production of
low-cost, energy-efficient, and nontoxic nanoparticles. This is called
the ‘green-synthesis’ or ‘green-chemistry’ procedures [44,45]. Avena
sativa [46], Azadirachta indica [47], Aloe vera [48], Tamarindus
indica leaf extract [49], Cinnamomum camphora [50] are some of the
plant sources which synthesizes nanoparticles. There are many
reports of different microorganisms like bacteria, fungi,
actinomycetes, yeast, and virus being used in the synthesis of
nanoparticles. Few examples of nanoparticle synthesis by various
micro-organisms include Aspergillus fumigates [51] (Ag
nanoparticle), Candida glabrata [52] (CdS nanoparticle), Fusarium
oxysporum (silver [53], gold [54], zirconia [55], cadmium sulphide
[56], silica and titanium particle [57], and CdSe quantum dots [58]),
Pseudomonas aeruginosa [59] (Au nanoparticle), and many others.

The biologically synthesized nanoparticles are multi-functional with
diverse biomedical applications. They are widely used in
therapeutics [60], drug delivery systems [61], tissue regeneration
[62], separation techniques and sensors [63]. They are potentially
used in nano-medicine [63]– [65]. The applications orienting
biologically synthesized nanoparticles are shown in Fig. 2.
The synthesis of nanoparticles from a huge diversity of marine
resources has become the recent and most innovative area of
research. Many biologically active compounds have been isolated
and screened for pharmacological activity from various marine
sources. These include marine algae, fungi, vertebrates,
invertebrates and other marine microorganisms from which
potentially active chemicals with interesting anti-inflammatory,
antiviral, antibacterial, antifungal, antimalarial and anticancer
properties which have been studied [66].
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In this review, we have discussed in detail about various reports on
the synthesis of nanoparticles from variety of marine sources.
Predominantly, silver, gold and cadmium sulphide were the only
nanoparticles synthesized so far using marine resources. The

tabulation in Table 1 represents different marine sources used for
nano-synthesis. As this finds a new approach on the synthesis of
nanoparticle, extensive research is being carried out with different
methodologies in this area.

Fig. 2: Diverse applications of biologically synthesized nanoparticles
Table 1: Synthesis of metallic nanoparticles from marine sources
Marine source
Sargassum wightii (alga)
Yarrowia lipolytica NCIM 3589 (yeast)

Nano-particle synthesized
Gold
Gold

Fucus vesiculosus (alga)
Acanthella elongata (sponge)
Penicillium fellutanum(fungi)
Brevi-bacterium casei MSA19 (spongeassociated)
Pichia capsulata (yeast)
Rhodopseudomonas palustris
(Photo-synthetic bacterium)

Gold
Gold
Silver
Silver

Size & shape
8–12 nmMostly thin planar structures, some are spherical
Particle size varied with varying concentration.Mostly spherical
nanoparticles, some hexagonal or triangular nanoplates
Both size and shape varied according to different initial pH values
7–20 nm,Spherical
5–25 nm,Spherical
Uniform and stable

Silver
Cadmium sulphide

5–25 nm,Spherical
8.01 ± 0.25nm,Cubic crystalline structure

Biosynthesis of gold nanoparticles
Due to unique physical and chemical properties of gold
nanoparticles, they are extensively used in many applications [67].
They find their application in photonics, electronics [68], electromigration and chromatographic techniques [69], catalysis [70] and
biomedicine. The biomedical applications may include identification
of protein-protein interaction [71], diagnostic assays, thermal
ablation drug and gene delivery [72]. Silicon nanowire embedded
with gold nanoparticle is a good example of application of these
nanoparticles in biomedicine for DNA detection [73]. The gold
nanoparticles can be synthesized either by physical or chemical
method. The green synthesis of these nanoparticles is of recent
interest because of its multiple advantages.
The bioreduction of auric chloride using a marine alga, Sargassum
wightii yielded uniform gold nanoparticles. The reports of TEM images
clearly showed that the nanoparticles had an average size of 11 nm
and there was an inclination forming at thin planar structures than the
spherical structures. There was no evidence of the capping agent. The
authors believe the coating to be a bioorganic component of S. wightii

and the polysaccharide content to stabilize. But an interesting fact is
that, not all the particles of the TEM images are in physical contact, but
was separated from each other by uniform interparticles distance. An
important and effective benefit obtained by this method is that the
nanoparticles synthesized were stable in solution. Thus it makes it
more potent compared to other biological methods which are
currently in use. The extracellular polysaccharide confers the stability
and this stable nature may inturn lead to easy bioprocessing of these
gold nanoparticles [74]. In a certain literature, it was suggested that
sulphated polysaccharides derived from marine seaweed, Sargassum
wightii had a wide application in inhibiting free radicals. These
polysaccharides were found efficient in preventing the dysfunction
associated with Cyclosporine A induced toxicity, thereby playing a
major role as a therapeutic agent [75,76]. The usage of Sargassum
wightii has been extended for the synthesis of silver, Pt and Pd
nanoparticles by the same researchers and they reported similar kind
of reduction mechanism.
It was demonstrated that by varying the concentrations of HAuCl4
and cell numbers of the tropical marine yeast isolate Yarrowia
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lipolytica NCIM 3589; different varieties of gold nanoparticles were
produced with vivid colour reactions. This method offers
extracellular synthesis of nanoparticles obtained by a simple
procedure. The gold nanoparticles produced in a cell-associated
manner when incubated in cold synthesized custom designed
patterns of gold nanoparticles. Regarding the shape of nanoparticles
obtained, about 86% were spherical and the remaining 14%
obtained were hexagonal or triangular nanoplates. It was also
reported that the carboxyl, hydroxyl and amino groups associated
with the cells were involved in the synthesis of nanoparticle after
the interaction of the yeast cells with gold. After the reduction of
HAuCl4 to Au0, a capping agent helped in the stabilization of their
structure. It was found from the results, that with intermediate
number of cells and low concentrations of gold salt, nanoparticles
were synthesized. With higher concentrations of gold salts, the
excess gold was deposited on specific sites to form nanoplates
because the capping agent was in limiting concentration. It is also
suggested that the proteins/biomolecules could have been present
which could be the possible reason for the insufficient reduction of
HAuCl4 and also capping of nanoparticles at a higher gold
concentration. Studies are on-going on the identification of these
biomolecules. It was also confirmed from the studies that the
average mean of the nanoparticle size increased with an increasing
concentration of the gold salt while the cell numbers remained
constant. On the other hand, the nanoparticle size decreased with
increasing cell numbers and the concentration of the gold salt being
constant. Thus, the particle size varied with varying concentrations
of gold salt and cell biomass [77].
In a certain study, dead biomass of brown alga Fucus vesiculosus was
used. The brown algae are generally considered as the well known
biomass for biosorption which in turn serves as cheap and best
method for metal recovery at low concentrations. The recovery of
gold has an important value in the market because of its high cost. It
was done in two stages, first was the induction period with not much
change observed. Moreover, in the second stage, hydroxyl groups
present in the polysaccharides of algal cell wall were involved in the
gold bioreduction and also in the nanoparticle formation. Au (III)
was recovered as the metallic gold nanoparticle. These algae were
also effective in bioreduction of Au (III) to Au (0). The metallic gold
was obtained as microprecipitates on the surface of the algal
biomass and as colloidal form of nanoparticles was detected from
the solution. The size and shape of the nanoparticles varied with
different initial values of pH. For example, at a pH of 7, uniform and
smaller spherical nanoparticles were obtained compared to those
with a pH of 4, which varied with different sizes and shapes. It was
also suggested that sulphydryl groups, a highly reactive functional
group with its chemical behavior similar to hydroxyl groups and also
fucoxanthin, an algal pigment rich in hydroxyl groups could have
been involved in the gold bioreduction process. Thus these elements
could have been acted as capping agents preventing the aggregation
of nanoparticles in solution, and thereby playing an important role
in their extracellular synthesis in a larger level making its
purification process easier and also in the shaping of the
nanoparticle [78].
The gold nanoparticles were also biosynthesized using a marine
sponge Acanthella elongata at an extracellular level. The sponge
extract when added to 10–3M HAuCl4 aqueous solution at 45°C, it was
changed to pinkish ruby red color solution and 95% of the
bioreduction of AuCl4− ions occurred within 4 h of continuous
stirring and yielded uniform gold nanoparticles. By high-resolution
transmission electron micrographs (HR-TEM), it was reported that
the nanoparticles obtained were monodispersed, spherical in shape
with size ranging from 7 to 20 nm, and about 25% being 15 nm in
diameter. The XRD analysis revealed that the nanoparticles obtained
were crystalline in nature. The secondary metabolites obtained from
the extract of marine sponge Acanthella elongata possibly acted as
the capping agent and thereby helped in the prevention of
agglomeration of the particles formed and stabilized them. It was
also detected that the water-soluble organics present in the extract
were involved in the reduction of gold ions. It was also reported that
highly stable gold nanoparticles were obtained by biotransformation
using various species of marine sponges [79].

Biosynthesis of silver nanoparticles
The silver nanoparticles are used widely in technology, medicine
and consumer products, but there are limited data from the marine
sources. Among the nanoparticles, silver nanoparticles have been
widely used in bio-labeling, antimicrobial agents, catalysts [80], and
sensors [81]. Due to its unique optical [82], electrical [83] and
magnetic properties, they mainly find their application in optics,
electronics and catalysis.
A report showed that, by using the marine fungal strain of
Penicillium fellutanum, it was possible to obtain silver nanoparticles
at a faster rate by extra-cellular means. Silver nanoparticles were
synthesized within 10 min of silver ions being exposed to the culture
filtrate and proved that the increase in colour intensity of culture
filtrate was due to increasing number of nanoparticles formed by
reduction of silver ions. The particles obtained had a good
monodispersity. The maximum synthesis of these nanoparticles
occurred at a pH - 6.0, temp - 5 °C, 24 h of incubation time, silver
nitrate concentration of 1 mM and 0.3% NaCl. According to TEM
micrographs, most of the silver nanoparticles obtained were
spherical in shape with size ranging from 5 to 25 nm. In this study, it
is believed that the enzyme protein of nitrate reductase secreted out
of the fungal biomass would have involved in the reduction of the
silver ions nanoparticles that is detected by the presence of a single
protein band of 70 kDa obtained from the culture filtrate [84].
The usage of biosurfactant has now emerged as a green alternative
for stabilizing the nanoparticles and used in enhancing the silver
nanoparticle synthesis. The biosurfactants are mainly made up of
sugar and fatty acid moieties. In this study, a glycolipid biosurfactant
was derived from the sponge-associated marine Brevibacterium
casei MSA19 under solid-state fermentation. In this study of
biosurfactant-mediated synthesis, the silver nanoparticles obtained
were found to be uniform in size and stability for a period of about 2
months. The biosurfactant prevents the formation of aggregates and
thus helps in the production and stabilization of nanoparticles [85].
In a certain study, twelve different species of marine yeasts were
isolated from the coastal mangrove sediment for the in-vitro
synthesis of silver nanoparticles. The nanoparticles were
synthesized extracellularly by the marine yeast, Pichia capsulata
which exhibited the highest activity as compared to other species
screened. The synthesis of silver nanoparticles was observed by a
change in the colour intensity from medium to brown under specific
conditions favorable for synthesis. These conditions (pH - 6,
incubation time - 24 h, substrate concentration - 1.5 mM AgNO3,
temperature – 5 °C, 0.3% salinity) favored maximum synthesis of
silver nanoparticles. The particles obtained were mostly spherical in
shape and the size ranged from 5–25 nm. Pichia capsulata followed
by Saccharomyces cerevisiae, Rhodotorula minuta, Pichia salicaria
and Debaryomyces hansenii are some of the species that synthesized
nanoparticle at insignificant concentrations. The other marine
yeasts isolated comparatively showed lower activity of the silver
nanoparticle production [86].
The bioreduction of AgNO3 to silver nanoparticles using seaweeds
like Ulva lactuca and Gelidiella sp. has also been reported. Seaweeds
constitutes of various phytochemicals like carbohydrates, alkaloids,
steroids, phenols, saponins and flavonoids which aids in the
reduction and stabilization of nanoparticles. The biogenic silver
nanoparticles synthesized using green seaweed, Ulva lactuca,
exhibited good antibacterial activity against clinical pathogens like
Escherichia coli, Klebsiella pneumoniae, Bacillus subtilis,
Staphylococcus aureus and Pseudomonas aeruginosa [87]. The silver
nanoparticles produced by bioreduction of aqueous Ag+ using
seaweed extract from Gelidiella sp. demonstrated a considerable
cytotoxicity against Hep-2 cell lines. The result showed that Hep2
cells proliferation were significantly inhibited by AgNPs with an
IC50 value of 31.25 μg/ml of the concentration [88].
Biosynthesis of cadmium sulfide nanoparticles
Cadmium sulfide nanoparticle finds its use for various purposes
such an oligonucleotide label for detecting nopaline synthase
terminator gene sequences [89], electrochemical DNA detection of
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phosphinothricin acetyltransferase [90], and as matrices and comatrices for peptides and large proteins analysis respectively in
MALDI-TOF-MS [91].
When cadmium sulfate solution was incubated with a
photosynthetic bacterium Rhodopseudomonas palustris, it was
demonstrated that the biomass changed to yellow color from 48 h
onwards, which indicates the formation of cadmium sulfide
nanoparticles. In the stationary phase of the R. palustris cells, the
CdS nanoparticles obtained exhibited monodispersity and was
spherical in shape. The average mean of the particle size was found
to be 8.01 ± 0.25 nm. Reports of the electron diffraction pattern
further confirm the presence of face-centered cubic (fcc) crystalline
structure of CdS. The colloidal form of cadmium sulfide
nanoparticles remained very stable even after 2 months without any
aggregation. The results from FTIR spectrum suggests the presence
of biological molecules which could have involved in both
stabilization and formation of nanoparticles. From the study, it was
also suggested that the cysteine desulfhydrase (C-S-lyase), an
intracellular enzyme present in the cytoplasm of R. palustris could be
responsible for the formation of nanocrystal, and the protein
secreted by the bacteria helped in the stabilization of cadmium
sulfide nanoparticles. The nanocrystals formed had an average size
of about 4–6 nm. The R. palustris was also able to efficiently
transport cadmium sulphide nanoparticles out of the cell [92].
SUMMARY
The biological synthesis of nanoparticles fulfills the need for a safe
and environment friendly method of synthesis. One of the major
concerns despite the beneficial aspects of nanotechnology is now
focused on the physico-chemical properties of nanoparticles which
in turn may cause unknown effects on the biological ecosystem. This
has interested researchers to synthesize metallic nanoparticles from
marine source because it does not involve any toxic solvents, and
also reduces the down-streaming process making it very costeffective and the availability of the source from the diverse marine
ecosystem becomes a much easier task. The organic compounds
present in the marine source used for synthesis increases their
efficiency and also help in stabilizing and coating the nanoparticles.
The mechanism underlying the extraction and synthesis of
nanoparticles is yet to be studied. All these important factors makes
it biocompatible for its use in biomedical applications like drug
delivery, nanopharmaceutics, disease diagnostics, etc., and also play
a major role in bioremediation processes as well. The biologically
synthesized nanoparticles from marine compound offers stabilized
nanoparticles suitable for both biomedical and industrial
application.
ACKNOWLEDGEMENT
The authors thank the management of VIT University for providing
the necessary sources for submission of this work.

9.

10.

11.

12.

13.

14.
15.

16.

17.
18.

19.

20.

21.
22.
23.

24.
25.
26.

27.

REFERENCES
1.
2.
3.

4.
5.
6.

7.

8.

Available online at http://plan2005.cancer.gov/glossary.html.
Accessed January 19, 2009.
Roco MC. Nanotechnology: convergence with modern biology
and medicine. Curr Opin Biotechnol. 2003; 14, 337–346.
Singh M, Singh S, Prasad S, Gambhir IS. Nanotechnology in
medicine and antibacterial effect of silver nanoparticles. Dig J
Nanomater Bios. 2008; 3, 115–122.
Rathi R. (ed.), Nanotechnology: Technology Revolution of 21st
Century, Chand S & Company Ltd, New Delhi, 2009.
Okada S, Miyamoto Y, Saito M. Three-dimensional crystalline
carbon: stable polymers of C20 fullerene. Phys Rev B. 2001; 64,
245405-1–2.
Qian L, Yang X. Dendrimers as “controllers” for modulation of
electrodeposited silver nanostructures. Colloids Surf A
Physicochem Eng Asp. 2008; 317, 528–534.
Yakes MK, Cress CD, Tischler JG, Bracker AS. Threedimensional control of self-assembled quantum dot
configurations. ACS Nano. 2010; 4, 3877–3882.
Esaki L. The evolution of nanoscale quantum effects in
semiconductor physics. NanoStructured Mater. 1999; 12, l–8.

28.

29.

33.

34.

35.
36.

Park HS, Klein PA. A surface Cauchy-Born model for silicon
nanostructures. Comput Methods Appl Mech Eng. 2008; 197,
3249–3260.
Park HS, Klein PA, Wagner GJ. A surface Cauchy–Born model for
nanoscale materials. Int J Numer Methods Eng. 2006; 68, 1072–
1095.
She H, BiaoWang. A geometrically nonlinear finite element
model of nanomaterials with consideration of surface effects.
Finite Elem Anal Des. 2009, 45, 463–467.
Kim ES. Directed evolution: a historical exploration into an
evolutionary experimental system of nanobiotechnology,
1965–2006. Minerva. 2008; 46, 463–484.
Cormode DP, Jarzyna PA, Mulder WJM, Fayad ZA. Modified
natural nanoparticles as contrast agents for medical imaging.
Adv Drug Del Rev. 2010, 62, 329–338.
Weinberg H, Galyean A, Leopold M. Evaluating engineered
nanoparticles in natural waters. Trends Analyt Chem. 2011; 30.
Gervasoni JL. Dispersion relations for plasmon excitations in
nanostructures of different shapes and symmetries. Nucl
Instrum Methods Phys Res B. 2009; 267, 235–238.
Zhirnov V, Herr D, Meyyappan M. Electronic applications of
carbon nanotubes become closer to reality. J Nanopart Res.
1999; 1, 151–152.
Dingman J. Nanotechnology: its impact on food safety. J Environ
Health. 2008; 70, 47–50.
Chaudhry Q, Scotter M, Blackburn J, Ross B, Boxall A, Castle L,
Aitken R, Watkins R. Applications and implications of
nanotechnologies for the food sector. Food Addit Contam Part
A Chem Anal Control Expo Risk Assess. 2008; 25, 241–258.
Imran M, Revol-Junelles AM, Martyn A, Tehrany EA, Jacquot M,
Linder M, Desobry S. Active food packaging evolution:
transformation from micro- to nanotechnology. Crit Rev Food
Sci Nutr. 2010; 50, 799–821.
Rickerby DG, Morrison M. Nanotechnology and the
environment: a European perspective. Sci. Tech. Adv. Mater.
2007; 8, 19–24.
Tratnyek PG, Johnson RL. Nanotechnologies for environmental
cleanup. Nanotoday. 2006; 1, 44–48.
Peng KQ, Lee ST. Silicon nanowires for photovoltaic solar
energy conversion. Adv Mater. 2011, 23, 198–215.
Li Y, Wu DX, Hu JY, Wang SX. Novel infrared radiation
properties of cotton fabric coated with nano Zn/ZnO particles.
Colloids Surf A Physicochem Eng Asp. 2007; 300, 140–144.
Freitas RA. Current Status of nanomedicine and medical
nanorobotics. J Comput Theor Nanosci. 2005; 2, 1–25.
De Jong WH, Borm PJA. Drug delivery and nanoparticles:
applications and hazards. Int J Nanomedicine. 2008; 3, 133–149.
Sahoo SK, Parveen S, Panda JJ. The present and future of
nanotechnology in human health care. Nanomedicine. 2007; 3,
20–31.
Bruchez M, Moronne M, Gin P, Weiss S, Alivisatos AP.
Semiconductor nanocrystals as fluorescent biological labels.
Science. 1998; 281, 2013–2016.
Sosnovik DE, Nahrendorf M, Weissleder R. Magnetic
nanoparticles for MR imaging: agents, techniques and
cardiovascular applications. Basic Res Cardiol. 2008; 103, 122–
130.
Harisinghani MG,Saksena M, Ross RW, Tabatabaei S, Dahl D,
McDougal S, Weissleder R. A pilot study of lymphotrophic
nanoparticle-enhanced magnetic resonance imaging technique
in early stage testicular cancer: a new method for noninvasive
lymph node evaluation. Urology. 2005; 66, 1066–1071.
Ren G, Hu D, Cheng EWC, Vargas-Reus MA, Reip P, Allaker RP.
Characterisation of copper oxide nanoparticles for antimicrobial
applications. Int J Antimicrob Agents. 2009; 33, 587–590.
Nam JM, Thaxton CS, Mirkin CA. Nanoparticle-based bio-bar
codes for the ultrasensitive detection of proteins. Science.
2003, 301, 1884–1886.
Salata OV. Applications of nanoparticles in biology and
medicine. J Nanobiotechnology. 2004; 2, 3.
Cui Y, Wei Q, Park H, Lieber CM. Nanowire nanosensors for
highly sensitive and selective detection of biological and
chemical species. Science. 2001; 17, 1289–1292.

27

Chandrasekaran et al.
Int J Pharm Pharm Sci, Vol 5, Issue 1, 23-29
37. Silva GA. Neuroscience nanotechnology: progress, opportunities
and challenges. Nat Rev Neurosci. 2006; 7, 65–74.
38. Zhang S. Fabrication of novel biomaterials through molecular
self-assembly. Nat Biotechnol. 2003; 21, 1171–1178.
39. Li Y, Duan X, Qian Y, Li Y, Liao H. Nanocrystalline silver
particles: synthesis, agglomeration, and sputtering induced by
electron beam. J Colloid Interface Sci. 1999; 209, 347–349.
40. Lee PC, Meisel D. Adsorption and surface-enhanced Raman of
dyes on silver and gold sols. J Phys Chem. 1982; 86, 3391–
3395.
41. Creighton JA, Blatchford CG, Albrecht MG. Plasma resonance
enhancement of Raman scattering by pyridine adsorbed on
silver or gold sol particles of size comparable to the excitation
wavelength. J Chem Soc Faraday Trans 2: Mol Chem Phys.
1979; 75, 790–798.
42. Das I, Ansari SA. Nanomaterials in science and technology. J Sci
Ind Res. 2009; 68, 657–667.
43. Panigrahi S, Kundu S, Ghosh SK, Nath S, Pal T. General method
of synthesis for metal nanoparticle. J Nanopart Res. 2004; 6,
411–414.
44. Ayyappan S, Srinivasa GR, Subbanna GN, Rao CNR.
Nanoparticles of Ag, Au, Pd, and Cu produced by alcohol
reduction of the salts. J Mater Res. 1997; 12, 398–401.
45. Longenberger L, Mills G. Formation of metal particles in
aqueous solutions by reactions of metal complexes with
polymers. J Phys Chem. 1995; 99, 475–480.
46. Bunge SD, Boyle TJ, Headley TJ. Synthesis of coinage-metal
nanoparticles from mesityl precursors. Nano Lett. 2003; 3,
901–905.
47. Bhattacharya D, Rajinder G. Nanotechnology and potential of
microorganisms. Crit Rev Biotechnol 2005; 25, 199–204.
48. Sastry M, Ahmad A, Khan MI, Kumar R. Microbial nanoparticle
production. In Nanobiotechnology (eds. Niemeyer CM. and
Mirkin CA.), Wiley-VCH, Weinheim, Germany, 2004; pp. 126–
135.
49. Armendariz V, Herrera I, Peralta-Videa JR, Jose-Yacaman M,
Troiani H, Santiago P, Gardea-Torresdey JL. Size controlled gold
nanoparticle formation by Avena sativa biomass: use of plants
in nanobiotechnology. J Nanopart Res. 2004; 6, 377–382.
50. Shankar SS, Rai A, Ahmad A, Sastry M. Rapid synthesis of Au,
Ag, and bimetallic Au core–Ag shell nanoparticles using neem
(Azadirachta indica), leaf broth. J Colloid Interf Sci. 2004; 275,
496–502.
51. Chandran SP, Chaudhary M, Pasricha R, Ahmad A, Sastry M.
Synthesis of gold nanotriangles and silver nanoparticles using
Aloe vera plant extract. Biotechnol. Prog. 2006; 22, 577–583.
52. Ankamwar B, Chaudhary M, Mural S. Gold nanotriangles
biologically synthesized using tamarind leaf extract and
potential application in vapor sensing. Synth. React. Inorg.
Metal-Org. Nanometal. Chem. 2005; 35, 19–26.
53. Huang J, Li Q, Sun D, Lu Y, Su Y, Yang X, Wang H, Wang Y, Shao
W, He N, Hong J, Chen C. Biosynthesis of silver and gold
nanoparticles by novel sundried Cinnamomum camphora leaf.
Nanotechnology. 2007; 18, 105104–105114.
54. Bhainsa KC, D’Souza SF. Extracellular biosynthesis of silver
nanoparticles using the fungus Aspergillus fumigatus. Colloids
Surf B Biointerf. 2006; 47, 160–164.
55. Dameron CT, Reeser RN, Mehra RK, Kortan AR, Carroll PJ,
Steigerwaldm ML, Brus LE, Winge DR. Biosynthesis of cadmium
sulphide quantum semiconductor crystallites. Nature. 1989;
338, 596–597.
56. Ahmad A, Mukherjee P, Senapati S, Mandal D, Khan MI, Kumar
R, Sastry M. Extracellular biosynthesis of silver nanoparticles
using the fungus Fusarium oxysporum. Colloids Surf B
Biointerf. 2003; 28, 313–318.
57. Mukherjee P, Senapati S, Mandal D, Ahmad A, Khan MI, Kumar
R, Sastry M. Extracellular synthesis of gold nanoparticles by the
fungus Fusarium oxysporum. Chem Bio Chem. 2002; 3, 461–
463.
58. Bansal V, Rautaray D, Ahmad A, Sastry M. Biosynthesis of
zirconia nanoparticles using the fungus Fusarium oxysporum. J
Materials Chem. 2004; 14, 3303–3305.
59. Ahmad A, Mukherjee P, Mandal D, Senapati S, Khan MI, Kumar
R, Sastry M. Enzyme mediated extracellular synthesis of CdS

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.
71.

72.

73.
74.

75.

76.

77.

78.

79.

nanoparticles by the fungus Fusarium oxysporum. J Am Chem
Soc. 2002; 124, 12108–12109.
Bansal V, Rautaray D, Bharde A, Ahire K, Sanyal A, Ahmad A,
Sastry M. Fungus-mediated biosynthesis of silica and titania
particles. J Mater Chem. 2005; 15, 2583–2589.
Kumar SA, Ayoobul AA, Absar A, Khan MI. Extracellular
biosynthesis of CdSe quantum dots by the fungus, Fusarium
oxysporum. J Biomed Nanotechnol. 2007; 3, 190–194.
Husseiny MI, El-Aziz MA, Badr Y, Mahmoud MA. Biosynthesis of
gold
nanoparticles
using
Pseudomonas
aeruginosa.
Spectrochim Acta A: Mol Biomol Spectrosc. 2007; 67, 1003–
1006.
Sriram MI, Manikanth SB, Kalishwarlal K, Gurunathan S.
Antitumour activity of silver nanoparticles in Dalton’s
lymphoma ascites tumor model. Int J Nanomedicine. 2010; 5,
753–762.
Liu Z, Jiao Y, Wang Y, Zhou C, Zhang Z. Polysaccharides based
nanoparticles as drug delivery systems. Adv Drug Deliv Rev.
2008; 60, 1650–1652.
Dozier D, Palchoudhury S. Synthesis of iron oxide nanoparticles
with biological coatings. The journal of science and health at
the university of Alabama. 2010; 7, 14–18.
Li X, Xu H, Chen ZS, Chen G. Biosynthesis of nanoparticles by
micro-organisms and their applications. J Nanomater. 2011.
Chauhan A, Zubair S, Tufail S, Sherwani A, Sajid M, Raman SC,
Azam A, Owais M. Fungus-mediated biological synthesis of gold
nanoparticles: potential in detection of liver cancer. Int J
Nanomedicine. 2011; 6, 2305–2319.
Ramgopal M, Saisushma Ch, Attitalla IH, Alhasin AM. A facile
green synthesis of silver nanoparticles using soap nuts.
Research Journal of Microbiology. 2011; 6, 432–438.
Mayer AMS, Rodríguez AD, Berlinck RGS, Fusetani N. Marine
pharmacology in 2007–8: marine compounds with
antibacterial, anticoagulant, antifungal, anti-inflammatory,
antimalarial, antiprotozoal, antituberculosis, and antiviral
activities; affecting the immune and nervous system, and other
miscellaneous mechanisms of action. Comp Biochem Physiol C.
2011; 153, 191–222.
Li-Na M, Dian-Jun L, Zhen-Xin W. Synthesis and applications of
gold nanoparticle probes. Chin J Anal Chem. 2010; 38, 1–7.
Huang D, Liao F, Molesa S, Redinger D, Subramanian V. Plasticcompatible low resistance printable gold nanoparticle
conductors for flexible electronics. J Electrochem Soc. 2003;
150, 412.
Sýkora D, Kasicka V, Miksík I, Rezanka P, Záruba K, Matejka P,
Král V. Application of gold nanoparticles in separation sciences.
J Sep Sci. 2010; 33, 372–387.
Thompson DT. Using gold nanoparticles for catalysis.
Nanotoday. 2007; 2, 40–43.
Li T, Guo L, Wang Z. Gold nanoparticle-based surface enhanced
Raman scattering spectroscopic assay for the detection of
protein-protein interactions. Anal Sci. 2008; 24, 907–910.
Shenoy D,Fu W, Li J,Crasto C, Jones G, DiMarzio C, Sridhar S,
Amiji M. Surface functionalization of gold nanoparticles using
hetero-bifunctional poly(ethylene glycol) spacer for
intracellular tracking and delivery. Int J Nanomedicine. 2006; 1,
51–57.
Ryu SW, Kim CH, Han JW, Kim CJ, Jung C, Park HG, Choi YK. Gold
nanoparticle embedded silicon nanowire biosensor for
applications of label-free DNA detection. Biosens. Bioelectron.
2010; 25, 2182–2185.
Singaravelu G, Arockiamary JS, Kumar VG, Govindaraju K. A
novel extracellular synthesis of monodisperse gold
nanoparticles using marine alga, Sargassum wightii greville.
Colloids Surf B Biointerf. 2007; 57, 97–101.
Josephine A, Amudha G, Veena CK, Preetha SP, Rajeswari A,
Varalakshmi P. Beneficial effects of sulfated polysaccharides
from Sargassum wightii against mitochondrial alterations
induced by Cyclosporine A in rat kidney. Mol Nutr Food Res.
2007; 51, 1413–1422.
Josephine A, Nithya K, Amudha G, Veena CK, Preetha SP,
Varalakshmi P. Role of sulphated polysaccharides from
Sargassum wightii in Cyclosporine A-induced oxidative liver
injury in rats. BMC Pharmacol. 2008; 20, 4.

28

Chandrasekaran et al.
Int J Pharm Pharm Sci, Vol 5, Issue 1, 23-29
80. Pimprikar PS, Joshi SS, Kumar AR, Zinjarde SS, Kulkarni SK.
Influence of biomass and gold salt concentration on
nanoparticle synthesis by the tropical marine yeast Yarrowia
lipolytica NCIM 3589. Colloids Surf B Biointerf. 2009; 74, 309–
316.
81. Mata YN, Torres E, Blázquez ML, Ballester A, González F,
Mu˜noz JA. Gold(III) biosorption and bioreduction with the
brown alga Fucus vesiculosus. J Hazard Mater. 2009; 166, 612–
618.
82. Inbakandan D, Venkatesan R, Khan SA. Biosynthesis of gold
nanoparticles utilizing marine sponge Acanthella elongate.
Colloids Surf B Biointerf. 2010; 81, 634–639.
83. Medina-Ramirez I, Bashir S, Luo Z, Liu JL. Green synthesis and
characterization of polymer-stabilized silver nanoparticles.
Colloids Surf B Biointerf. 2009; 73, 185–191.
84. Wang CC, Luconi MO, Masi AN, Fernández LP. Derivatized silver
nanoparticles as sensor for ultra-trace nitrate determination
based on light scattering phenomenon. Talanta. 2009; 77,
1238–1243.
85. Tilaki RM, Iraji zad A, Mahdavi SM. Stability, size and optical
properties of silver nanoparticles prepared by laser ablation in
different carrier media. Appl Phys A. 2006; 84, 215–219.
86. Chen D, Qia X, Qiu X, Chen J. Synthesis and electrical properties
of uniform silver nanoparticles for electronic applications. J
Mater Sci. 2009; 44, 1076–1081.
87.
Kathiresan K, Manivannan S, Nabeel MA, Dhivya B. Studies on
silver nanoparticles synthesized by a marine fungus,
Penicillium fellutanum isolated from coastal mangrove
sediment. Colloids Surf B Biointerf. 2009; 71, 133–137.

88. Kiran GS, Sabu A, Selvin J. Synthesis of silver nanoparticles by
glycolipid biosurfactant produced from marine Brevibacterium
casei MSA19. J Biotechnol. 2010; 148, 221–225.
89. Subramanian M, Alikunhi NM, Kandasamy K. Invitro synthesis
of silver nanoparticle by marine yeasts from coastal mangrove
sediment. Adv Sci Lett. 2010; 3, 428–433.
90. Raja SB, Suriya J, Sekar V, Rajasekaran R. Biomimetic of silver
nanoparticles by Ulva lactuca seaweed and evaluation of its
antibacterial activity. Int J Pharm Pharm Sci. 2012; 4, 139–143.
91. Devi JS, Bhimba V, Ratnam K.In vitro anticancer activity of
silver nanoparticles synthesized using the extract of Gelidiella
sp. Int J Pharm Pharm Sci. 2012; 4, 710–715.
92. Sun W, Zhong J, Zhang B, Jiao K. Application of cadmium sulfide
nanoparticles as oligonucleotides labels for the electrochemical
detection of NOS terminator gene sequences. Anal Bioanal
Chem. 2007; 389, 2179–2184.
93. Gao H, Zhong J, Qin P, Lin C, Sun W. Microplate electrochemical
DNA detection for phosphinothricin acetyltransferase gene
sequence with cadmium sulfide nanoparticles. Microchem J.
2009; 93, 78–81.
94. Kailasa SK,Wu HF. Semiconductor cadmium sulphide nanoparticles
as matrices for peptides and as co-matrices for the analysis of large
proteins in matrix-assisted laser desorption/ionization reflectron
and linear time-of-flight mass spectrometry. Rapid Commun Mass
Spectrom. 2011; 25, 271–280.
95. Bai HJ, Zhang ZM, Guo Y, Yang GE. Biosynthesis of cadmium
sulfide
anoparticles
by
photosynthetic
bacteria
Rhodopseudomonas palustris. Colloids Surf B Biointerf. 2009;
70, 142–146.

29

