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Today there is a growing need to develop reliable, sustainable, and ecofriendly protocols for manufacturing a wide range of metal
and metal oxide nanoparticles. The biogenic synthesis of nanoparticles via nanobiotechnology based techniques has the potential
to deliver clean manufacturing technologies. These new clean technologies can significantly reduce environmental contamination
and decease the hazards to human health resulting from the use of toxic chemicals and solvents currently used in conventional
industrial fabrication processes.The largely unexplored marine environment that covers approximately 70% of the earth’s surface is
home tomany naturally occurring and renewable marine plants.The present review summarizes current research into the biogenic
synthesis of metal and metal oxide nanoparticles via marine algae (commonly known as seaweeds) and seagrasses. Both groups of
marine plants contain a wide variety of biologically active compounds and secondary metabolites that enables these plants to act
as biological factories for the manufacture of metal and metal oxide nanoparticles.

1. Introduction

In recent years a convergence between biological based
technologies, green chemistry, and nanotechnology has taken
place.The objective of this convergence is to create newmate-
rials and manufacturing processes that reduce or eliminate
the use of hazardous substances [1]. An important aspect of
nanotechnology is the synthesis of nanometer scale materials
and the direct control of particlemorphology and dimensions
during formation. Nanometer scale materials have at least
one dimension less than 100 nm and can have a wide variety
of geometric shapes such as plates, sheets, tubes, wires, and
particles. Numerous studies have shown that nanometer
scale materials exhibit unique chemical, physical, electronic,
optical, thermal, mechanical, and biological properties that
significantly differ from their bulk scale counterparts [2, 3].
These unique properties result from the extremely small size,

shape, and size distribution. In addition, because of their
small size, nanomaterials can act as bridge between bulk
scale materials and molecular structures [4]. In terms of
composition, nanomaterials can be broadly classified into two
types, namely, organic and inorganic. Organic nanomaterials
are carbon based, while inorganic nanomaterials include
noble metals (gold, platinum, and silver), magnetic materials
(iron oxide Fe

3
O
4
), and semiconductors such as titanium

dioxide and zinc oxide.
The physiochemical properties of bulk scale materials are

largely understood and recent discoveries have focused on
materials existing in the region between the atomic scale
and the much larger bulk scale. These discoveries arise from
the significant increase in the surface area to volume ratio
when bulk scale materials are reduced into much smaller
amounts. The larger surface area to volume ratio found in
nanometer scale materials is the major contributing factor
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that influences the physiochemical properties [5].Thus, at the
nanometer scale there are significant changes in both surface
chemistry and chemical reactivity [6]. These unique and
novel size-dependent properties have led to nanoparticles
being promoted for a wide range of applications. Typical
applications include biosensors [7, 8], catalysts [9–11], envi-
ronmental remediation [12–14], labelling for immunoassays
[15, 16], hyperthermia treatment of tumors [17–19], antibacte-
rial drugs [20, 21], and vector delivery of therapeutic drugs for
cancer treatments [22–24]. However, studies have also shown
the properties of manufactured nanoparticles are heavily
dependent on specific parameters such as particle size, mor-
phology, and size distribution [25]. Consequently, it is very
important to control both particle size and shape duringman-
ufacture. Thus, effective control during production enables
the customization of nanoparticles for specific applications.

The manufacture of nanoparticles can be broadly defined
into two approaches. The first is the top down approach and
involves a material undergoing significant size reduction via
physical or chemical processes [26, 27]. During size reduc-
tion, the resulting particle size, shape, and surface structure
are heavily dependent on the technique used. Unfortunately,
size reduction also tends to introduce surface imperfections
that can significantly impact the overall physicochemical
properties of the fabricated nanoparticle.The second, bottom
up approach builds nanoparticles via the assembly of atoms,
molecules, and smaller particles or monomers [28, 29].
Unfortunately, many of the chemical and physical processes
used in both approaches suffer from several drawbacks such
as low material conversion rates, are technically complex,
have high energy requirements, and are generally expensive.
Furthermore, many of these processes employ hazardous
chemicals such as reducing agents, organic solvents, and
nonbiodegradable stabilizing agents. For example, processes
such as chemical precipitation and pyrolysis often result in
toxic chemical species being deposited on the surface of
newly formed nanoparticles. The presence of surface con-
taminants makes these nanoparticles unsuitable for clinical
and biomedical applications [30, 31]. Because of the draw-
backs associated with conventional manufacturing processes
there has been a growing interest in developing new eco-
friendly production technologies based on the principles
of green chemistry [32]. Accordingly, research in recent
years has focused on manufacturing nanomaterials via
nanotechnology-based processes that promote the principles
green chemistry and reduce or totally eliminate the use of
hazardous chemicals. Thus, ecofriendly green nanotechnol-
ogy-based processes for the manufacture of nanoparticles
have attracted considerable interest worldwide [33, 34]. To
emphasise this alternative approach, recent research has
focused on using biological entities to synthesize a wide
variety of nanoparticles. Biosynthesis via unicellular andmul-
ticellular biological entities such as actinomycetes [35], bac-
teria [36], fungus [37], marine algae [38], plants [39], viruses
[40], and yeast [41] offer alternative ecofriendly approaches
for producing nanoparticles. Each of these biological entities,
to varying degrees, can perform as natural biofactories for
producing particular nanoparticles. Each of the biological
entities has active molecules and compounds that can act

as reducing agents and stabilizing agents to synthesize
nanoparticles with diverse sizes, shapes, compositions, and
physicochemical properties [42].

The biologically diverse marine environment covers
around 70% of the earth’s surface and is largely unexplored.
Recent studies have shown that several marine plants have
the ability to perform as biofactories for the production of
nanoparticles [43, 44]. In particular, interest in producing
new and effective medicines from natural marine plant
sources has revealed that several forms of marine algae [45]
have the potential to produce a variety of nanoparticles. A
number of these nanoparticle types have been found to be
effective antimicrobial agents [46, 47]. Marine algae contains
a diverse range of different species, which are generally clas-
sified into two groups, namely, microalgae and macroalgae.
Microalgae species such as phytoplankton survive suspended
in the water column, while macroalgae (commonly known as
seaweed) are plant-like organisms that can range in size from
a few centimeters up to several meters in length. For example,
the giant kelp grows up from the seafloor to form vast under-
water forests. Seaweeds have adapted to living in a variety of
habitat, ranging from small tidal rock pools close to shore or
living several kilometers offshore in seawater depths capable
of receiving sufficient light to promote photosynthesis. Algae
are broadly classified into three groups based on the algal
body or thallus pigmentation. The color groups are brown
algae (phaeophytes), green algae (chlorophytes), and red
algae (rhodophytes) [48]. Brown and red algae are predom-
inantly marine based, with some species of red algae being
found in water depths where light levels are extremely low,
while green algae is found in both marine and freshwater
environments. Figure 1 presents a selection of marine algae
and seagrasses found in coastal waters along the West
Australian coastline.

Since the dawn of time, the combined effects of tides
and wave action have resulted in large quantities of seaweed
being washed up beaches and shorelines in many parts of
the world. Consequently, for many centuries coastal commu-
nities have consumed seaweed as a nutritional supplement
to their diets and as an ingredient in medicinal remedies.
Even today, seaweed is a staple food source and medicinal
remedy in daily use throughout South-East Asia and Japan
[49, 50]. Several studies have revealed that seaweeds are a
rich source of biologically active compounds such as carbohy-
drates, carotenoids, polysaccharides, proteins, vitamins, and
numerous secondary metabolites [51–53]. The studies have
also shown the active compounds present in seaweeds have
medicinal properties that can be used in conventional treat-
ments and alternative therapies [51, 54–56]. Studies have also
shown seaweed extracts can have both anti-inflammatory and
inhibitory properties that can be used to treat variousmedical
conditions and suppress some forms of cancer [57–60]. In
addition, seaweeds are also capable of accumulating heavy
metals [61] and the secondary metabolites of several types of
seaweed have anti-biological fouling properties [62]. Further-
more, recent studies have reported the biological reduction
of metal ions in aqueous based seaweed solutions [36, 63–
65]. These recent studies have confirmed that the various
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Figure 1: A selection of marine algae and seagrasses along the West Australian coastline: (a) Sargassum species and filamentous algae; (b)
Amphibolis antarctica; (c) mixed seagrasses and algae; and (d) seagrass Posidonia australisHook. f.

active compounds present in seaweeds can act as both metal-
reducing agents and capping agents during the formation of
stable nanoparticles.Moreover, current studies by the authors
have also shown that some species of seagrass contain active
compounds that can readily synthesize stable metal nanopar-
ticles. This review summarizes the current state of research
into the biogenic synthesis ofmetal andmetal oxide nanopar-
ticles using marine algae and seagrasses. The review also dis-
cusses factors influencing the synthesis process and potential
applications for nanoparticles produced via marine plants.

2. Toxicology and Biosynthesis of
Nanoparticles

2.1. Toxicology of Nanoparticles. Nanoparticles with their
unique size-dependent properties are at the forefront of
advanced material engineering applications in several fields.
However, recent concerns about the toxicological impact of
nanoparticles to humanhealth and the environment have cre-
ated uneasiness in the wider community. Larger surface area-
to-volume ratios of nanoparticlesmean thatmore parameters
must be considered when compared to conventional bulk
scale materials. For example, parameters such as particle size,
morphology, composition, concentration, chemical reactiv-
ity, dispersion, and aggregation can all directly influence
the behavior and interactions between nanoparticles and
specific environments. In the case of nanoparticle size, studies

have shown that particles around 10 nm can induce greater
human cell death rates when compared to larger particles
ranging in size from 50 to 100 nm [66, 67]. Furthermore,
nanoparticles of the same composition can display behavioral
differences when interacting with different environments.
These differences can result from slight variations in particle
size, morphology, surface reactivity, and surface coatings.
Another source of behavioral differences can also result from
manufacturing process. For example, conventional chemical
and physical manufacturing processes tend to use hazardous
chemicals such as surfactants. These surfactants act as sculp-
turing agents that direct particle growth. While capping
agents are generally used to stabilize and prevent nanoparticle
aggregation. Toxicity issues arise because it is extremely dif-
ficult to remove all chemical contaminants from the surface
of nanoparticles [68]. Furthermore, studies have shown that
naked nanoparticles do not exist for very long in biological
or environmental surroundings. Their high surface energies
attract atoms and molecules, which rapidly coat and change
surface properties [69]. In a biological setting, biomolecules
such as enzymes and proteins rapidly attach to nanoparticles
to form surface layering or corona as seen in Figure 2 [70].

The difficulty in determining toxicity arises from how
nanoparticles bind and interact with biological materials
and living organisms. How these binding and interaction
mechanisms change nanoparticle surface properties and
their subsequent influence in living organisms are not fully
understood [71]. For example, silver (Ag) has been used as an
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Figure 2: Biosynthesis and subsequent formation of nanoparticle corona: (a) biosynthesis of naked particle, (b) stabilization of nanoparticle
by capping agents in algal extract solution, (c) naked nanoparticle in biological environment, and (d) proteins and enzymes firmly attached
to nanoparticle surface to form an equilibrium layer with the surrounding environment.

antimicrobial agent for centuries and the use of Ag nanopar-
ticles in recent years has significantly increased the effective-
ness of Ag as amedicinal preparation [72, 73]. However, using
high concentrations of Ag nanoparticles can induce toxicity
and as a consequence produce a variety of health problems
[74]. Furthermore, studies have also shown the release of Ag
nanoparticles into the environment can produce significant
ecological problems [66, 75]. Therefore, toxicity results not
only from nanoparticle size, morphology, composition, and
surface reactivity, but also from the presence of surface
contaminants. This added complication makes it necessary
to understand the interaction of formation chemicals during
synthesis and ultimately the interactions occurring in envi-
ronment to determine potential toxicity issues [76, 77].

To reduce the toxicity concerns, there needs to be greater
attention paid to finding alternative clean, nontoxic, and
ecofriendly green chemistry based approaches for manufac-
turing nanoparticles. Importantly, the interactions between
a nanoparticle and its surrounding environment is a surface
phenomenon [78]. Thus, surface and surface contaminants
are actively involved in the nanoparticle/environment inter-
face rather than the nanoparticles material core. Because of
the importance of nanoparticle/environmental interactions,
the presence of any harmful surface toxic residues will
prevent nanoparticles being used in therapeutic applications.
Thus, the medical use of nanoparticle-based pharmaceuticals
will be ultimately evaluated on their therapeutic benefit
against any toxicity risks. Therefore, in an attempt to reduce
toxicity risks, recent research has focused on biologically
based synthesis techniques. Biosynthesis of nanoparticles via
biological entities has the potential to deliver a clean and
ecofriendly approach. In particular, biomolecules present in
marine algae and seagrasses have the capability to synthesize
a wide variety of nanoparticles with very low to no toxicity
risks.

2.2. Biosynthesis of Nanoparticles. The biogenic synthesis of
nanoparticles via marine algae and seagrasses is considered

to be a clean, nontoxic, and ecofriendly green chemistry
approach with the potential to deliver a wide variety of parti-
cle sizes, morphologies, compositions, and physicochemical
properties. The use of natural renewable marine resources
like seaweed-derived polysaccharides has been exploited for
many years by the food industry [49, 79]. The cell walls
present in seaweeds are composed of polysaccharides. These
polysaccharides mainly consist of small sugar units linked
via glycosidic bonds, which have hydrophilic surface groups
such as carboxyl, hydroxyl, and sulfate groups [80]. Typical
polysaccharides found in seaweeds include agar, alginate, car-
rageenan, fucoidan, and laminarin [81]. Other biomolecules
found in the cell walls include proteins and enzymes. The
presence of these bioactive materials has attracted consider-
able interest in recent years and has resulted in the creation of
food products, renewable bioenergy, and biomedical applica-
tions [82–84].

At present, there is no detailed understanding of the
mechanisms behind the formation of nanoparticles by sea-
weeds and seagrasses. However, studies have revealed that
many of the biomolecules present in the cell walls of several
seaweeds can act as biocatalysts to assist in the reduction
of precursor metal salts to nucleate metal and metal oxide
nanoparticles [65, 85–87], while other larger amphiphilic
biomolecules act as surfactants, which direct and control
nanoparticle growth [88].The biogenic synthesis of nanopar-
ticles is a relatively straightforward room temperature process
as seen in Figure 3 and begins by mixing a metal salt
solution with an aqueous solution containing either seaweed
or seagrass extract. Reduction starts immediately and a color
change in the reaction mixture indicates the formation of
nanoparticles. For example, in a recent study by Arockiya
et al., gold (Au) nanoparticles were synthesized using brown
alga (Stoechospermummarginatum). Nanoparticle formation
occurred within 10min and was clearly seen by the reaction
mixture changing from a pale brown to a ruby red color
[38]. Subsequent electron microscopy analysis revealed the
nanoparticles ranged in size from 18.7 to 93.7 nm and were
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Figure 3: Bottom up assembly of atoms via biosynthesis using marine algae and metallic ionic sources to form metal or metal oxide
nanoparticles.

predominantly spherical with smaller numbers of hexagonal
and triangular platelets.

It is believed that the growth of nanoparticles in solution
begins with metal ions being converted from their mono
or divalent oxidation states to zero-valent states. This is
followed by metal ion reduction and subsequent nucleation
[89]. Following initial nucleation, a kinetically controlled
process takes place in which smaller neighboring particles
attach to low energy faces of the forming crystal to create
larger thermodynamically stable nanoparticles. As growth
progresses, biomolecules containedwithin either the seaweed
or seagrass extract act as natural surfactants (capping agents)
on specific facets of the forming crystal [90]. The adsorption
of the capping agents and their subsequent interactions on
the crystal facets reduce interfacial energy and lower surface
tension [91]. The modified surface’s properties of the crystal
facet tend to influence the orientation and assembly of
subsequent growth [92]. Thus, growth occurs in preferential
planes and explains the morphologies seen in biosynthesized
nanoparticles. Typical morphologies produced via biosyn-
thesis include cubes, hexagons, pentagons, rods, spheres,
triangles, and wires [34, 93].

Biomolecules present in seaweeds and seagrasses also
have the ability to influence particle size, morphology, com-
position, and physicochemical properties of the synthesized
nanoparticles. Ultimately, it is the effective control of these
properties that defines the quality of the nanoparticles. How-
ever, a considerable amount of research is needed to identify
and determine the role of specific biomolecules involved
in the formation process and the influence of individual
biomolecules in dictating nanoparticle growth mechanisms.
Currently, experimental parameters such as concentration of
seaweed or seagrass extract, metal salt concentration, solu-
tion mixture pH, reaction time, and temperature are being
investigated by several researchers. Since these parameters
have a significant effect on the quality and properties of the
synthesized nanoparticles [31, 94].

3. Types of Nanoparticles Produced by
Marine Algae and Marine Plants

At present, only a relatively small amount of the literature
reports the use of marine algae and other marine plants for
the biosynthesis of nanoparticles, while recent studies have
also shown that several forms of marine algae can be used for
the bioremediation of toxic metals [85]. The biosynthesis of
nanoparticles via marine algae and other marine plants is a
new and emerging research field. Several studies have shown
these biological entities to have the potential to produce a
wide range of metal and metal oxide nanoparticles using
ecofriendly methods [118, 119]. The following sections sum-
marize and discuss currently available literature reports that
have investigated a number of marine algae. Table 1 presents
a selection of the various metal and metal oxide nanoparticle
types biosynthesized using several forms of marine algae.

3.1. Metal Nanoparticles. The biogenic synthesis of metal
nanoparticles using marine algae from precursor metal salts
is a facile room temperature process. Synthesis begins by
mixing a metal salt solution of known concentration with an
aqueous solution containing a seaweed extract. During the
initial reduction period, there is a color change in the reaction
mixture indicating that nanoparticle nucleation has taken
place. With the passage of time the small neighboring nucle-
onic particles in the reaction mixture start agglomerating to
form larger and more thermodynamically stable nanopar-
ticles. The aggregation and self-assembly of the nucleonic
particles are assisted by biomolecules present in the seaweed
extract. During self-assembly, the most energetically favor-
able and stable particle shapes are formed. Typical shapes
formed include cubes, hexagons, pentagons, rods, spheres,
triangles, and wires [120]. Studies have also shown that
nanoparticle formation is influenced by several experimen-
tal factors. These factors include (1) algae concentration;
(2) metal salt concentration; (3) reaction time; (4) reaction
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Table 1: A selection of metal and metal oxide nanoparticles biosynthesized via marine alga.

Material NP Size (nm) & shape Marine alga Ref.

Metals

Ag 3 to 44, spherical and cubic Codium capitatum [95]
Ag 30, spherical Spirogyra insignis [96]
Ag 5 to 35, spherical Padina tetrastromatica [97]
Au 8 to 15, spherical Sargassum wightii Greville [98]
Au 6 to 10, spherical & triangular Turbinaria conoides [99]
Au 18.7 to 93.7, spherical Stoechospermum marginatum [100]
Pd 2 to 15, spherical Chlorella vulgaris [101]
Pd 4 to 6, spherical Laminaria digitata [102]

Metal oxides

Cu
2
O, CuO 5 to 45, spherical Bifurcaria bifurcata [103]

Cu/Cu
2
O 53, spherical Kappaphycus alvarezii [104]

Fe
3
O
4

18 ± 4, cubic Sargassum muticum [65]
ZnO 3 to 57, hexagonal Sargassum muticum [105]
ZnO 18 to 50, hexagonal Gracilaria gracilis [106]

solution pH; and (5) temperature. Controlling these factors
will determine the quality, size, and shape of the biosynthe-
sized nanoparticles [34]. The vast majority of marine plant
studies have examined the biogenic synthesis of Ag and
Au nanoparticles using seaweeds, and the following sections
summarize the research results to date.

3.1.1. Silver (Ag) Nanoparticles. Historically, Ag has attracted
considerable interest due to its antimicrobial properties [121].
Advances in manufacturing processes have enabled the large
scale production of Ag nanoparticles with unique physio-
chemical and antimicrobial properties. The antimicrobial
properties and efficacy of Ag nanoparticles towards a variety
of microbial entities have resulted in their incorporation into
a wide range of pharmaceuticals and medical protocols [121,
122]. The mechanisms associated with their antimicrobial
properties are not fully understood, but the interaction
between Ag nanoparticles and microbial cell membranes is
believed to cause significant membrane damage and biosorp-
tion. The increased cellular uptake of nanometer scale Ag
results in significant toxicological damage to cellular DNA
[123, 124]. From another perspective, seaweeds are a valuable
source of bioactivematerials that include a variety of polysac-
charides. Due to the presence of thesematerials, seaweeds are
considered to have medicinal and pharmaceutical properties
[49].Therefore, using seaweeds to biosynthesize Ag nanopar-
ticles has the potential to deliver an additional synergic
effect and produce nanoparticles with enhanced medicinal
properties.

The biosynthesis of Ag nanoparticles using several species
of seaweed has been reported by a small number of
researchers in recent years. For example, Rajeshkumar et
al. have reported the biosynthesis of Ag nanoparticles using
brown seaweed Padina tetrastromatica. Their study revealed
that the nanoparticles were spherical in shape, had a mean
particle size of 14 nm, and displayed antibacterial activity
[107]. Similarly, crystalline Ag nanoparticles were biosynthe-
sized from Codium capitatum to produce spherical and
cubic nanoparticles ranging in size from 3 to 44 nm, with a

mean particle size of 30 nm [95]. A comparable result was
also reported for green alga Spirogyra insignis, which also
produced spherical nanoparticles with a mean particle size
of 30 nm [96], while macroalga Padina tetrastromatica was
found to produce crystalline spherical nanoparticles ranging
in size from 5 to 35 nm [97]. Ag nanoparticles synthesized
by seaweeds have also been found to have antifungal [86,
108], antibacterial [109–113], and anticancer properties [114].
On another front, Ramkumar Vijayan et al. have used an
aqueous solution containing an extract taken fromTurbinaria
conoides to biosynthesize both Ag and Au nanoparticles.
Their study also investigated the antibiological film formation
activity of the nanoparticles against marine biofilm forming
bacteria [115]. Also, studies into antimicrobial agents have
found that AgCl nanoparticles biosynthesized using an aque-
ous extract containing Sargassum plagiophyllum were effec-
tive agents against bacterial pathogens such as Escherichia coli
[116].

3.1.2. Gold (Au) Nanoparticles. Au nanoparticles with their
unique size dependent properties have been used in a vari-
ety of applications that include catalytic agents, biosensors,
pharmaceuticals, imaging, and electronics [125–130]. Because
of their unique properties and applications, research has
focused on using alternative methods for manufacturing
Au nanoparticles. In recent years biological entities have
been examined as potential biofactories. And as a result,
the biologically diverse marine environment is starting to
attract the interest of more researchers worldwide. Because
of this interest, a number of recent articles describing the
biosynthesis of Au nanoparticles by both marine and fresh
water alga have appeared in the literature.

A study by Romero-González et al. has shown that dealgi-
nated seaweedwaste can be used to reduceAu ions in solution
to form Au particles ranging from the nanometer scale range
up to around 6 𝜇m in size. Their study found the functional
groups present in the seaweed were capable of producing
stable particles of the various shapes that include irregular,
decahedral, and hexagonal rods and tetrahedral platelets [85].



Journal of Nanoscience 7

In a similar study, Mata et al. were able to demonstrate
an ecofriendly process that recovered Au from dilute hydro-
metallurgical solutions.The process involved the biosorption
and bioreduction of Au by brown seaweed (Fucus vesiculosus)
and resulted in nanoparticles of various sizes and morpholo-
gies being produced [63]. Singaravelu et al. have also reported
the biosynthesis of Au nanoparticles using a marine alga
Sargassum wightii Greville. In their study the alga rapidly
produced stable nanoparticles ranging in size from 8 to 15 nm
and were spherical in shape [98]. In a similar studies by
Luangpipat et al. (Chlorella vulgaris) [131], Rajasulochana
et al. (Kappaphycus alvarezii) [132] and Stalin Dhas et al.
(Sargassum myriocystum) [88] were able to produce a wide
range of stable nanoparticle sizes, while Senapati et al. have
reported the biosynthesis of Au nanoparticles using marine
alga Tetraselmis kochinensis [133] and Rajeshkumar et al.
have also reported using Turbinaria conoides to produce Au
nanoparticles ranging in size from 6 to 10 nm and shapes that
included spherical, pseudospherical, and triangular shapes
[99]. In addition, Castro et al. have reported the biosynthesis
of Au nanoparticles using green alga Spirogyra insignis and
red algaChondrus crispus [96]. And recently, Arockiya Aarthi
Rajathi et al. have reported the biosynthesis of Au nanoparti-
cles using a brown alga Stoechospermum marginatum. Their
study revealed the nanoparticles were crystalline and ranged
in size from 18.7 to 93.7 nmandwere predominantly spherical
in shape with small numbers of hexagonal and triangular
platelets. The study also found the hydroxyl groups of the
diterpenoids present in the brown seaweed were directly
involved in Au reduction. The nanoparticles also displayed
significant antibacterial activity against a range of selected
bacterial pathogens [100]. Crystalline Au nanoparticles rang-
ing in size from 7 to 11 nm have also been biosynthesized
using brown seaweed (Turbinaria ornate) [134] and by
another brown seaweed (Padina pavonica) to produce spheri-
cal nanoparticles ranging in size from30 to 70 nm [117]. Addi-
tionally, studies have shown that two species of freshwater
algae [green alga (Prasiola crispa) and red alga (Lemanea
fluviatilis)] are capable of biosynthesizing Au nanoparticles
[135, 136].

Furthermore, current preliminary research by the authors
has shown that an aqueous solution containing seagrass
rhizome extract can biosynthesize Au nanoparticles at room
temperature. The seagrass (Posidonia australis Hook. f.) is
a marine flowering plant that has adapted to living in the
near shore environment along the southern waters of tem-
perate Australia. Figure 4 presents some preliminary results
that indicate that metal ion concentration is an important
factor in the biosynthesis process. During biosynthesis the
reactive mixture changed color from a light yellow to a dark
brown, which indicated the formation of Au nanoparticles.
Inspection of Figure 4(b) reveals that the mixture containing
1mL of 250 ppm gold chloride has turned the darkest shade
of brown compared to other concentrations, thus, indicating
the influence of gold chloride concentration during the reac-
tion. Electron microscopy analysis reveals that particle sizes
ranged from 30 nm up 80 nm, with a small number of larger
hexagonal plates (400 nm to 1𝜇m) present in the agglomerate

as seen in Figures 4(c) and 4(d). Other shapes present in the
images are spherical, cubic, and triangular platelets.

3.1.3. Other Metallic Nanoparticles. At present there are very
few reports in the literature describing the use of marine
and freshwater algae to produce metal nanoparticles other
thanAg andAu.However, Scarano andMorelli have reported
using the marine phytoplanktonic alga (Phaeodactylum tri-
cornutum Bohlin) to biosynthesize cadmium sulphide (CdS)
nanocrystallites when the alga was immersed in aqueous
solutions containing Cd ions [137]. Recently, Eroglu et al.
have reported the formation of crystalline spherical palla-
dium (Pd) nanoparticles within green microalgae (Chlorella
vulgaris) via photosynthetic reactions when the microalgae
was immersed in aqueous solutions containing Na

2
[PdCl

4
].

The nanoparticles ranged in size from 2 to 15 nm, with amean
diameter of 7 nm [101]. Moreover, a recent study by Parker
et al. revealed that Pd nanoparticles could be synthesized
using alginic acid and brown seaweed (Laminaria digitata).
The study also reported that the majority of nanoparticles
produced ranged in size from 4 to 6 nm [102].

3.2. Metal Oxide Nanoparticles. Metal oxides are an interest-
ing class of inorganic materials that have been extensively
explored and studied due to their wide range of structures
andproperties.The character ofmetal oxides ismore complex
than pure metals, with metal oxide bonding varying from
nearly ionic to highly covalent and even metallic in nature.
Metal oxides come in a variety of different forms, each
possessing unique compositions, morphologies, structures,
and physiochemical properties [7, 138]. In particular, metal
oxide nanoparticles are of particular interest due to their
unique and phenomenal optical, electronic, and magnetic
properties [139]. These unique properties give metal oxide
nanoparticles significant industrial importance in a variety
of applications that include catalytic processes, electronics,
sensors,magnetic storagemedia, and solar energy conversion
[140–142]. Current literature describing the biosynthesis of
metal oxide nanoparticles via marine algae is very limited
and has mainly focused on three metal oxide types, namely,
copper oxide, ferric oxide, and zinc oxide.

Abboud et al. have reported the biosynthesis of copper
oxide nanoparticles using a brown alga extract (Bifurcaria
bifurcata). The facile process produced both cuprous oxide
nanoparticles (Cu

2
O) and cupric oxide nanoparticles (CuO).

The majority of the nanoparticles were spherical in shape,
with a small percentage being slightly elongated. The nano-
particles ranged in size from 5 nm to 45 nm and were found
to have a mean particle size of 22.6 nm. Subsequent antibac-
terial studies using Enterobacter aerogenes and Staphylococcus
aureus revealed that the copper oxide nanoparticles had
good antibacterial properties against both bacterial species
[103]. A recent study by Khanehzaei et al. has also reported
the biosynthesis of copper cored copper oxide nanoparticles
using red seaweed (Kappaphycus alvarezii) extracts. The
seaweed acted as an effective stabilizing agent and produced
copper cored-cuprous oxide coated nanoparticles that were
spherical in shape with a mean particle size of 53 nm. Their
study also found the nanoparticle surfaces were capped by
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Figure 4: (a) Marine flowering plant (Posidonia australis Hook. f.), (b) influence of gold chloride concentration (250 to 1000 ppm) in the
reactive mixture, (c) electron microscopy image of a representative sample, and (d) an enlarged image of Au nanometer scale hexagonal
plates in the sample.

paired oxygen atoms, some hydroxyl and sulphates groups
from the water-soluble sulphated polysaccharides derived
from the cell walls making up the seaweed [104].

A recent study by Mahdavi et al. found that ferric oxide
(Fe
3
O
4
) nanoparticles could be synthesized by a one-step

green biogenic method using brown seaweed (Sargassum
muticum). The aqueous seaweed extract was mixed with an
aqueous ferric chloride solution to produce Fe

3
O
4
nanopar-

ticles. The amino, carboxyl, and hydroxyl functional groups
derived from the water-soluble polysaccharide cell walls were
found to act as both reducing agent and capping agent. The
mean particle size produced was 18 ± 4 nm, crystalline in
nature, and having a cubic morphology [65]. Subsequent
in vitro studies by Namvar et al. using the derived Fe

3
O
4

nanoparticles evaluated their cytotoxicity, cellular responses,
and anticancer activity towards human cell lines for leukemia,
breast cancer, cervical cancer, and liver cancer. The in vitro
studies found the accumulation of Fe

3
O
4
nanoparticles in

treated cells tended to promote cell apoptosis and confirmed
their potential use in the treatment of cancer [143].

Current biosynthesis research using seaweeds has also
examined protocols for producing zinc oxide (ZnO) nano-
particles. ZnO nanoparticles have exceptional electrical and
optical properties, which makes them suitable for a wide
range of applications such as biomedical, photocatalysts and
solar cells [144–146]. Recently Nagarajan and Kuppusamy
examined three types of seaweed that included green
(Caulerpa peltata), red (Hypnea valentiae), and brown (Sar-
gassum myriocystum) for the biosynthesis of ZnO nanopar-
ticles. After investigating experimental parameters such as
metal ion concentration, seaweed extract concentration, tem-
perature, pH, and reaction time, brown seaweed (Sargassum
myriocystum) was found to be effective in producing ZnO
nanoparticles [87]. Their study also revealed that the soluble
photochemicals present in Sargassum myriocystum such as
alginic acid, ascorbic acid, protein, carbohydrates, flavanoids,
tannins, mannitols, and lipids acted as both reduction and
stabilizing agents. The morphology of the synthesized
nanoparticles included spherical, triangular, hexagonal, rod,
and rectangular types. The particle sizes ranged from 76 nm
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Table 2: A selection of nanoparticles and their antimicrobial against various pathogens.

NP Size (nm) & shape Alga Antimicrobial activity Ref.

Ag 14, spherical Padina tetrastromatica Pseudomonas sp., Escherichia coli, Bacillus subtilis, Klebsiella
planticola [107]

Ag 18 to 44,
spherical Gracilaria corticata Candida albicans, Candida glabrata [86]

Ag 22,
spherical Gelidiella acerosa Humicola insolens, Fusarium dimerum, Mucor indicus,

Trichoderma reesei [108]

Ag 8–27,
spherical

Sargassum wightii
Grevilli

Staphylococcus aureus, Bacillis rhizoids, Escherichia coli,
Pseudomonas aeruginosa [109]

Ag 20–30,
spherical Urospora sp. Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa,

Klebsiella pneumonia, Bacillis subtilis [110]

Ag 20,
spherical Ulva lactuca Bacillus sp., Escherichia coli, Pseudomonas sp. [111]

Ag 2–32,
spherical

Enteromorpha flexuosa
Wulfen

Bacillus subtilis, Bacillus pumilus, Enterococcus faecalis,
Staphylococcus aureus, Staphylococcus epidermidis, Escherichia coli,
Klebsiella pneumonia, Pseudomonas aeruginosa, Aspergillus niger,

Candida albicans, Saccharomyces cerevisiae

[112]

Ag 5–22,
spherical Sargassum wightii

Pseudomonas aeruginosa, Vibrio cholera, Klebsiella pneumonia,
Staphylococcus aureus, Escherichia coli, Staphylococcus pneumoniae,

Salmonella typhi
[113]

Ag 50 to 100,
spherical

Sargassum polycystum
C. Agardh

Pseudomonas aeruginosa, Klebsiella pneumonia, Escherichia coli,
Staphylococcus aureus, MCF breast cancer [114]

Ag & Au
<60,

spherical &
triangular

Turbinaria conoides Salmonella sp., Escherichia coli, Serratia liquefaciens, Aeromonas
hydrophila [115]

AgCl 21–48,
spherical

Sargassum
plagiophyllum Escherichia coli [116]

Au

18.7–93.7,
spherical,
hexagonal,
triangular

Stoechospermum
marginatum (kützing)

Pseudomonas aeruginosa, Klebsiella oxytoca, Enterobacter faecalis,
Klebsiella pneumoniae, Vibrio parahaemolyticus, Vibrio cholerae,
Escherichia coli, Salmonella typhi, Salmonella paratyphi, Proteus

vulgaris

[100]

Au 30–70,
spherical Padina pavonica Bacillus subtilis, Escherichia coli [117]

Cu
2
O

CuO
5–45,

spherical Bifurcaria bifurcata Enterobacter aerogenes, Staphylococcus aureus [103]

ZnO

96–110,
spherical,
rectangular,
triangular

Sargassum myriocystum Staphylococcus mutans, Micrococcus luteus, Vibrio cholera,
Klebsiella pneumonia, Neisseria gonorrhoeae [87]

up 186 nm. Furthermore, both particle size and morphology
were found to be strongly influenced by the experimental
parameters. For example, both particle size and morphology
were influenced by temperature, while biosynthesis carried
out at pH 8 tended to predominantly produce nanoparticles
with a mean size of 36 nm.

A similar study by Azizi et al. using a brown seaweed
(Sargassum muticum) discovered that bioactive materials
such as amino, sulfate, carboxyl, and hydroxyl groups all
played a significant role during the biosynthesis process. The
resulting ZnO nanoparticles were found to have a hexagonal
crystal morphology and ranged in size from 3 to 57 nm
[105]. Subsequent in vitro cytotoxicity studies using murine
cancer cell lines indicated various levels of cytotoxicity over
a 72 h trial period. However, suppression of cell growth and
proliferation in the WEHI-3 cell line suggest that the ZnO

nanoparticles could offer an alternative chemotherapeutic
treatment in the future [147].

An alternative ZnO biosynthesis method has also been
examined by Francavilla et al. In their procedure agar
extracted from the red seaweed (Gracilaria gracilis) is used
as a sacrificial template material during a reactive milling
process. During milling the zinc precursor Zn(NO

3
)
2
was

transformed into a highly crystalline hexagonal wurtzite
structure, with nanoparticles ranging in size from 18 to 50 nm.
After calcination at 600∘C, the porous ZnO nanoparticles
were found to have excellent photocatalytic properties and
could be used to degrade aqueous solutions of phenol [106].

4. Applications and Future Perspectives

Nanoparticles have attracted considerable interest in recent
years and accordingly have been extensively reported in the
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literature. The unique size and shape dependent physico-
chemical surface properties make nanoparticles more inter-
active and reactive to certain chemical species compared to
their bulk scale counterparts. The novel properties have been
extensively investigated and evaluated for a wide range of
applications in a number of fields. Among noble metals, Ag
nanoparticles are used as a broad spectrum antimicrobial
agent in the biomedical field. Table 2 presents a summary of
reported algae synthesizedAg nanoparticles and their respec-
tive antimicrobial activity against various pathogens. Inspec-
tion of Table 2 also reveals that Au nanoparticles display
antimicrobial properties towards a variety of pathogens. To
date, the biosynthesis of Ag and Au nanoparticles by marine
algae has focused on their antimicrobial properties against
several pathogens. Therefore, future studies are needed to
confirm that the physiochemical properties of Ag and Au
nanoparticles synthesized by marine algae have similar prop-
erties to those produce by more conventional manufacturing
processes and can be used in other applications.

This is of particular importance since conventionally
manufacturedAu nanoparticles have been used in a variety of
biomedical applications such as carriers for anticancer drugs
[16, 19, 129, 148], biosensors [6], and targets in tumors for
thermal treatment therapies [149, 150]. Fe

3
O
4
nanoparticles

are another interesting type of nanometer scale material with
unique super paramagnetic properties. The magnetic prop-
erties of the magnetite nanoparticles make them ideal can-
didates for magnetic resonance imaging (MRI) and targeted
drug delivery applications [16, 151]. However, very few studies
have reported usingmarine algae to produce Fe

3
O
4
nanopar-

ticles as seen in Table 1. Similarly, very few studies have
been reported in the literature describing the biosynthesis of
zinc oxide and copper oxides via marine algae. Oxides are
of particular interest, since copper oxide nanoparticles have
antibacterial properties [103] and zinc oxide nanoparticles
display both therapeutic [147] and photocatalytic properties
[106]. Overall, the biogenic synthesis of metal and metal
oxide nanoparticles using marine algae and marine plants is
a largely unknown area of research with relatively few articles
being reported in the literature. This review has summarized
the currently available articles reported in the literature.
However, the relatively small number of articles appearing
in the literature indicates that further research is needed to
fully explore the prospective properties of marine algae and
marine plants for the biosynthesis of metal and metal oxide
nanoparticles. In addition, further research is needed to fully
explore the potential use of thesemetal andmetal oxide nano-
particles in new pharmaceuticals and medical treatments.

5. Conclusions

Thebiogenic synthesis ofmetal andmetal oxide nanoparticles
has attracted considerable interest in recent years. This inter-
est springs from the unique nanoparticle properties, which
makes them highly desirable for a wide range of pharma-
ceutical and biomedical applications. The biogenic synthesis
of nanoparticles by marine algae and marine plants has the
potential to deliver a facile, green, and ecofriendly approach.
This green chemistry based approach has the potential to

deliver an alternative approach to conventional manufactur-
ing processes that tend to use toxic chemicals and solvents.
The studies discussed in the present review have reported
that polysaccharides, proteins, and other bioactive chemicals
found in the cell membranes of marine alga can act as both
reducing and capping agents. However, only a relatively small
number of marine algae andmarine plants have been studied
to date and the research area remains largely unknown.Thus,
there are unique opportunities for exploration and develop-
ing new green chemistry based biogenic processes for the
production of metal and metal oxide nanoparticles. Hope-
fully, this review will inspire much needed research in this
relatively new and unexplored field.
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