REVIEW

Biologically Produced Nanosilver:

BIOTECHNOLOGY
BIOENGINEERING

Current State and Future Perspectives

Liesje Sintubin, Willy Verstraete, Nico Boon

Laboratory of Microbial Ecology and Technology (LabMET), Ghent University, Coupure
Links 653, B-9000 Gent, Belgium; telephone: 432-9-264-59-76; fax: +32-9-264-62-48;

e-mail: nico.boon@ugent.be, www.labmet.Ugent.be

ABSTRACT: Silver nanoparticles are one of the most com-
mercialized nanomaterials. They are widely applied as bio-
cides for their strong antimicrobial activity, but also their
conductive, optic and catalytic properties make them
wanted in many applications. The chemical and physical
processes which are used to synthesize silver nanoparticles
generally have many disadvantages and are not eco-friendly.
In this review, we will discuss biological alternatives that
have been developed using microorganisms or plants to
produce biogenic silver. Until now, only their antimicrobial
activity has been studied more into detail. In contrast, a wide
range of practical applications as biocide, biosensor, and
catalyst are still unexplored. The shape, size, and functio-
nalization of the nanoparticles is defined by the biological
system used to produce the nanoparticles, hence for every
application a specific biological production process needs to
be chosen. On the other hand, biogenic silver needs to
compete with chemically produced nanosilver on the mar-
ket. Large scale production generating inexpensive nano-
particles is needed. This can only be achieved when the
biological production system is chosen in function of the
yield. Hence, the true challenge for biogenic silver is finding
the balance between scalability, price, and applicability.
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Introduction

Silver is used worldwide for its antimicrobial properties in
innumerous applications such as personal care products,
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medical devices, wound dressings, washing machines, and
computer keyboards (Edwards-Jones, 2009; Silver et al., 2006).
Its popularity is due to its activity towards a broad range of
microbial agents (Edwards-Jones, 2009; Elechiguerra et al.,
2005; Morones et al., 2005; Yoon et al., 2007) and its
relatively low toxicity towards humans (Lansdown, 2007).
The use of bulk silver as an antimicrobial dates back to
ancient times when water and wine were stored in silver
vessels to prevent spoilage (Silver et al., 2006; Rai et al.,
2009). In the 17th century, the silver ion (applied as the
nitrate salt) was used to heal ulcers and chronic wounds, a
therapy which probably originates from the Middle Ages
and Paracelcus (Klasen, 2000a). In the 19th century, it was
further used for the treatment of burns and the prevention
of ophthalmic diseases in newborns. During the first decades
of the 20th century, silver nitrate was still used to treat
wounds and burns, but around the Second World War
antibiotics treatments were developed and the interest in
silver faded (Edwards-Jones, 2009; Klasen, 2000a,b; Silver
et al., 2006). In 1965, the interest in silver revived thanks
to a publication of Moyer et al. (1965) who suggested to
use 0.5% of silver nitrate to treat burns. Silver sulphadiazine
was introduced a couple of years later and today, it is still
one of the most widely used burn therapies (Klasen, 2000b;
Storm-Versloot et al., 2010).

In the beginning of the 20th century, Barns recognized
that silver nitrate was caustic for the eyes of newborns and
he invented argyrol, a protein-stabilized silver colloid
(Silver et al., 2006). Around that same time, a similar
colloidal silver solution was commercialized as collargol.
These colloidal silver preparations were early nanosilver
formulations (Nowack et al., 2011). In fact, they were not the
earliest applications of silver nanoparticles. The Romans
used silver nanoparticles to color the glass of the famous
Lycurgus cup and also in later centuries nanosilver was
used to stain glass (Evanoff and Chumanov, 2005). In those
times, nanoparticles were not recognized as such and their
production happened unintentionally. It was not until more
recently that the term “nano” was introduced. The term
“nano” indicates structures with a size between 1 and
100 nm.
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Nanosilver is probably one of the most commercialized
nanomaterials. It is used in over 200 consumer products. As
an antimicrobial agent, it is applied in textiles, home water
purification systems, medical devices, cosmetics, electronics,
and household appliances (Maynard, 2007; Wijnhoven
et al,, 2009). Besides their antimicrobial features, silver
nanoparticles also have other interesting properties.
Nanosilver exhibits strong optical features making the
nanoparticles suitable for biological sensing and imaging
(Jain et al., 2008). Due to their high conductivity, silver
nanoparticles are applied in conductive inks, adhesives and
pastes for a range of electronic devices (Park et al., 2008).
Silver nanoparticles are also used as catalysts in several
chemical reactions such as the oxidation of styrene (Jiang
et al., 2005; Xu et al., 2006).

Originally, silver nanoparticles were synthesized using
chemical and physical methods such as liquid-phase
synthesis, high-temperature reduction, vapor-phase con-
densation, laser ablation, photoreduction, and electrolysis
(Abid et al., 2002; Mafune et al, 2000; Malynych and
Chumanov, 2003; Wang et al., 2002; Zhu et al., 2000). Each
method has advantages and disadvantages with common
problems being costs, scalability, and wide size distribution
(Evanoff and Chumanov, 2005). Also the instability of the
nanoparticles upon application can be problematic since
aggregation decreases the specific surface area lowering the
antimicrobial and catalytic activity (Mafune et al., 2000).
Moreover, customers and stakeholders demand eco-friendly
production processes to avoid the use of solvents and toxic
reagents. There are some green chemical methods reported
using for example polysaccharides in water as the reduction
medium (Huang and Yang, 2004; Vigneshwaran et al.,
2006b). However, the current green nanotechnology focuses

more on the use of biological systems to produce silver
nanoparticles. Since Klaus et al. (1999) reported that a silver-
resistant Pseudomonas stutzeri could produce silver nano-
particles, the number of publications using microorganisms
and later on also plants has increased exponentially (Klaus
et al., 1999). Although biological production shows a lot of
potential, the possibilities, such as upscaling, have not been
fully explored so far. Also about the application of biogenic
silver—as the biologically produced silver nanoparticles will
be called from now on—little is published. Therefore, in
addition to a critical overview of the existing literature about
biogenic silver, this review will focus on the perspectives for
upscaling and applications.

Production of Biogenic Silver

When silver nanoparticles are chemically produced, three
main components are needed: a silver salt (usually AgNO3),
a reducing agent (e.g., sodium borohydride) and a stabilizer
or capping agent (e.g., polivinylpyrrolidone) to control
the growth of the nanoparticles and prevent them from
aggregating (Ledwith et al., 2007). In the case of the
biological synthesis of silver nanoparticles, the reducing
agent and the stabilizer are replaced by molecules produced
by living organisms (Fig. 1). These reducing and/or
stabilizing compounds can be present in bacteria, fungi,
yeasts, algae, or plants (Gade et al., 2010; Narayanan and
Sakthivel, 2010). The reduction can happen enzymatically or
non-enzymatically and the stabilizer or capping agent is in
many cases a protein. Depending on the biological system or
biomass type used, a variety of nanoparticles with different
sizes has been reported (Table I). Also diverse shapes have
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Figure 1. Chemical (A) versus biological synthesis using bacteria (B). In the case of chemical synthesis, silver ions, provided as a silver salt, are reduced by a chemical
reducing agent forming a silver nucleus. The growth of the nucleus to a particle is controlled by a capping agent which also prevents aggregation by steric hindrance or
electrostatic repulsion. In the case of biological synthesis the reducing and capping agent are both provided by microorganisms or plants. In this example (B) the ions are

precipitated and stabilized by functional groups on the cell wall of bacteria.
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Table I. Overview bacteria, fungi, yeasts, and plants which synthesize silver nanoparticles with their size and shape.

Average nanoparticle size Nanoparticle
Species (distribution range; nm) shape Reference
Bacteria
Bacillus cereus 5 Spherical Babu and Gunasekaran (2009)
Bacillus licheniformis 40-50 — Kalishwaralal et al. (2008)
Bacillus thuringiensis 10-20 Various Jain et al. (2010)
Brevibacterium casei 10-50 Spherical Kalishwaralal et al. (2010)
Corynebacterium 5-15 — Zhang et al. (2005)
Escherichia coli 50 [42.2-89.6] Spherical Gurunathan et al. (2009)
Escherichia coli 40-60 — Natarajan et al. (2010)
Klebsiella pneumoniae 52.5 [28.2-122] — Shahverdi et al. (2007)
Lactobacillus farciminis 17.0 [14.3-19.7] Spherical Sintubin et al. (2009)
Lactobacillus fermentum 11.2 [10.3-12.1] Spherical Sintubin et al. (2009)
Lactobacillus plantarum 19.4 [16.8-21.9] Spherical Sintubin et al. (2009)
Lactobacillus rhamnosus 15.7 [13.6-17.8] Spherical Sintubin et al. (2009)
Pseudomonas stutzeri <200 Triangular, hexagonal, spherical Klaus et al. (1999)
Ureibacillus thermosphaericus 1-100 Spherical Juibari et al. (2011)
Lactobacillus sp. 15-500 Polymorphus Nair and Pradeep (2002)
Plectonema boryanum 1-15 Spherical Lengke et al. (2007a)
1-40 Spherical
5-200 Octahydral platelets
Staphylococcus aureus 160-180 — Nanda and Saravanan (2009)
Fungi
Aspergillus niger 20 Spherical Binupriya et al. (2009), Gade et al. (2008)
Aspergillus ochraceus 20 Spherical Vijayakumar and Prasad (2009)
Aspergillus oryzae var. viridis 5-50 Spherical Binupriya et al. (2010)
Cladosporium cladosproides 10-100 Spherical Balaji et al. (2009)
Coriolus versicolor (proteins) 10 Spherical Sanghi and Verma (2009a)
25-75 Spherical
Fusarium oxysporum 1.6 Spherical Duran et al. (2007)
Fusarium oxysporum (enzyme) 25412 — Kumar et al. (2007)
Fusarium solani 16.23 +0.78 [5-35] Spherical Ingle et al. (2009)
Neurospora crassa 11 Spherical, ellipsoidal Castro-Longoria et al. (2011)
Penicillium brevicompactum 58.35+17.88 — Shaligram et al. (2009)
Penicillium fellutanum 5-25 Spherical Kathiresan et al. (2009)
Phaenerochaete chrysosporium 50-200 Spherical Vigneshwaran et al. (2006a)
Pleurotus sajor-caju (protein) 30.5+4 Spherical Vigneshwaran et al. (2007b)
Plerurotus sajor-caju 5-50 Spherical Nithya and Ragunathan (2009)
Phoma glomerata 60-80 Spherical Birla et al. (2009)
Phoma sp. 3.2883 71.06 + 3.48 Spherical Chen et al. (2003)
Phyllanthus amarus (protein) 30 Spherical
Trichoderma viride 24 Spherical Fayaz et al. (2010b)
Trichoderma viride 10-40 Spherical Thakkar et al. (2010)
Verticillium sp. 25412 — Sastry et al. (2003)
Volvariella volvacea 15 Spherical, ellipsoidal Philip (2009)
Yeasts
Silver-tolerant strain MKY3 2-5 [2-20] Hexagonal, twinned cubic Kowshik et al. (2003)
Algae
Spirulina platensis 7-16 Spherical Govindaraju et al. (2008)
Plants
Agave americana 20 [5-50] Spherical Marciano et al. (2008)
Acalypha indica 20-30 — Krishnaraj et al. (2010)
Azadirachta indica 5-35 — Shankar et al., (2004)
Bryophyllum sp. 2-5 Spherical Jha et al. (2009)
Calotropis gigantea <20 Spherical Rajasekharreddy et al. (2010)
Carica papaya 20-40 Irragular Rajasekharreddy et al. (2010)
Chenopodium album 10-30 Spherical, triangular Dwivedi and Gopal (2010)
Cinnamomum camphora 55-80 Triangles, anisotropic Huang et al. (2007)
Cinnamomum camphora 5-80 Flat, rods Huang et al. (2008)
40-50 Nanowires
Citrus aurantium 20-40 Irragular, ellipsoidal Rajasekharreddy et al. (2010)
Coriandrum sativum 26 [8-75] Spherical Sathyavathi et al. (2010)
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Table I. (Continued)

Average nanoparticle size

Nanoparticle

Species (distribution range; nm) shape Reference
Cyprus sp. 2-5 Spherical Jha et al. (2009)
Datura metel 20-40 Irragular Rajasekharreddy et al. (2010)
Emblica officinalis 16.8 [7.5-25] Spherical Ankamwar et al. (2005)
Garcinia mangostana 35 [6-57] Spherical Veerasamy et al. (2011)
Gliricidia sepium 27 [10-50] Spherical Rajesh et al. (2009)
Hibiscus rosa sinensis 13 Spherical, anisotropic Philip (2010a)
Hydrilla sp. 2-5 Spherical Jha et al. (2009)
Jatropha curcas 15-25 Spherical Bar et al. (2009)

30-50 Spherical

Jatropha curcas <20 Spherical Rajasekharreddy et al. (2010)
Medicago sativa 5-51 Spherical Lukman et al. (2011)
Parthenium hysterophorus 50 [30-80] Irragular Parashar et al. (2009)
Solanum melongena Rajasekharreddy et al. (2010)
Syzygium aromaticum — — Singh et al. (2010)
Tetrapanax papyriferus <100 Cubic crystals Zeng et al. (2007)
Tridax procumbens <20 Spherical Rajasekharreddy et al. (2010)

been constructed, with spherical particles being predomi-
nant. These nanoparticles are situated intracellularly or
extracellularly on the cell wall when whole cells are used for
the nanoparticle production or they are produced extracel-
lularly in the cell supernatant (Narayanan and Sakthivel,
2010). The latter case allows the use of cell free extracts,
containing the reducing and stabilizing agents, to produce
biogenic silver minimizing the post-production extraction
and purification of the nanoparticles.

Reduction Mechanism

The exact biological reduction mechanism of Ag™ to Ag’ is
not fully understood, but generally enzymatic reduction
can be distinguished from non-enzymatic reduction. In
the current section, both reduction mechanisms will be
generally discussed. However, for the detailed reduction
reactions we refer to the specific research publications or the
review written by Duran et al. (2011).

Mukherjee et al. (2001a) were among the first to suggest
that enzymes might be responsible for the reduction of silver
ions. They only observed the formation of silver nanopar-
ticles on the mycelia of Verticillium sp. cells and not into
solution. Therefore, they concluded that Ag" was trapped by
negatively charged carboxylated groups of enzymes in the
cell wall and subsequently was reduced there. Also Ahmad
et al. (2003) believed that enzymes played a role in the
production of silver nanoparticles by the fungus Fusarium
oxysporum. With a protein assay they proved that the
responsible enzyme was an NADPH-dependant reductase.
This was confirmed by Kumar et al. (2007), who extracted
a-NADPH-dependent nitrate reductase from F. oxysporum
and used the pure enzyme to synthesize nanoparticles.

One of the disadvantages of the enzymatic reduction of
silver is the slow rate of the reaction. The time required for
reduction ranges has varied between 24 and 120 h, although
Shahverdi et al. (2007) developed a rapid synthesis process
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using Enterobacteria supernatants. Within 5min the
supernatant of Klebsiella pneumonieae, Escherichia coli,
and Enterobacter cloacae turned brown, indicating the
formation of nanosilver. The addition of piperitone, an
inhibitor of nitroreductases, prevented the production of
nanoparticles, pointing out that the oxygen-insensitive
nitroreductase NfsA is a keyplayer in the reduction of silver.
Also Bacillus licheformis uses a nitrate reductase to reduce
silver ions (Kalishwaralal et al., 2008).

The non-enzymatic reduction of silver is based on the
chemical reduction, but in this case the reducing and
stabilizing compounds are produced by microorganisms or
plants (Kumar and Yadav, 2009; Sharma et al., 2009;
Sintubin et al., 2009). Generally, the stabilizing compounds
are proteins which cap the nanoparticles and prevent them
from aggregation (Binupriya et al., 2010; Sathyavathi et al.,
2010; Zhang et al., 2005). Reducing compounds, on the
other hand, can be very diverse depending on the biomass
type and/or species used. Lin et al. (2005) and Sintubin et al.
(2009) reported the role of reducing sugars such as glucose
being responsible for the reduction by Lactobacillus
sp. bacteria. In the case of the fungus Phaenerochaete
chrysosporium and honey, reducing sugars were mentioned
to be the reducing agents as well (Philip, 2010b;
Vigneshwaran et al., 2006a). The combination of reducing
sugars and terpenoids were responsible for silver reduction
in the case of neem leaf broth (Shankar et al., 2004). In
addition to being capping agents, proteins also have been
mentioned as reducing compounds in the case of the plants
Capsicum anuum, Hibiscus rosa sinensis and Coriandrum
sativum (Li et al., 2007; Philip, 2010a; Sathyavathi et al,,
2010). For plants polyols, eugenol, quinines, and phyllantin
have been also reported as reducing agents (Huang et al,,
2008; Jha et al., 2009; Kasthuri et al., 2009; Singh et al., 2010).

The non-enzymatic reduction is often fast, taking only a
couple of minutes (Shankar et al., 2004; Sintubin et al,,
2009). Moreover, the non-enzymatic production of silver
nanoparticles can handle more extreme parameters such as a



high pH or temperature which possibly can accelerate
the synthesis rate. For example, at a pH of 11.5, Sintubin
et al. (2009) succeeded in producing nanoparticles with
Lactobacillus sp. within one minute. Also Sanghi and Verma
(2009a), Fu et al. (2006) and Govindaraju et al. (2008)
noticed a faster reaction rate when working in alkaline
conditions. Not only do alkaline conditions increase
the reaction rate, they can enhance recovery as well.
The recovery with Lactobacillus fermentum at pH 11.5 was
1.6 times higher compared to the recovery at pH 7, and
6.4 times higher compared to pH 2 (Sintubin et al., 2009).
Lengke et al. (2007a) also noticed a higher silver recovery
when increasing the temperature: at 100°C all silver was
taken up by the biomass. Also Zhang et al. (2005) and
Huang et al. (2008) reported that higher temperatures
were favorable for reduction, increasing the reduction rate
(Kaviya et al., 2010; Zhang et al., 2005). Finally, the non-
enzymatic reduction of silver allows to work with AgNO;
concentrations of 1-10gL~" which is 10-100 times higher
than for enzymatic reduction (0.0I—O.IgL_l) (Sintubin
et al., 2009; Zhang et al., 2005, 2007).

The Use of Whole Cells or Cell Extracts

For the production of biogenic silver whole cells or cell
extracts can be used. When whole cells are used, silver
reduction can happen intracellularly, as in the case of
P. stutzeri and Verticillium sp. (Klaus et al., 1999; Mukherjee
et al., 2001a), or extracellularly with the formation of silver
nanoparticles on the cell wall in the case of Lactobacillus sp.
(Nair and Pradeep, 2002; Sintubin et al., 2009). Another case
of extracellular synthesis is the formation of nanoparticles in
the medium or supernatant by reducing and capping agents
excreted by microorganisms or plants (Duran et al., 2007;
Kowshik et al., 2003). Since these nanoparticles do not need
whole cells for their synthesis, they can be produced with a
cell-free extract. In the case of microorganisms, such cell
extracts can be made in two ways: (1) by washing the
biomass and dissolving the cells in water or a buffer for a
certain amount of time to extract the reducing compounds
(Binupriya et al., 2010; Duran et al., 2007), or (2) by using
the medium in which the biomass has grown (Nanda and
Saravanan, 2009; Nithya and Ragunathan, 2009). The latter
might contain in addition to excreted microbial compo-
nents, such as enzymes or carbohydrates, also reducing
compounds originating from the medium. Hence, one must
take into account that the production of silver nanoparticles
might not entirely be biological. In the case of plants,
extracts are the most common formulation to produce silver
nanoparticles. They are usually made by soaking fresh or
dried plant material in cold or boiling water (Philip, 2010a;
Sathyavathi et al., 2010; Veerasamy et al., 2011).

Cell extracts and whole cells are constituted out of a large
variety of biological molecules, such as carbohydrates,
proteins and nucleic acids, or structures, such as cell wall,
S-layers or cuticula, thus usually contain more than one

reducing and/or capping agent. Weak reducing agents
usually produce larger nanoparticles and strong reducing
agents smaller nanoparticles (Tolaymat et al., 2010); hence, a
combination of them with various capping agents will lead
to the production of nanoparticles with a wide range of sizes
and shapes or a high polydispersity. This is what generally
happens when silver nanoparticles are produced biological-
ly, which is in contrast to chemical production processes
which use only one reducing agent and create more
monodisperse nanoparticles (Binupriya et al., 2010). To
avoid this heterogeneity, a possibility in the biological
production process is the use of biological molecules or
cellular structures extracted from eukaryotic or prokaryotic
cells, which will give rise to more monodisperse silver
nanoparticles. Chen et al. (2008), for example, used the
separated squama inner coat of an onion as a template for
silver reduction and created monodisperse spherical
nanoparticles with a size between 4.6 and 7.9 nm (Chen
et al., 2008). The extraction and purification of these
biomolecules to produce monodisperse nanoparticles, will
require one or more extra steps in the production process
and, therefore, will be more time-consuming and less
economic. An economic exception would be the use of
simple molecules such as reducing sugars and polysacchar-
ides. Since microorganisms and plants exist of highly
organized structures, the cells or biomass parts can be used
as a template for nanoparticle precipitation with an external
reducing agent. Zeng et al. (2007) precipitated silver
nanoparticles in the pores a rice-paper plant with NaBH,
as a reducing agent. Saifuddin et al. (2009), on the other
hand, treated a Bacillus subtilis extract with microwave
irradiation to create nanoparticles. Also Marciano et al.
(2008) applied microwave irradiation to reduce the silver
ions adsorbed to the plant cuticula of Agave Americana.

Biogenic Versus Chemically Produced
Nanoparticles

One of the main advantages of biogenic silver compared
to chemically produced nanosilver, is its green synthesis
avoiding organic solvents and toxic reagents. Moreover,
the biological production of nanoparticles allows [one] to
recycle silver containing waste streams, for example, photo
processing wastewater (Kononova et al., 2007; Nakiboglu
et al., 2003; Nowack, 2010; Veglio and Beolchini, 1997;
Wang et al., 2009). The recycling, recovery, and regenerating
of this silver is important due to limited resources and the
fluctuating market prices. Moreover, the biological produc-
tion of silver nanoparticles converts a waste stream into a
product with an added value as biocide, catalyst or biosensor
(Hennebel et al., 2009). In addition, the reducing microbial
or plant material used for recycling could also be a waste
stream recovered from food or agricultural processes
(Rajani et al., 2010). When the biomass would not be
able to precipitate silver, it could still be used as a template
for nanoparticle formation in combination with microwave
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irradiation or the addition of an external reducing agent.
The biological production of biogenic silver has an
additional advantage when whole microbial cells are used:
when non-toxic AgNO; concentrations are used, the cells
can synthesize silver nanoparticles without dying, creating
the possibility for a continuous production process
(Mukherjee et al., 2001a).

Upon application in liquid environments, chemically
produced nanoparticles are known to aggregate to larger
clusters (Mafune et al., 2000). This decreases their high
specific surface area and therefore also their catalytic and
antimicrobial activity. Biogenic silver, however, can be stable
over large periods of time. Bfilainsa and D’Souza (2006)
noticed that the extracellularly produced nanoparticles of
Aspergillus fumigates were stable for 4 months and Saifuddin
et al. (2008) even found the particles synthesized with
B. subtilis to be stable for 6 months (Bfilainsa and D’Souza,
2006; Saifuddin et al., 2009). Sintubin et al. (2011b) found
biogenic silver produced with L. fermentum to be stable
upon application. These nanoparticles were still associated
with the matrix of the bacteria; hence the bacterial cell wall
structures prevented aggregation by covering the nanopar-
ticles which lead to an antibacterial activity which was
20 times higher compared to chemically produced nano-
particles. The latter formed large clusters during application
(Sintubin et al., 2011b).

Moreover, the biological molecules, mostly proteins, and
even whole cells which stabilize biogenic silver, easily allow
functionalization of the nanoparticles with other biomole-
cules (Hennebel et al., 2009). Functionalization can increase
the antimicrobial activity by improving the interactions with
microorganisms (Botes and Cloete, 2010), or can make
the nanoparticles useful for biomedical sensing or imaging
(Khlebtsov and Dykman, 2010).

Finally, the formation of nanoparticles on biomass also
allows easy separation of the nanoparticles from the reaction
medium or up-concentration by centrifugation (Sintubin
et al., 2009).

Current Applications

Although in the beginning research was mainly focused on
the production of biogenic nanosilver and the finding of
new species being able to reduce silver, more recently, their
potential applications are more explored.

Antimicrobial Properties

Because of their strong antimicrobial properties, silver
nanoparticles are applied in a large variety of applications
to control microbial growth. The antimicrobial activity,
however, depends on the size of the nanoparticles. The
smaller the nanoparticles, the higher the specific surface area
and therefore also their activity (Lok et al., 2007; Morones
et al., 2005; Pal et al., 2007). Pal et al. (2007) also discovered
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that the shape of the nanoparticles was of importance, with
triangular nanoparticles displaying a higher antibacterial
activity. Furthermore, the type of molecule which stabilizes
the nanoparticles can influence the activity by altering the
interaction with the target microorganisms (Cho et al., 2005;
Goodman et al., 2004). Because each type of biogenic silver
is unique due to their size, shape and the proteins or other
bio-molecules which functionalize their surfaces, it is
important to thoroughly characterize their antimicrobial
activity in order to formulate the most effective concentra-
tion for every application.

Commonly used techniques to determine the antimicro-
bial activity of biogenic silver, are the minimal inhibitory
concentration (MIC), the minimal bactericidal concentra-
tion (MBC), time-kill, the half effective concentration
(ECs), well-diffusion method and disk-diffusion method
(Table II). Depending on the technique used, different
information can be gathered which is useful for certain
applications. For example, in the case of applications which
prevent microbial growth it is useful to determine the MIC.
On the other hand, the MBC is a more valuable parameter
for applications which do not only prevent microbial growth
but also treat microbial contaminations. However, since
each researcher uses the method which suites him most
against the species and strain which interests him most, it is
very hard to compare the antimicrobial activity between the
different types of biogenic silver. This is shown in Table II
where the concentrations of MIC and MBC range from 10 to
200mgL~" and the disk- and well-diffusion tests are
characterized by 0-15mm of zone of inhibition (ZOI).
Additional factors which might influence the antimicrobial
activity of biogenic silver, are the composition of the
medium in which the test occurs, and the starting
inoculums. Taking all these factors into consideration,
it is clear standardized protocols are needed to test the
antimicrobial activity of biogenic silver. The European
Committee for Standardization, the International
Organization of Standardization and the Clinical and
Laboratory Standards Institute already provide protocols
which define the criteria which have to be fulfilled during
antimicrobial susceptibility testing. A couple of parameters
which are outlined, are the cell concentration of the
inoculum, the number of replicates which need to be
made for a representative test, the use of a neutralizer and
the necessary controls. These protocols also specify how
the result of an antimicrobial susceptibility test should be
interpreted (CALS, 2008; International Organization of
Standardization, 2007; NEN-EN, 1997).

The antimicrobial activity of silver nanoparticles is still
not fully understood. It is generally believed that three
different mechanisms determine the antimicrobial activity
of silver nanoparticles: (1) direct physical contact between
the nanoparticles and the microbes causing structural
damage (Kim et al., 2007; Sondi and Salopek-Sondi, 2004);
(2) the generation of reactive oxygen species (ROS)
damaging the membrane (Kim et al., 2007; Kumar et al.,
2003); (3) the slow release of silver ions which interfere with



Table 1L

Overview of the antimicrobial activity of biogenic silver produced by different biological systems (biomass type and whole cell/cell extract).

Biomass type

Whole cell/
Cell extract

Antimicrobial
method

Pathogen

Inhibition

Reference

Aspergillus oryzae (fungus)
Tetrapanax papyriferus (plant)

Staphylococcus aureus (bacterium)

Pleurotus sajor caju (fungus)

Acalypha indica (plant)

Camellia sinensis (plant)

Cinnamomum zeylanicum (plant)
Aspergillus clavatus (fungus)

Phoma glomerata (fungus)

Aspergillus ochraceus (fungus)

Gliricidia sepium (plant)

Pleurotus sajor-caju (fungus)

Lactobacillus fermentum (bacterium)

Bacillus thuringiensis (bacterium)

Cell extract

Whole cell

Cell extract

Cell extract

Cell extract

Cell extract
Cell extract
Cell extract

Cell extract

Whole cell

Cell extract

Cell extract

Whole cell

MIC? in liquid
broth
MIC on agar

Well-diffusion
method

Well-diffusion
method

MIC in
liquid broth

MIC on agar
ECso”
Well-diffusion
method
Disk-diffusion
method

Disk-diffusion
method
Time kill

Disk-diffusion
method

Well-diffusion
method

MIC

MBC*®

Disk-diffucion
method

Staphylococcus aureus

Escherichia coli
Candida albicans
MRSA

MRSE
Streptococcus pyogenes
Salmonella Typhi
Klebsiella pneumoniae
Vibrio cholerae
Pseudomonas aeruginosa

Escherichia coli
Staphylococcus aureus
Escherichia coli

Virbrio cholerae

Vibrio harveyi

Escherichia coli
MRSA

MRSE

MRSA
MRSE
Escherichia coli

Staphylococcus aureus
Pseudomonas aeruginosa
Escherichia coli
Bacillus subtilis
Staphylococcus aureus

Escherichia coli
Pseudomonas aeruginosa
Klebsiella pneumoniae
Staphylococcus aureus

Klebsiella pneumoniae
Escherichia coli
Pseudomonas aeruginosa
Staphylococcus aureus
Escherichia coli
Pseudomonas aeruginosa
Staphylococcus aureus
Escherichia coli

Pseudomonas aeruginosa

Staphylococcus aureus

50mgL ™!

14.1mgL™"
28.1mgL™"
ZOI (2 pg)

ZOI (2 pg)
ZOI (2 pg)
ZOI (2 pg)
ZOT (2 pg)
No ZOI (2 pg)
701

701
701
10mgL™!

10mgL™!
35mgL™!
1lmgL™!
ZOI (10 L)

ZOI (10 pL)

ZOI (10 uL)
ZOI (10 uL)
ZOI (15pL)

ZOI (15pL)
ZOI (15 L)
2h (7mgL’1)
2h (7mgL71)
ZOI (50 pL)

ZOI (50 pL)

ZOI (50 pL)

ZOI (50 pL)
ZOI

701
125mgL™"
125mgL™"
50mgL !
25mgL~!
100mgL™"
200mg L~
13 mm ZOI

(50 pgmL ")
15mm ZOI
(50 pdg.mLfl)
9mm ZOI
(50 pgmL™")

Binupriya et al. (2010)
Zeng et al. (2007)

Nanda and Saravanan (2009)

Nithya and Ragunathan (2009)

Krishnaraj et al. (2010)

Vaseeharan et al. (2010)

Sathishkumar et al. (2009)
Saravanana and Nanda (2010)

Birla et al. (2009)

Vijayakumar and Prasad (2009)

Rajesh et al. (2009)

Vigneshwaran et al. (2007b)

Sintubin et al. (2011b)

Jain et al. (2010)

For each type of biogenic silver, the used antimicrobial method and pathogens are given. The antimicrobial activity is described as the concentration
needed to inhibit pathogens (MIC), the necessary time (log kill) or the presence of a zone of inhibition (ZOI) (well-diffusion and disc-diffusion method).
In the latter case, the applied biogenic silver concentration or volume is given where possible.

*MIC = minimal inhibitory concentration.

YEC50 = half effective concentration.

‘MBC = minimal bactericidal concentration.
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the DNA replication and inhibit enzymes by reacting with
thiol groups (Feng et al., 2000; Liau et al., 1997; Morones
et al., 2005). In the case of biogenic silver, however, the
nanoparticles are coated with functional groups or cell parts
of microorganisms or plants which can influence the
antimicrobial activity. Sintubin et al. (2011b), for example,
examined the mechanism of biogenic silver produced with
L. fermentum and discovered the release of silver ions being
the dominant factor, while the influence of ROS formation
and direct contact seemed to be negligible. In this study, the
silver nanoparticles were fixed on the cells of L. fermentum,
which might have prevented true physical contact with the
target bacteria, thus it cannot be excluded that direct contact
might be an important antimicrobial mechanism for other
types of biogenic silver (Sintubin et al., 2011b).

Water Treatment

Silver is a popular disinfectant for the treatment of drinking
water. Aquapure and QSI-Nano, for example, are commer-
cially available home water purification systems (Maynard,
2007). These systems contain chemically produced nano-
particles. De Gusseme et al. (2010) was the first who
investigated the use of biogenic silver, produced with
L. fermentum, for the removal of viruses out of drinking
water (De Gusseme et al., 2010). A concentration of
54mgL~" biogenic silver eliminated the two model
viruses—bacteriophage UZ1 and murine norovirus 1
(MNV-1)—within 1-3h. To disinfect drinking water in a
continuous way, biogenic silver was coated on a cartridge
filter which greatly enhanced the antiviral activity compared
to an uncoated filter. In a second paper, they used biogenic
silver powder immobilized in PVDF membranes for the
removal of viruses from drinking water (De Gusseme et al.,
2011). A virus decline of more than 3 log was observed at a
flux rate of 72 L m~2h ', The antiviral activity was the result
of the slow release of Ag". This means that in time the
antiviral activity will decrease making the membrane
technology not applicable for long-term and large-scale
continuous water treatment. However, for small scale water
treatment, these membranes show a lot of potential.

The same research group also investigated the influence
of biogenic silver produced with L. fermentum on solar
disinfection (SODIS). They found that low concentrations
of biogenic silver enhanced SODIS during the first 3h of
disinfection. Moreover, the presence of biogenic silver
prevented regrowth of bacteria during storage. This was in
contrast with SODIS alone or when TiO, was used in
combination with SODIS (Sintubin et al., 2011a).

At their turn, Vaseeharan et al. (2010) used biogenic silver
synthesized with tealeaf extract to combat Vibrio infections
in shrimps. Concentrations above 35 ug cm ™ removed 95%
of Vibrio harveyi. At the same time, the mortality of the
shrimp Feneropenaeus indicus was decreased with 71% over
a period of 14 days compared to the control. This indicates
that biogenic silver can be an alternative for antibiotic
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treatment in aquaculture. However, more research is needed
on the toxicology and bioaccumulation of biogenic silver.

Medical Applications

Because of the emergence of antibiotic-resistant bacteria and
the increasing number of hospital-acquired infections, the
interest to use silver in the medical field is rising (Chaloupka
et al., 2010). Nanosilver not only possesses a broad anti-
microbial activity but also has a anti-inflammatory effect
(Nadworny et al., 2010) and accelerates wound-healing
(Tian et al., 2007). This makes silver nanoparticles suitable
for several biomedical applications such as implantable devices,
catheters and wound dressings (Chaloupka et al., 2010).

To fight multi-resistant bacteria, Fayaz et al. (2010a)
tested the synergetic of biogenic silver, produced with the
fungus Trichoderma viride, with several antibiotics such as
kanamycin, erythromycin, chloramphenicol, and ampicillin
against a range of bacteria. Biogenic silver increased the
size of ZOI for every combination, but the effect was the
highest for the combination with ampicillin. Gajbhiye et al.
(2009) performed a similar experiment with biogenic silver,
produced with the fungus Alternaria alternate, in combina-
tion with fluconazole against a series of fungi. They saw
a significant enhancement of the antifungal activity of
fluconazole in the presence of biogenic silver.

Nanda and Saravanan (2009) used only biogenic silver,
produced with Staphylococcus aureus, against a range
of resistant bacteria. The highest activity was seen
against methicillin-resistant S. aureus, methicillin-resistant
Streptococcus epidermidis and Streptococcus pyogenes. The
other bacteria were only moderate susceptible (Nanda and
Saravanan, 2009).

Although these three examples indicate that biogenic
silver is active against antibiotic-resistant bacteria and fungi,
it is not clear if they can be applied in medical devices.
As Chaloupka et al. (2010) previously mentioned, biogenic
silver synthesized with microorganisms could possibly cause
a contamination with pathogens when used in biomedical
applications. In concrete terms, biogenic silver synthesized
with a conditional pathogen such as S. aureus might still
contain living cells causing infection upon application in
wound dressings. Also the biocompatibility of biogenic silver
could be an issue (Chaloupka et al., 2010). Hence, the toxicity
and biocompatibility need to be thoroughly tested before
biogenic silver can be implied in medical applications.

Challenges and Future Perspectives

Production and Upscaling

To economically compete with chemically produced
nanoparticles, biogenic silver needs to be produced in
large scale to suppress costs. Nevertheless, until now reports
of the large-scale biosynthesis of silver nanoparticles are
rare. Huang et al. (2008) reported the continuous-flow



production  (0.5-1mLmin"') of nanosilver with
Cinnamonum camphora. Although the continuous synthesis
of silver nanoparticles is important for future industrial
production, Huang et al. (2008) performed their research in
a tubular micro-reactor using volumes of 50 mL. Therefore,
it is still not proven that large-scale production of biogenic
silver is possible.

Many times, the choice of microorganisms and especially
plants to produce silver nanoparticles is based on the
added value of the biological material itself. For example,
the algal cells of Spirulina platensis was chosen because it
also possesses pharmaceutical and neutraceutical properties
(Govindaraju et al., 2008), whereas plants such as Acalypha
indica, Aloe vera, and Indian propolis are known for their
medicinal properties (Chandran et al., 2006; Krishnaraj
etal., 2010; Roy et al., 2010). Although this is very interesting
for future applications, one must also take into account the
production efficiency of the chosen biological system and
the coupled costs. More specifically, high productivity is
needed combining high titer and short production times.
Rapid growing microorganisms, for example, have been
genetically engineered to overexpress metal binding phyto-
chelatins (Park et al., 2010).

There are two main factors which largely determine the
costs of the large scale production of biogenic silver
nanoparticles: the price of the biomass or biological material
and the price of AgNO;. The price of the biomass is
influenced by its cultivability: the more biomass can be
achieved in a short amount of time, the cheaper it is. Also the
type of biomass will define the price. Plant material is often
cheaper than microbial biomass (Raskin, 1996; Raskin et al.,
1997). Moreover, the use of plant extracts eliminates the
maintenance of a microbial culture, which can be an
elaborate process (Sathyavathi et al.,, 2010). However, the
use of extracted and purified bio-molecules, such as
enzymes, even if they originate from plants is less economic
(Kumar et al., 2007). A cheaper alternative for using pure
cultures or plants, could be the waste products of large
scale industrial fermentation processes like beer breweries,
or agricultural crop waste.

The price of AgNOj; is determined by the stock market
and/or the supplier. The last years, the silver price has
increased substantially. In contrast to the biomass, the price
of AgNOj; cannot be influenced by the production process.
Therefore, it is the recovery of the added AgNO; which,
together with the price of the biomass, defines the actual cost
of the production of biogenic silver. In other words, the
production yield should be high enough avoiding the loss of
unreduced silver ions and the coupled wastewater treatment
costs. This means that the reduction capacity of the biomass
needs to be high enough. Hence, the choice of the
microorganism or plant to produce silver nanoparticles at
industrial scale should be rather focused on its reducing
capacity, instead of on its additional medicinal or
pharmaceutical value. The silver recovery can also be
increased by varying the AgNOjbiomass ratio towards
more biomass and less silver, increase the reaction time or

change physical parameters such as pH and temperature
(Govindaraju et al., 2008; Lengke et al., 2007a; Sintubin
et al., 2009; Vigneshwaran et al., 2007a; Zhang et al., 2005,
2007). It must be taken into account, however, that changing
the reaction parameters might also influence the physico-
chemical characteristics of the nanoparticles such as shape
and size.

Bimetallic and Trimetallic Nanoparticles

When silver is merged with another metal forming
bimetallic nanoparticles, the properties of both metals can
be combined creating nanoparticles with enhanced activity.
The metals can be present in an alloy or a core/shell structure
(Toshima, 2008). The combination of silver with other
metals can form nanoparticles with enhanced antimicrobial
or catalytic features (Nino-Martinez et al., 2008; Toshima
and Yonezawa, 1998). One step further than bimetallic
nanoparticles, are trimetallic nanoparticles which form even
more powerful catalysts according to Toshima (2008).

The reports on biogenic bimetallic nanoparticles contain-
ing silver are rather few and on biogenic trimetallic
nanoparticles they are non-existent. The first reported
biogenic bimetallic nanoparticles contained a gold core
surrounded with a silver shell, and were produced using a
plant-extract of Neem leaves (Shankar et al., 2004). More
recently, also the algae S. platensis and the fungi Fusarium
semisectum, Volvariella volvacea and Neursospora crassa were
able to synthesize silver—gold bimetallic nanoparticles
(Basavaraja et al., 2008; Castro-Longoria et al, 2011;
Philip, 2009). This particular metal combination might
not be surprising since the mentioned organisms were
proven previously to produce monometallic gold and silver
nanoparticles. Thus, most probably other organisms
which are able to produce silver nanoparticles and other
monometallic nanoparticles, could combine these metals
creating bimetallic or even trimetallic nanoparticles.
Table III gives an overview of organisms of which has
been reported that they produce in addition to silver also
other metal nanoparticles and which might be interesting
candidates for the biogenic production of bimetallic and
trimetallic nanoparticles.

Functionalization

Functionalization is the modification of the surface of nano-
particles with organic or inorganic ligands, adding more
attractive features to the nanoparticles. Functionalization
can improve the stability of the nanoparticles and their
compatibility, but also their self-organization in more
complex structures or meta-structures (Neouze and
Schubert, 2008). Functionalization can also improve the
interaction of nanoparticles with other molecules. For
example, it can enhance the adsorption of substrates on
silver catalysts, or the added ligand can improve the
detection of molecules by silver biosensors (Kennedy et al.,
2011; Zhang et al., 2011).
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Table III.

Species which can produce, in addition to nanosilver, other nanoparticles.

Species Nanoparticles Reference
Aspergillus niger (fungus) Au Bhambure et al. (2009)

Aspergillus oryzae (fungus) Au Binupriya et al. (2009)

Azadirachta indica (plant) Au Shankar et al. (2004)

Bacillus licheniformis (bacterium) Au Kalishwaralal et al. (2009)

Brevibacterium casei (bacterium) Au Kalishwaralal et al. (2010)

Chenopodium album (plant) Au Dwivedi and Gopal (2010)

Cinnamomum camphora (plant) Au, Pd Huang et al. (2007), Yang et al. (2009)

Citrus aurantium (plant) Au Rajasekharreddy et al. (2010)

Coriolus versicolor (fungus) CdS Sanghi and Verma (2009b)

Emblica officinalis (plant) Au Ankamwar et al. (2005)

Escherichia coli (bacterium) Au Du et al. (2007)

Fusarium oxysporum (fungus) Au, CdS, Pt, Zr Ahmad et al. (2002), Bansal et al. (2004), Mukherjee et al. (2002), Riddin et al. (2006)
Hibiscus rosa sinensis (plant) Au Philip (2010a)

Klebsiella pneumoniae (bacterium) Se Fesharaki et al. (2010)

Lactobacillus sp. (bacterium) Au, Ti Nair and Pradeep (2002), Prasad et al. (2007)
Medicago sativum (plant) Au, Pt Bali et al. (2010), Gardea-Torresdey et al. (2002)
Neurospora crassa (fungus) Au Castro-Longoria et al. (2011)

Penicillium sp. (fungus) Au Du et al. (2010)

Phyllanthus amarus (fungus) Au Kasthuri et al. (2009)

Plectonema boryanum (bacterium) Au, Pd, Pt Lengke et al. (2006a), Lengke et al. (2006b), Lengke et al. (2007b), Lengke et al. (2006¢)
Pseudomonas stutzeri (bacterium) Cu Varshney et al. (2010)

Solanum melongena (plant) Au Rajasekharreddy et al. (2010)

Spirulina platensis (algae) Au Govindaraju et al. (2008)

Syzygium aromaticum (plant) Au Deshpande et al. (2010)

Verticillium sp. (fungus) Au Mukherjee et al. (2001b)

Volvariella volvacea (fungus) Au Philip (2009)

Biogenic silver is already functionalized with organic
ligands, such as proteins, polysaccharides, or polyols,
originating from the biomass used to produce the
nanoparticles. As a result, biogenic nanoparticles are often
more stable compared to chemical nanoparticles. In the case
of biogenic silver produced with L. fermentum, for example,
the nanoparticles were stabilized on a whole cell resulting
in an antibacterial activity which was up to 20 times
higher compared to chemically produced nanoparticles
(Sintubin et al., 2011b). However, the exact outcome of
this functionalization in terms of activity and behaviour of
the nanoparticles, is not known for other types of biogenic
silver and needs to be studied into detail for each type of
biogenic silver. On the other hand, the nanoparticles can be
functionalized further with new molecules. The organic
groups originating from the stabilizing biogenic molecules,
allow easy conjunction with new ligands such as antibodies
and DNA altering the nanoparticles in such a way that they
could be implemented in very specific areas of application.
In the case of biosensors, for example, the originating
silver probe can bind with a target (e.g., cancer proteins)
resulting in a change in the resonance frequency which can
be detected with surface enhanced RAMAN spectroscopy
(Kennedy et al., 2011; Zhang et al., 2011).

Future Applications

In theory, biogenic nanoparticles can be implemented in
every possible application which already uses chemically
produced silver nanoparticles, for example, as catalysts and
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biosensors, in antimicrobial surfaces, biomedical applica-
tions, etc. At the moment, a lot of studies have been
performed to analyze the general antimicrobial activity of
biogenic silver. However, except for water disinfection
treatments, the implementation of biogenic silver into
practical applications has not been studied intensively,
creating a major field of unexplored possibilities. The
antimicrobial activity of silver nanoparticles in combination
with their anti-inflammatory and wound healing features,
makes them interesting for biomedical applications such as
bandages for the treatment of burns (Rodriguez-Carmona
and Villaverde, 2010). As stated earlier, one must take into
account that the microbial fabrication of biogenic silver
could possibly cause a contamination with pathogens and
subsequent infection (Chaloupka et al., 2010). Hence,
biogenic silver produced with pathogenic bacteria or fungi
such as S. aureus and Aspergillus niger is not implementable
in this case. Instead, biogenic silver produced with probiotic
microorganisms or plants forms a better alternative.
Moreover, certain plants have medical properties which
could give an added value to the nanoparticles. Nevertheless,
the biocompatibility and toxicity must be tested carefully for
every type of biogenic silver. The number of antimicrobial
applications for biogenic silver does not limit itself to water
treatment and the biomedical field but can also be extended
to food packages, textiles, and self-cleaning coatings of
computer keyboards and mobile phones. Just as for
biomedical applications, pathogens should not be the first
choice for the production of biogenic silver for these cases.
Instead, probiotics or food-related bio-systems, such as



eatable mushroom, are preferable production systems
(Philip, 2009).

Silver nanoparticles are important catalysts for the
oxidation of olefins, such as styrene, to epoxides and
aldehydes (Chimentao et al., 2004). On the other hand, an
unexplored field for silver catalysts could be the removal of
pollutants from wastewater or air. Although it might be less
important for a catalyst if biogenic silver is produced with a
pathogenic microorganism or not, the choice of the biomass
type is still crucial. The reason can be found in the shape-
and size-dependent activity of the catalyst (Chimentao
et al., 2004; Xu et al., 2006). Moreover, it is essential that
the nanoparticles are synthesized extracellularly in the
supernatant or on the cell wall. In the case of intracellular
nanoparticles, the nanoparticle-surface is covered in layers
of organic material and inaccessible for the substrates,
preventing catalysis by the nanoparticles.

As noble metals, silver nanoparticles interact with visible
light creating a plasmon band. Due to this optical feature,
nanosilver can be used in biosensing and imaging. Since
the plasmon resonance depends on the size and shape of
the nanoparticles, the biomass type used for the production
of biogenic silver will also be important in this case (Mock
et al., 2002; Mulvaney, 1996).

All of the above examples indicate that a application-
directed production is needed in the future, in which the
biological system to produce biogenic silver is chosen in
function of the application. This will have many advantages
in terms of biocompatibility and activity.

Conclusions

Biogenic silver is due to its green synthesis and stable
nanoparticles an interesting alternative for chemically
produced nanoparticles. However, the large scale produc-
tion of biogenic silver has not been explored so far. To be
able to compete with chemically produced nanosilver on
the market, biogenic silver needs to have the same price or be
cheaper. This can be only realized by choosing carefully the
biological system—bacteria, fungi, algae or plant—which
delivers the best yield during the production of biogenic
silver. On the other hand, the biomass type or biological
system will determine the shape, size and functionalization
of the nanoparticles which at their turn will influence the
antimicrobial, toxicological, catalytic and optical features of
the nanoparticles. Hence, the choice of the biomass type for
production will specify the range of applications in which
biogenic silver can be implemented. Therefore, the true
challenge for biogenic silver is finding the balance between
scalability, price, and applicability.
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