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Chapter 5
Fungal Nanotechnology: A New Approach 
Toward Efficient Biotechnology Application

Cintia Mariana Romero, Analía Alvarez, María Alejandra Martínez, 
and Silvina Chaves

Abstract  Nanotechnology is a wide developing area of the biotechnology since the 
important applications of nanoparticles (NPs) in different technologies. The NPs 
produced by green technologies have many advantages such as greater surface area 
and high catalytic activity, in addition to providing a suitable contact between the 
metal salt and enzyme. Fungi secrete proteins, enzymes, and reducing agents which 
can be used for the synthesis of metal NPs from metal salts.

The biosynthesis of metal NPs by fungi has been explored in recent years, evalu-
ating the extracellular and intracellular chemistry of formation. Emphasis has been 
given to the potential of metal NPs as an antimicrobial agent to inhibit the growth of 
pathogenic bacteria and fungi and other potential applications such as their cyto-
toxic activity against cancer cell lines. Further, the metal NPs are being explored as 
promising candidates for several biomedical, pharmaceutical, and agricultural 
applications.
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5.1  �Introduction

Nanotechnology is a wide developing field of biotechnology due to its great range 
of applications in different areas. Nowadays a large variety of methods are used for 
nanoparticle (NP) synthesis which in turn are able to deliver nanomaterial with 
desirable characteristics. A large number of NPs are continuously produced to be 
used in different areas/processes as biomedicine, fine chemical synthesis, cosmet-
ics, electronics, and information technology and recently utilized as catalysts, semi-
conductors, optical devices, biosensors, and encapsulation of drugs (Bhargava et al. 
2016; Bhushan 2010). According to their chemical nature, NPs can be classified in 
two major groups: organic and inorganic. The first group refers to NPs consisting 
mainly of carbon, while the second group refers to those composed of a noble metal 
as silver or gold and others as aluminum, zinc, titanium, palladium, iron, fullerenes, 
and copper (Boroumand Moghaddam et al. 2015). Conventional chemical methods 
for NP synthesis have shown certain limitations. These limitations are the use of 
poisonous chemicals which are responsible for different biological hazards and the 
use of high energy levels which increase manufacturing costs. In this context, the 
need to develop environmentally friendly procedures usually known as “green tech-
nologies” is a current concern.

Nanobiosynthesis is considered a green technology since it includes biological 
methods which have great possibilities for nanoparticle synthesis through natural 
biomineralization. Biomineralization is an eco-friendly and sustainable biological 
process that provides water-soluble particles with well-defined properties produced 
by a highly reproducible process (Bhargava et al. 2016; Golinska et al. 2016; Ahmed 
and Ikram 2016). NPs developed by green technologies have more advantages than 
those produced by chemical synthesis such as greater surface area and higher cata-
lytic activity, in addition to providing a suitable contact between the metal salt and 
enzyme (Bhattacharya and Mukherjee 2008; Prasad et al. 2016).

Although plant tissues are an important source of NPs, microorganisms are cur-
rently explored as new biofactories of metallic NPs following simple processes such 
as metal reductions (Vigneshwaran et al. 2007; Sharma et al. 2009). The biomass 
extracts are used as extracellular or intracellular reductants (Ammar and El-Desouky 
2016; Kubo et al. 2016), being the extracellular method the most popular because it 
facilitates the downstream process of NP recovery. Microbial nanobiosynthesis is 
currently the focus of interest mainly because of the production of tiny particles on 
a large scale to a relatively high morphology control (Salunke et al. 2016; Prasad 
et al. 2016).

Among microorganisms, fungi have been reported as one of the best NP produc-
ers. The synthesis of NPs using fungi has been reported by several authors 
(Table 5.1).
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5.2  �Biosynthesis of NPs by Fungi

Fungi are eukaryotic organisms present in nature, known typically as decomposer 
organisms since they possess the ability to synthesize numerous extracellular 
enzymes that hydrolyze complex macromolecules. The metabolic capacity of fungi 
and their use in bioprocesses have stimulated a great interest in the fungi application 
as metallic NPs producers (Bhargava et al. 2016; Kitching et al. 2016; Dhillon et al. 
2012; Jain et al. 2015; Prasad 2016, 2017).

Most of fungi are capable of high wall-binding and intracellular metal uptake 
(Volesky and Holan 1995). Their metabolic mechanism could participate either 
directly as in the case of on-cell/intracellular nanoparticle synthesis or indirectly by 
the extracellular nanoparticle synthesis mediated by secreted metabolites (Jain et al. 
2011; Bhargava et  al. 2015). Thus, metal NPs can be nano- or mesostructured, 
according to the path of synthesis, the intra- or extracellular reducing enzymes, and 
the biomimetic mineralization. These possibilities are related with the cell tolerance 
and metal bioaccumulation capability (Kitching et al. 2016; Sastry et al. 2003). In 
this connection, fungal strains isolated from metal-rich environments are the better 
source for biosynthesis of metal nanoparticle (Jain 2013).

5.2.1  �Silver Nanoparticles

Synthesis of silver NPs has become an important scientific field applied since it is 
used mainly in pharmaceutical industry. Generally, the methods employed for its 
preparation include chemical treatments where high temperatures and chemical 
reducing agents are critical procedures. Reducing agents have to be able to donate 
electrons to the Ag+ resulting in a reverting Ag+ to Ag0 (Mishra et al. 2015).

One of the main characteristics of the silver NPs is their excellent antimicrobial 
ability against a large range of pathogenic strains. The anti-biofilm activity of silver 
NPs has been demonstrated, showing good biocompatibility in cell viability studies 
in human keratinocyte HaCat cells suggesting its potential application in chronic 
wound healing. Antioxidant properties and their remarkable toxicity to cancer cell 
lines as Hela and A549 cells even at very low concentration make silver NPs a 
possible anticancer agent (Du et al. 2016).

Different fungal species have been utilized for the extracellular synthesis of sil-
ver NPs, due to great particle stability and excellent biocompatibility (Table 5.1).

Endophytic fungi is an interesting group for the synthesis of silver and gold NPs. 
Pestalotiopsis microspora VJ1/VS1 isolated from leaves of Gymnema sylvestre 
showed an efficient and eco-friendly approach for the synthesis of silver NPs using 
aqueous culture filtrate of the fungus, due to the higher enzymatic activity present 
in the cell-free extract. Nanoparticle synthesis was evidenced by the observation of 
a characteristic absorption peak at 435 nm (UV-visible). Silver NPs showed antioxi-
dant effects by the effective radical scavenging activity against 2,2′-diphenyl-1-

C. M. Romero et al.
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picrylhydrazyl and H2O2 radicals as well as exhibited significant cytotoxic effects 
against different cancer cell lines (Netala et  al. 2016). Golinska et  al. (2016) 
observed a significant antimicrobial activity by silver NPs synthesized by the myco-
endophyte Guignardia mangiferae. Besides, the authors informed that if NPs were 
used in combination with common antibiotics, antimicrobial activity was enhanced. 
In addition, silver NPs were found to be highly biocompatible, so it could be used 
in biomedical/pharmaceutical and agricultural industries (Golinska et  al. 2016; 
Balakumaran et al. 2015; Ramalingmam et al. 2015; Rekha et al. 2012).

Even though the synthesis of NPs using fungi has been widely reported, the more 
important issue to reach this achievement is the optimization of the parameters used 
in the synthesis protocol (Golinska et al. 2016). For instance, the size of silver NPs 
could be controlled by temperature and AgNO3 concentration (AbdelRahim et al. 
2017).

The aqueous silver ions can be reduced to silver NPs by mixing with fungal fil-
trates. For example, the evidence of Ag NPs formation was detected using the aque-
ous mycelial extract from Rhizopus stolonifer observing a surface plasmon band 
around 420 nm. The smallest size of Ag NPs (2.86 ± 0.3 nm) was obtained with 10–2 
M of AgNO3, at 40 °C.

Cultures of Aspergillus terreus HA1N and Penicillium expansum HA2N incu-
bated for 72 h in the dark at 30 °C showed the change of color in the medium which 
would be produced by the excitation of surface plasmon vibrations in the metal NP 
(Ammar and El-Desouky 2016). Similarly, cultures of Penicillium decumbens 
(MTCC-2494) have shown a dark brown color in the culture flask suggesting the 
extracellular biological synthesis of silver NPs which was confirmed by 
UV-spectrophotometric analysis. As was expected, silver nanoparticle displays anti-
cancer effects and a broad antimicrobial activity including a synergistic effect with 
carbenicillin, piperacillin, cefixime, amoxicillin, ofloxacin, and sparfloxacin 
(Majeed et al. 2016). Extremophile fungi also exhibit a high capacity for synthesis 
of mineral NPs (Beeler and Singh 2016). Thus, Aspergillus fumigatus, a thermo-
philic microorganism, was able to produce stable silver NPs (15–45 nm). These NPs 
showed to have capping proteins and the NADH reductase was the mechanism to 
reduce Ag+ (Alani et al. 2012).

5.2.2  �Gold Nanoparticles

Gold NPs represent a key area of nano-research since they show finely tunable sur-
face plasmon resonance that allows applications in a wide array of biomedical sci-
ences (Khan et al. 2014; Karthika et al. 2017).

Extracellular synthesis of gold NPs using metal-tolerant fungi has been widely 
reported. Cladosporium oxysporum AJP03 has been found to produce gold NPs by 
extracellular synthesis. The highest tested concentration of extracellular metabolites 
(1:5, biomass/water ratio) and 1 mM precursor salt concentration at physiological 
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pH (7.0) favored the synthesis of well-defined gold NPs with maximum yield 
(Bhargava et al. 2016).

Extremophile fungi exposed to higher concentration of gold chloride produced 
smaller NPs. Thus, Aspergillus sydowii, a halophilic marine fungus, has been recog-
nized as a biofactory capable of producing highly specific gold NPs (Vala 2015; 
Gunde-Cimerman 2014). Regulating gold chloride concentration in a potato dex-
trose medium at 27 °C, Aspergillus sydowii was capable of modulating the size and 
changing the mechanism from intra- to extracellular production pathway. Fusarium 
oxysporum showed several extracellular enzymes, naphthoquinones (Medentsev 
and Akimenko 1998; Duran et al. 2002; Bell et al. 2003) and anthraquinones (Baker 
and Tatum 1998), which possess redox properties to reduce the metal ions (Newman 
and Kolter 2000). In the biosynthesis process of metallic NPs, the fungal mycelium 
is exposed to a solution of metal salt, where the metal ions are reduced to NPs by 
the action of metabolites and extracellular enzymes (Siddiqi and Husen 2016).

The synthesis of NPs not only is made by extracellular metabolites but also by 
proteins bound to the cell surface which showed a significant biomineralization 
activity. In fact, several studies have shown that cell surface proteins of Rhizopus 
oryzae play a crucial role in biomineralization of Au (III) to produce gold NPs. Cell 
surface proteins are able to reduce Au3+ to later produce the nucleation and growing 
of Au crystals (Kitching et al. 2016). Other proteins act as capping agents, thereby 
controlling the size of the gold NPs (Kitching et al. 2016; Das et al. 2009).

5.2.3  �Magnetic Nanoparticles

In the last years has been observed an increasing interest in the development of 
procedures for the synthesis of magnetic NPs, due to their potential application in 
areas such as storage devices (Matsunaga 1991), ferrofluids (Raj et  al. 1995), 
enhancement in magnetic resonance imaging (Schüler and Frankel 1999), and drug 
delivery.

Bharde et al. (2006) focused their studies in the biosynthesis of magnetic NPs. 
The authors observed that when Fusarium oxysporum and Verticillium sp. were 
exposed to an aqueous solution of a 2:1 molar mixture of K3[Fe(CN)6] and 
K4[Fe(CN)6], extracellular magnetite was synthesized. The proteins secreted by 
Fusarium oxysporum and Verticillium sp. hydrolyzed iron precursors extracellularly 
to form iron oxide prevailing in the magnetite (Fe3O4) at room temperature. 
Particularly, the fungi were capable of hydrolyzing metal ion precursors under 
acidic conditions. Protein analysis suggests the induction of two proteins of molecu-
lar weights of 55 and 13 kDa, which might be responsible for the hydrolysis of 
magnetite precursors and/or the capping of magnetite particles. The magnetite bio-
synthesis mentioned above presents a simple and aerobic route for the magnetic 
nanomaterial synthesis.

New techniques for the synthesis of magnetic NPs have been evaluated. One of 
them consisted in the growing up of magnetite NPs (nano-Fe3O4) on the mycelium 
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of fungus Penicillium sp. (Ding et al. 2015). Given a large number of functional 
groups naturally present on the mycelium surface, the assembly of nano-Fe3O4 is a 
relatively simple process. More important to this is that nano-Fe3O4 could self-
assemble on the fungus template accompanied with forming mycelia pellet in a 
mild case, whereas the chemical synthesis to obtain similar product requires extreme 
pH and temperature environment. Moreover, Penicillium sp. formed mycelia pellets 
under submerged shaking cultivation conditions which enrich functional groups on 
the surface (Mishra 2013).

Fungus-Fe3O4 presented a composite structure by nano-Fe3O4 particles uni-
formly adhered on the surface of Penicillium sp. which improve the dispersion and 
stability of nano-Fe3O4 particles, avoiding the pollution resulting from the nano-
Fe3O4 particles (Ding et al. 2015).

Similar studies have been made with the white rot fungus. The external mem-
brane of fungus has abundant negatively charged functional groups. So, it was able 
to grab various positively charged inorganic particles through both physical adher-
ence and chemical bonding, and nano-functionalized fungus could be assembled 
(Ding et al. 2015).

5.2.4  �Other Metal Nanoparticles

Although the silver, gold, and magnetic NPs are the most studied NPs synthesized 
by fungi, there are other NPs with interesting properties. In fact, the first NP synthe-
sis by fungus was reported as CdS NPs in addition to the formation of PbS, ZnS, and 
MoS2 NPs (Iram et al. 2016).

Zirconia nanoparticles have been produced by F. oxysporum with aqueous ZrF6
−2 

anions. Extracellular protein-mediated hydrolysis of the anionic complexes at room 
temperature results in the synthesis of nanocrystalline zirconia (Bansal et al. 2004). 
A strain of F. oxysporum f. sp. lycopersici was screened and successfully produced 
intra- and extracellular platinum NPs. Riddin et al. (2006) reported the synthesis of 
zinc, magnesium, and titanium NPs by using six Aspergillus by employing several 
salt precursors of nitrates, sulfates, chlorides, and oxides.

The synthesis of luminescent lanthanide NPs has shown an increasing attention, 
since the presence of efficient luminescent groups such as samarium, europium, and 
terbium (Blasse 1979). This makes the lanthanide compounds to present extraordi-
nary temporal and spectral properties such as sharp emission bands, long lifetime, 
and large Stokes shifts which make them especially useful in time-resolved lumi-
nescence bioassays, wherein they can effectively be distinguished from the back-
ground noise (Yuan and Wang 2006; Eliseeva and Bunzli 2010). In the case of 
terbium, most of the work has been focused on its chemical synthesis (Iram et al. 
2016).

Iram et al. (2016) report for the first time the synthesis of terbium oxide NPs using 
Fusarium oxysporum. The biocompatible terbium oxide NPs (Tb2O3 NPs) were syn-
thesized by incubating Tb4O7 with the biomass of the fungus. Physical characteriza-
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tion (UV-V and photoluminescence spectroscopy, TEM, SAED, and zeta-potential) 
was made to confirm the synthesis, crystallinity, distribution, purity, optical and sur-
face characteristics, shape, size, and stability of the nanoemulsion of Tb2O3 NPs. 
These NPs showed a high degree of biocompatibility and ability to inhibit the growth 
of bone cancer cells at biologically safe concentrations. They were nontoxic for nor-
mal primary osteoblast cells up to a considerably high concentration.

5.3  �Mechanisms of Nanoparticle Biosynthesis

Mechanisms of NPs biosynthesis are deeply related to the microorganism since 
each one may reduce and oxidize the materials of NPs by different ways. In general, 
methods of synthesis show relationship with the specific survival strategies of the 
microorganism (Bansal et al. 2012). It has been shown that microorganisms utilize 
defense mechanisms to reduce the environmental toxicity through different routes 
of NPs production.

5.3.1  �Intracellular Synthesis

During intracellular synthesis metallic ions are attracted to the negatively charged 
functional groups along the cell wall and nucleated there, initiating the reduction 
and synthesis of NPs. For instance, Kalabegishvili et al. (2015) demonstrated the 
biosorption of metallic ions to the cell wall of a fungus, observing that the ions were 
heterogeneously distributed according to specific binding sites. Moreover, shape, 
size, and stability of the NPs are also determined by the binding sites of the cell wall 
(Asmathunisha and Kathiresan 2013; Erasmus et al. 2014).

For some microorganisms, the metallic ions are transferred into the cell via active 
cellular pumps (ATP-mediated), followed by enzymes that reduce these ions and in 
occasion cap them. Finally, capping proteins bind to NPs (Fig. 5.1) via open amine 
groups and cysteine residues, neutralizing its surface charge. The capping proteins act in 
the prevention the agglomeration and the alteration of NP properties playing an impor-
tant role also as a site for bioconjugation with other molecules. The protein caps provide 
stability to biologically synthesized NPs that are not otherwise found in traditional 
methods unless the surfactants included are very toxic (El-Deeb et al. 2013). Furthermore, 
the stability decreases the toxicity of the NPs, making them more environmentally 
friendly (Beeler and Singh 2016; Faramarzi and Sadighi 2013; Stark et al. 2015).

Interesting studies were performed using fungi cells as biotemplate for NPs con-
struction. Self-assembly of NPs on living biotemplate surfaces is a promising route 
to fabricate nano- or microstructured materials (Kubo et  al. 2016). Filamentous 
fungi, Aspergillus aculeatus, Penicillium brasilianum, and a Xylaria sp., have been 
used for producing microtubules of gold NPs by the isolation of the growing hypha 
from the culture medium. Using this methodology, a better morphological control 
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and faster adsorption kinetics were obtained, allowing the control of microtubule 
thickness through successive additions of NPs.

It was observed that the secondary metabolites and growth media influence the 
fungi metabolism producing differences in the adsorption rates due to modifications 
in the chemical identity of colloidal gold NPs and therefore in NPs biosynthesis 
(Kubo et al. 2016).

Ding et al. (2015) synthesized NPs of fungus Fe3O4 using the mycelium pellet of 
Penicillium sp. as biotemplate. SEM images showed uniform decoration of nano- 
Fe3O4 particles on fungus surface. The FTIR analysis showed that nano-Fe3O4 were 
linked to the cellular wall by chemical bonds. The authors highlight the novel syn-
thesis method of fungus-Fe3O4 magnetic NPs.

5.3.2  �Extracellular Synthesis

There are two possible pathways for extracellular NP synthesis. The first is similar to 
the intracellular synthesis. Ions pass through the cell membrane via active transporters, 
and then through reductive enzymes, the synthesis of the NPs is initiated. The proteins 
bind to the NPs during the reductive process, capping and reducing them through 
active sites. These NPs, after setting their size and form, are transported outside the 

Fig. 5.1  Schematic synthesis of nanoparticles (NPs) by fungi
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cell (Bansal et al. 2012). Thus, in some microorganisms, the intracellular and extracel-
lular synthesis of NPs can occur in the same cell (Ramanathan 2011) (Fig. 5.1).

The second pathway involves the emission of reducing proteins to the cell solu-
tion. This is a result of the whole change in pH of the solution in the presence of the 
metallic ions. Upon receiving this signal, the cell emits oxidoreductase enzymes 
that reduce the ions and synthesize mineral NPs. These proteins can cap the NPs, 
adding stability and additional properties as mentioned above. Thus, the cell-free 
supernatant from the microorganism culture contains the biomolecules responsible 
not only for biosynthesis of NPs but also of it dispersion throughout the supernatant 
(Huang et al. 2015) (Fig. 5.1).

One of the more important minerals in NP study is the silver. One of the more 
used synthesis mechanism for silver NPs has been the use of fungal extract due to 
the higher enzymatic activity present in the cell-free extract. NPs resulting from the 
reduction exposure of fungal filtrates prove to be an important biological compo-
nent for extracellular biosynthesis of stable NPs. The reduction of ions occurs extra-
cellularly through the enzymes secreted by the fungi in the solution and the 
interactions between silver and bioactive molecules (cap proteins) (Ammar and 
El-Desouky 2016). Several authors have shown that filamentous fungi such as 
Aspergillus terreus HA1N and Penicillium expansum HA2N (Ammar and 
El-Desouky 2016), Fusarium oxysporum (Ishida et al. 2014), Fusarium acumina-
tum (Ingle et al. 2008), Aspergillus niger (Gade et al. 2008), Amylomyces rouxii 
(Musarrat et al. 2010), Aspergillus flavus, Aspergillus nidulans, Aspergillus terreus 
(Khalil 2013), Aspergillus foetidus (Roy and Das 2015), Aspergillus oryzae (Bhimba 
et al. 2015), and Penicillium expansum (Mohammadi and Salouti 2015) are most 
efficient for silver nanoparticle biosynthesis via extracellular biosynthesis.

Another strategy using cell-free extract is to use bound cell surface proteins, 
previous extraction from the wall. Kitching et al. (2016) purified cell surface pro-
teins from Rhizopus oryzae to conduct the in vitro gold NP synthesis. The author 
probed the extraction of cell surface proteins using common detergents as sodium 
dodecyl sulfate (SDS) and Triton X-100 and the reducing agent 1,4-dithiothreitol 
(DTT) observing gold NPs of different size and shape. These different properties 
would have occurred due to the protein extraction method which may be so aggres-
sive affecting the morphology and particle size distribution. In fact, the structure 
and function of the proteins are influenced by pH, temperature, ionic strength, and 
the presence of surfactants and solvent (Kitching et al. 2016).

5.3.3  �Biomolecules Responsible for Nanoparticle Synthesis

In recent years, great attention has been paid to determine which fungal metabolites 
are involved for the biosynthesis of a nanoparticle. Several reports have been pub-
lished about the ability for biosynthesis of NPs by of a wide range of fungal enzymes 
(Durán et al. 2007). Although enzymes differ among fungal species, there is a ten-
dency to fall within a common group of enzymes used for the synthesis of NPs by 
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microorganisms: the oxidoreductase enzymes. Oxidoreductases are a wide class of 
enzymes involved in redox reactions, shifting electrons from a reductant – the elec-
tron donor – to an oxidant, which in the production of NPs would be the inorganic 
substance, being reduced (NADH-dependent reductase).

The enzyme nitrate reductase showed relevant activity during the biosynthesis of 
NPs in several fungi. Such is the case of cell-free filtrates of Fusarium oxysporum, 
in which the largest amount of silver NPs synthetized were obtained during the 
early stationary phase of growth, simultaneously to the higher secretion of extracel-
lular enzymes, particularly nitrate reductase (Hamedi et al. 2016). Moreover, it was 
observed to enhance the nitroreductase synthesis increasing the number of silver 
atoms in nucleation centers. The presence of nucleation centers enhances the con-
sumption of reducing agents and reduces the possibility of NP uncontrolled aggre-
gation favoring the formation of silver NP clusters (Hamedi et al. 2014). Thus, the 
characteristics of the silver nanoparticle can be controlled and improved by the 
induction of nitrate reductase enzyme (Hamedi et al. 2016).

On the other hand, it was discovered that different quantities of NADH make 
possible the synthesis of different NPs from diverse compounds. In this sense, 
Golinska et al. (2016) proposed a mechanism for the synthesis of silver NPs from 
Fusarium oxysporum based on the presence of an NADH-dependent reductase 
responsible for the reduction of Ag ions and the subsequent formation of silver NPs 
(Kitching et al. 2015).

Reduction of silver ions could be by electron transfer from the NADH by NADH-
dependent reductase as an electron carrier; thus the electron-deficient silver ions 
(Ag+) accept the electrons and are reduced to silver neutral (Ag0). As a consequence, 
silver NPs are finally synthesized NPs (Golinska et al. 2016).

The biosynthesis of NPs could involve other biomolecules produced by the same 
fungus. It was reported that the biosynthesis of silver NPs may occur not only in the 
presence of NADPH-nitrate reductase but also in presence of anthraquinone or 
hydroxyquinoline molecules (Ahmad et al. 2003; Li et al. 2012). The reduction of 
NADPH to NADP+ is required in this process, and electrons generated during the 
reduction of silver ions are donated from both quinones or hydroxyquinoline and 
NADPH (Golinska et al. 2016; Balakumaran et al. 2015).

Other oxidoreductase enzymes involved in NPs biosynthesis are hydrogenase 
enzymes. In this regard, Govender et al. (2009) suggested a mechanism that reduces 
biologically H2PtCl6 and PtCl2 to platinum NPs by means of filtered hydrogenase 
enzymes from Fusarium oxysporum. The authors suggest that H2PtCl6 may act as an 
electron acceptor during the redox mechanism of the hydrogenase through a direct 
electron transfer between metal ions and the enzyme. Hydrophobic channels 
between the active site and the molecular surface serve as a passage for metal ions.

Vetchinkina et al. (2017) also evaluated the role of phenol oxidase enzymes as 
laccases, tyrosinases, and Mn-peroxidases. These enzymes were isolated and puri-
fied from submerged culture of Lentinus edodes. The pure fungal intracellular 
phenol-oxidizing enzymes were able to form Au0 NPs. The NPs synthesized by 
Mn-peroxidase were regular spheres of 5–20 nm. The NPs produced by laccases 
and tyrosinases were mostly irregular spheroids, with some triangles and tetrahe-
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drons from 5 to 120 nm. The structure of Mn-peroxidase enzyme contains one mol-
ecule of protoporphyrin IX with an iron (III) atom. The authors believe that 
extracellular AuCl4 reduction was performed by the prosthetic group in the enzyme’s 
catalytic center. On the other hand, laccase and tyrosinase reduce gold ions indi-
rectly through forming exogenous hydrogen peroxide. When the enzymes react 
with molecular oxygen in the presence of a reduced substrate, hydrogen peroxide 
forms in one of the four active centers of the enzymes (Vetchinkina et al. 2017).

In the bioreduction of metal NPs, the proteins with amino acids with –SH bonds 
have a relevant role; most likely cysteine undergoes dehydrogenation in the reaction 
with the metal ion to produce metal nanoparticle. Besides, the free amino acids pos-
sibly serve as a capping for metal NPs (Golinska et al. 2016).

5.4  �Nanoparticle Applications

5.4.1  �Antimicrobial Activity

Nanoparticles are a hope particularly in the pharmacological industry, because of 
their antimicrobial properties. It is believed that one of the mechanisms by which 
the NPs present antimicrobial capacity is due to the use of the NPs negatively 
charged ions which bind to the microorganism cell wall and break it. Another mech-
anism that explains this NPs property is the passage of smaller NPs through the cell 
to cause a direct damage to DNA, inhibiting its replication (El-Deeb et al. 2013). 
Some authors suggest that NPs release reactive oxygen species (ROS) or free radi-
cals, inducing the cell death (Prasad and Swamy 2013; Beeler and Singh 2016; 
Mamonova et al. 2015) (Fig. 5.2) since has been observed that NPs are able to attach 
to the bacterial cell membrane and produce unrest in its normal functioning. 
Nanoparticles could be accumulated in the cytoplasm or in the periplasmic region 
producing the cell membrane disruption and consequently the release of the cell 
contents (Golinska et al. 2016). The alteration of cell membranes involves the bind-
ing of NPs to sulfur- containing proteins present in the membrane (Rai and Yadav 
2013; Singh et al. 2014; Shahverdi et al. 2007; Ping Li et al. 2005; AshaRani 2009a, 
b; Brayner et al. 2006). Similarly, sulfur content of intracellular enzymes and DNA 
makes these molecules the target of the NPs (Raghupathi et al. 2011). In particular, 
it has been reported that silver NPs specially target pathways of synthesis of bacte-
rial cell wall and nucleic acid and protein synthesis (Marambio-Jones and Hoek 
2010) (Fig. 5.2).

The modification of the structure of the bacteria membrane and the possible 
damage to DNA caused by the NPs may affect the respiratory chain, cell division, 
and DNA replication, and, finally, the cell death occurs (Golinska et al. 2016; Lara 
et al. 2010; Andrade et al. 2015; Morones et al. 2005; Aziz et al. 2015). Moreover, 
silver ions generated from the dissolution of silver NPs could also be involved in the 
antimicrobial activity since it may complex with electron donor groups (sulfur, oxy-
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gen, or nitrogen atoms) present in phosphates, thiols, amino acids, and nucleic acids 
(Golinska et al. 2016; Marambio-Jones and Hoek 2010; Louise Meyer et al. 2010).

Another cellular damage produced by NPs is the denaturation of the 30S subunit 
of ribosomes. These suppress the action of enzymes and other proteins necessary 
for ATP production (Chauhan et al. 2013).

The antibacterial properties of various metal NPs from fungal cultures have been 
reported by several publications. However, so far, the best antibacterial activity was 
observed by silver NPs alone or together with antibiotics (Singh et al. 2014; Louise 
Meyer et al. 2010; Jung et al. 2008; Aziz et al. 2016). Thus, the antimicrobial effi-
ciency of synthesized silver NPs via the utilization of fungal species against bacteria 
(Singh et al. 2014; Louise Meyer et al. 2010) and fungal pathogens has been widely 
demonstrated (Louise Meyer et al. 2010).

Other metallic NPs from fungi used as reducing agents are the nanogold biocon-
jugate (Kitching et  al. 2016). The gold NPs which presented high antimicrobial 
activity against pathogenic bacteria such as Gram-negative Klebsiella pneumoniae; 
Escherichia coli, including MDR E. coli; Pseudomonas aeruginosa; Salmonella 
typhimurium; Salmonella typhi; Proteus mirabilis; Shigella dysenteriae; 
Enterobacter aerogenes; Citrobacter sp.; and Gram-positive bacteria such as 
Streptococcus pyogenes; Enterococcus faecalis; Staphylococcus epidermidis; 
Staphylococcus aureus, including MRSA; and Bacillus subtilis have been reported 
(Rekha et al. 2012; Raheman et al. 2011; Hullikere et al. 2014; Mukherjee et al. 
2001; Mohanpuria et al. 2008; Shankar et al. 2003; Rai et al. 2009; Rahi et al. 2014).

The effect of fungal nanoparticles has been also extensively evaluated against 
fungal pathogens. Different mechanisms were proposed to discuss its effects on the 
growth of fungi (Fig. 5.2). Thus, several studies have shown that silver NPs exhibit 
antimicrobial activity against Candida and Cryptococcus (Ishida et  al. 2014), 
Trichophyton mentagrophytes, Candida sp. (Musarrat et al. 2010), Aspergillus fla-
vus, Candida albicans, Candida tropicalis, Candida glabrata, Candida parapsilo-
sis, Candida krusei, Cryptococcus neoformans, Cryptococcus gattii, Sporothrix 
schenckii, Aspergillus fumigatus, Fusarium solani, Trichophyton rubrum, 
Trichophyton mentagrophytes, Epidermophyton floccosum, and Mucor hiemalis 
(Ramalingmam et  al. 2015; Rai and Yadav 2013; Thakkar et  al. 2010; Vardhana 
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Fig. 5.2  Schematic mechanism of antibacterial activity of nanoparticles (NPs) produced by fungi
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2015; Rahi and Parmar 2014, Aziz et  al. 2016) and against the plant pathogens 
Colletotrichum sp., Aspergillus niger, Culvularia lunata, Fusarium sp., Rhizoctonia 
solani (Golinska et al. 2016; Hullikere et al. 2014), Cladosporium cladosporoides, 
Aspergillus niger (Pulit et al. 2013), Aspergillus ochraceus, and Aspergillus para-
siticus (Ammar and El-Desouky 2016).

5.4.2  �Cytotoxicity

In the last years, the area of diagnosis and treatment of cancer has shown a signifi-
cant progress. A large variety of nanomaterials has been evaluated to achieve an 
improved efficacy in cancer therapy as well as to reduce side effects compared to 
conventional therapies. The toxicity effect of fungal NPs is evaluated mainly by 
changes in cell morphology and viability, as well as metabolic activity (Ping Li 
et  al. 2005; Prabhu and Poulose 2012; Oberdorster et  al. 2000; Krishnaraj et  al. 
2014). Nanoparticles have been localized in mitochondria, inducing structural and 
functional damage as well as oxidative stress (Arora et al. 2008) (Fig. 5.3). It was 
observed that the functional damage to the mitochondria affects the cellular meta-
bolic inhibition, followed by a decrease in ATP yield, which could affect the mito-
chondrial respiratory chain. The mitochondrial damage also affects the lactate 
dehydrogenase activity, which can be used as an indicator of NP success (Golinska 
et al. 2016; Hullikere et al. 2014; Oberdorster et al. 2000).

Physicochemical characteristics of NPs play a significant role in cytotoxicity 
effect. The nature and size of NPs, its surface area, and its surface functionalization 
(capping agents) are important factors that influence their toxicity (Ping Li et al. 
2005; Prabhu and Poulose 2012; Oberdorster et al. 2000). The small-sized NPs are 
more toxic compared with the larger ones (Golinska et al. 2016; Hullikere et al. 

Fig. 5.3  Schematic mechanism of cytotoxic activity of nanoparticles (NPs) produced by fungi
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2014). It has been proven that smaller particles diffuse more readily than bigger. 
Efficient internalization has been observed with particles in the range of 20–50 nm 
(Iram et al. 2016). Small-sized NPs could also be easily diffused into the nucleus 
through the pores and bind to DNA (Asharani 2009a, b). In general, inner transition 
metals are the choice for the synthesis of biogenic NPs, because these metals emit 
strong fluorescence and are relatively nontoxic to biological systems up to a fairly 
high concentration (Iram et al. 2016). In this regard, several studies have verified the 
effect of silver NPs on membrane integrity suggesting that these NPs are targeting 
cancer cells rather than normal cells. In effect, small silver NPs produced by an 
oxidative process results in mutagenic 8-hydroxyadenine and 8-hydroxyguanine, 
inductors of the stability of repetitive sequences. The product of these mutations is 
the highly reactive and short-lived hydroxyl radicals OH− (Golinska et al. 2016; Xia 
et al. 2006).

Netala et al. (2016) biosynthesized silver NPs from fungus Pestalotiopsis micros-
pora VJ1/VS1 and probe its effects on the following cancer cells: B16F10 (mouse 
melanoma), SKOV3 (human ovarian carcinoma), A549 (human lung adenocarci-
noma), PC3 (human prostate carcinoma), and NPs biocompatible toward normal 
cells (Chinese hamster ovary cell line). Cytological observations of SKOV3 cells 
(which were the most susceptible) showed apoptotic changes including pyknotic 
nuclei, cell membrane blebbing, cell shrinkage, and karyorrhexis followed by 
destructive fragmentation of nuclei. The mentioned results were very hopeful and 
provide the bases for the development of versatile biomedical applications of bio-
synthesized silver NPs for cancer therapy.

Several magnetic NPs have also been developed to improve efficacy in cancer 
therapy. The interest in this kind of NPs is due to their unique magnetic properties 
that serve as an extraordinary diagnostic tool, drug carrier, and heat generator for 
therapy in magnetic resonance imaging. Besides, magnetic NPs have a small size 
which allows reaching deeper biological tissues.

Currently, iron oxide NPs are the most explored magnetic NPs for magnetic 
hyperthermia. The use of magnetic NPs as a heat generator could be used in nonin-
vasive cancer treatment to destroy tumor tissues, given that heat promotes cell apop-
tosis through irreversible physiological changes (Kafrouni and Savadogo 2016; 
Prasad et al. 2007).

The cytotoxicity effect of magnetic NPs has been associated with ROS produc-
tion. The decrease in mitochondrial membrane potential in cancerous cells occurs 
when cells are treated with magnetic NPs, although it is not clearly known as to how 
it interferes with the normal function of the mitochondria. Since the mitochondria 
are redox sensitive, they are targeted by NPs (Fig. 5.3). Iron is slowly oxidized, so 
maybe the mitochondrial membrane potential decreases. The oxidation of iron NPs 
and generation of ROS are simultaneous processes (Kafrouni and Savadogo 2016; 
Wei et al. 2015).

Recently, researchers have started to focus on the anticancer activity of lantha-
nide NPs. The Tb2O3 NPs were found to inhibit the propagation of MG-63 and 
Saos-2 cell lines (IC50 value of 0.102 μg/ml) and remained nontoxic up to a concen-
tration of 0.373 μg/ml toward primary osteoblasts. Cell toxicity was evaluated by 
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observing changes in cell morphology, cell viability, and oxidative stress parame-
ters. Morphological examinations of cells revealed cell shrinkage, nuclear conden-
sation, and formation of apoptotic bodies. The levels of ROS within the cells also 
significantly increase (Iram et al. 2016).

5.4.3  �Fine Chemical and Pharmacology

The heterogeneous and homogeneous catalysts can be achieved through the use of 
NPs (Johnson 2003). Nanoparticles provide the benefit of increased surface area 
which allows for an increased reaction rate (Chng et al. 2013). The NPs catalyst 
forms a stable suspension in the reaction medium allowing an elevated rate of reac-
tion. One particularly useful and important group of NPs is magnetic NPs.

Magnetic NPs are a highly useful catalyst support enabling immobilization and 
magnetic recovery of the catalyst (Baig and Varma 2013; Romero et al. 2016). The 
magnetic NPs may be dispersed in the same form as any nanoparticle in the absence 
of a magnetic field, provided there is sufficient surface stabilization. But, in the 
presence of a magnetic field, magnetic NPs can be precipitated selectively. This 
enables them to be readily removed from the reaction vessel by a simple magnetic 
separation and may enable them to be re-dispersed and reused.

Magnetic particles have been increasingly used as carriers for enzymes, binding 
proteins, antibodies, and drugs. Thus, the new biological material can be used 
directly as affinity ligands to capture or modify target molecules or cells or for a 
bioassay (Bickerstaff 1997). Immobilization of proteins and enzymes on magnetic 
NPs is an important area of interest. Several magnetic NPs – magnetite (Fe3O4) and 
maghemite (γ-Fe2O3) – have been evaluated with promising applications.

Over the last few years, significant progress was made in the development of new 
catalytic systems which are immobilized onto magnetic nano-carriers (Vaghari 
et al. 2016). Colloidal magnetic NPs are used in drug delivery until the target with-
out interacting with other living cells. In the case of breast cancer (BT 20 cells), 
polyethylene glycol (Schievano)-coated NPs ranging between 10 and 100 nm were 
found to penetrate into the cells (Siddiqi and Husen 2016; Mahmoudi et al. 2009).

In the biomedical area was reported a large variety of bimetallic NPs of the type 
of MFe2O4 (where M= divalent Co, Fe, Zn, Cu, Mg, and Ni) containing two metal 
ions. Their magnetic properties depend on the number of unpaired electrons in the 
d orbital of transition metal ions. Xu and Sun (2013) have attempted to deliver 
cisplatin to solid tumor through Fe3O4 HMNPs. However, only a few of these com-
pounds have been synthesized by microorganism pathway.

Otherwise, gold NPs may improve the efficiency of PCR, providing an increase 
in yield and a decrease in reaction time due to their ability to bind negative mole-
cules. The gold NPs bind to single-stranded DNA, adding stability to the DNA 
strands and preventing mispairing among strands.

In the chemical industry, traditional pigments have been replaced by NPs due to 
the use of quantum dots that maintain color information despite their small size 
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(Roduner 2006). This allows the creation of much richer color images. Similarly, it 
is possible to create customized crystals for LCD screens allowing a sharper more 
colorful image from the nanoparticle synthesis. They may also be used as UV filters 
on sunglasses and in sunblock (Beeler and Singh 2016; Stark et al. 2015).

5.4.4  �Bioremediation

The biological remediation of organic dyes such as methylene blue, methyl orange, 
and rhodamine B has received much attention due to their recalcitrant and xenobi-
otic nature. When dyes are disposed in water bodies high water pollution and eutro-
phication, and aquatic life alteration is produced (Sharma et al. 2015).

The catalytic property of gold NPs has also been evaluated in the area of degra-
dation of environmentally hazardous chemicals, known in general as bioremedia-
tion (Zhao et al. 1998). Among all the methods used for the degradation of organic 
dyes, reduction by strong agents such as NaBH4 in the presence of a nanocatalyst 
may be a viable alternative due to high efficiency and reaction rate (Sharma et al. 
2015). The catalysis by gold NPs increases the reaction rate with the mean time in 
the minute interval (Panáček et al. 2014). Bastus et al. (2014) postulated that the 
reduction mechanism was a two-step process involving first the accumulation of 
borohydride ion electrons on the surface of the NPs and the diffusion of the organic 
dye molecules to the surface of the NPs and their later reduction induced by excess 
surface electrons. The reaction takes place on the surface of the nanocatalyst due to 
the nature of the affected capping molecules having reaction kinetics. Bhargava 
et  al. (2016) hypothesized that surface proteins of gold NPs may facilitate the 
adsorption of organic dyes as amino acids containing aromatic rings to create hydro-
phobic spaces that can enhance the efficient binding of dye molecules.

5.4.5  �Food Safety

With regard to food safety, NPs have been evaluated for use in packaging materials. 
Zinc NPs have shown antibacterial properties because of having been proposed for 
produce food packaging and containers (Rajamanickam et al. 2012; Prasad et al. 
2014). Thus, the use of NPs in packaging containers would keep food fresh longer 
and could reduce the chances of foodborne illnesses. In this sense, silver NPs have 
been shown to better penetrate the biofilms that allow bacteria to survive cleaning 
and decontamination processes (Huang et al. 2015; Shanthi et al. 2016). The use of 
these products in industrial food would allow for better control of organisms that 
maintain survival via biofilms (Beeler and Singh 2016).
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5.4.6  �Plant Disease Management

In the agriculture area, solutions for protecting food and products from bacterial, 
fungal, and viral agents are in constant search. Nanotechnology techniques can 
improve the existing crop control protocols. In this sense, nanomaterials are being 
developed that offer the opportunity to administer pesticides, herbicides, and fertil-
izers more efficiently and safely by controlling precisely when and where they are 
released (Rai and Ingle 2012; Prasad et al. 2017).

Researches have confirmed that metal NPs are effective against plant pathogens, 
insects, and other pests (Choudhury et al. 2010). In fact, an eco-friendly fungicide 
is being developed capable of using nanomaterials to liberate its pathogen-killing 
properties only when it is inside the targeted pathogen (Liu 2006; Alghuthaymi 
et al. 2015; Bhattacharyya et al. 2016).

On the other hand, pesticides used in agriculture are sometimes harmful to other 
animals and plants. Their reduction to innocuous chemicals by iron nanoparticle is 
a simple strategy to make them useful. It was observed that metal NPs can reduce 
polyhalogenated and nitroaromatic compounds. Also, they can be used for the 
reduction of nonhalogenated pesticides and azo dyes (Siddiqi and Husen 2016).

Iron oxide nanoparticle (Fe3O4) being chemically and biologically neutral has 
been coated with catalysts, enzymes, or even antibodies to be used as biosensors. 
Chauhan et  al. (2016) have modified Fe3O4 nanoparticle using poly(indole-5-
carboxylicacid) by preparing nanobiocomposite for its use as a sensor for the deter-
mination of pesticides such as malathion and chlorpyrifos in a wide range of 
concentrations.

Acknowledgments  This work was supported by the Agencia Nacional de Investigaciones 
Científicas y Técnicas (PICT 2974 and 0480), Consejo Nacional de Investigaciones Científicas y 
Técnicas (CONICET, PIP 0372), and Consejo Interuniversitario Nacional Consejo and Nacional 
de Investigaciones Científicas y Técnicas (CIN-CONICET, PDTS 474).

References

AbdelRahim K, Mahmoud SY, Ali AM, Almaary KS, Mustafa AE-ZM, Husseiny SM (2017) 
Extracellular biosynthesis of silver nanoparticles using Rhizopus stolonifer. Saudi J Biol Sci 
24(1):208–216

Ahmad A, Senapati S, Khan MI, Kumar R, Ramani R, Srinivas V et al (2003) Intracellular syn-
thesis of gold nanoparticles by a novel alkalotolerant actinomycete, Rhodococcus species. 
Nanotechnology 14(7):824

Ahmed S, Ikram S (2016) Biosynthesis of gold nanoparticles: a green approach. J Photochem 
Photobiol B Biol 161:141–153

Alani F, Moo-Young M, Anderson W (2012) Biosynthesis of silver nanoparticles by a new strain 
of Streptomyces sp. compared with Aspergillus fumigatus. World J  Microbiol Biotechnol 
28(3):1081–1086

C. M. Romero et al.



137

Alghuthaymi MA, Almoammar H, Rai M, Said-Galiev E, Abd-Elsalam KA (2015) 
Myconanoparticles: synthesis and their role in phytopathogens management. Biotechnol 
Biotechnol Equip 29(2):221–236

Ammar HA, El-Desouky TA (2016) Green synthesis of nanosilver particles by Aspergillus ter-
reus HA1N and Penicillium expansum HA2N and its antifungal activity against mycotoxigenic 
fungi. J Appl Microbiol 121(1):89–100

Andrade PF, de Faria AF, Oliveira SR, Arruda MA, Goncalves Mdo C (2015) Improved antibacte-
rial activity of nanofiltration polysulfone membranes modified with silver nanoparticles. Water 
Res 81:333–342

Arora S, Jain J, Rajwade JM, Paknikar KM (2008) Cellular responses induced by silver nanopar-
ticles: in vitro studies. Toxicol Lett 179(2):93–100

Asharani PV, Hande MP, Valiyaveettil S (2009a) Anti-proliferative activity of silver nanoparticles. 
BMC Cell Biol 10:65

Asharani PV, Low Kah Mun G, Hande MP, Valiyaveettil S (2009b) Cytotoxicity and genotoxicity 
of silver nanoparticles in human cells. ACS Nano 3(2):279–290

Asmathunisha N, Kathiresan K (2013) A review on biosynthesis of nanoparticles by marine organ-
isms. Colloids Surf B: Biointerfaces 103:283–287

Aziz N, Faraz M, Pandey R, Sakir M, Fatma T, Varma A, Barman I, Prasad R (2015) Facile algae-
derived route to biogenic silver nanoparticles: synthesis, antibacterial and photocatalytic prop-
erties. Langmuir 31:11605–11612. https://doi.org/10.1021/acs.langmuir.5b03081

Aziz N, Pandey R, Barman I, Prasad R (2016) Leveraging the attributes of Mucor hiemalis-derived 
silver nanoparticles for a synergistic broad-spectrum antimicrobial platform. Front Microbiol 
7:1984. https://doi.org/10.3389/fmicb.2016.01984

Baig RBN, Varma RS (2013) Magnetically retrievable catalysts for organic synthesis. Chem 
Commun 49(8):752–770

Baker RA, Tatum JH (1998) Novel anthraquinones from stationary cultures of Fusarium oxyspo-
rum. J Ferment Bioeng 85(4):359–361

Balakumaran M, Ramachandran R, Kalaichelvan P (2015) Exploitation of endophytic fungus, 
Guignardia mangiferae for extracellular synthesis of silver nanoparticles and their in vitro bio-
logical activities. Microbiol Res 178:9–17

Bansal V, Rautaray D, Ahmad A, Sastry M (2004) Biosynthesis of zirconia nanoparticles using the 
fungus Fusarium oxysporum. J Mater Chem 14(22):3303–3305

Bansal V, Bharde A, Ramanathan R, Bhargava SK (2012) Inorganic materials using ‘unusual’ 
microorganisms. Adv Colloid Interf Sci 179–182:150–168

Bastús NG, Merkoçi F, Piella J, Puntes V (2014) Synthesis of highly monodisperse citrate-
stabilized silver nanoparticles of up to 200 nm: kinetic control and catalytic properties. Chem 
Mater 26(9):2836–2846

Beeler E, Singh OV (2016) Extremophiles as sources of inorganic bio-nanoparticles. World 
J Microbiol Biotechnol 32(9):156

Bell AA, Wheeler MH, Liu J, Stipanovic RD, Puckhaber LS, Orta H (2003) United States 
Department of Agriculture-Agricultural Research Service studies on polyketide toxins of 
Fusarium oxysporum f sp vasinfectum: potential targets for disease control. Pest Manag Sci 
59(6–7):736–747

Bharde A, Rautaray D, Bansal V, Ahmad A, Sarkar I, Yusuf SM et al (2006) Extracellular biosyn-
thesis of magnetite using fungi. Small (Weinheim an der Bergstrasse, Germany) 2(1):135–141

Bhargava A, Jain N, Gangopadhyay S, Panwar J  (2015) Development of gold nanoparticle-
fungal hybrid based heterogeneous interface for catalytic applications. Process Biochem 
50(8):1293–1300

Bhargava A, Jain N, Khan MA, Pareek V, Dilip RV, Panwar J  (2016) Utilizing metal tolerance 
potential of soil fungus for efficient synthesis of gold nanoparticles with superior catalytic 
activity for degradation of rhodamine B. J Environ Manag 183:22–32

Bhattacharya R, Mukherjee P (2008) Biological properties of “naked” metal nanoparticles. Adv 
Drug Deliv Rev 60(11):1289–1306

5  Fungal Nanotechnology: A New Approach Toward Efficient Biotechnology…

https://doi.org/10.1021/acs.langmuir.5b03081
https://doi.org/10.3389/fmicb.2016.01984


138

Bhattacharyya A, Duraisamy P, Govindarajan M, Buhroo AA, Prasad R (2016) Nano-
biofungicides: emerging trend in insect pest control. In: Prasad R (ed) Advances and applica-
tions through fungal nanobiotechnology. Springer, Cham, pp 307–319

Bhimba BV, Gurung S, Nandhini SU (2015) Silver nanoparticles synthesized from marine fungi 
Aspergillus oryzae. Int J Chem Tech Res 7(01):68–72

Bhushan B (2010) Handbook of nanotechnology. Springer, Heidelberg
Bickerstaff GF (1997) Immobilization of enzymes and cells. In: Bickerstaff GF (ed) Immobilization 

of enzymes and cells. Humana Press, Totowa, pp 1–11
Blasse G (1979) Chemistry and physics of R-activated phosphors. In: Gschneidner JaLE KA (ed) 

Handbook on the physics and chemistry of rare earths, vol 4. Elsevier, Amsterdam, pp 237–274
Boroumand Moghaddam A, Namvar F, Moniri M, Md Tahir P, Azizi S, Mohamad R (2015) 

Nanoparticles biosynthesized by fungi and yeast: a review of their preparation, properties, and 
medical applications. Molecules (Basel, Switzerland) 20(9):16540–16565

Brayner R, Ferrari-Iliou R, Brivois N, Djediat S, Benedetti MF, Fiévet F (2006) Toxicological 
impact studies based on Escherichia coli bacteria in ultrafine ZnO nanoparticles colloidal 
medium. Nano Lett 6(4):866–870

Chauhan R, Kumar A, Abraham J (2013) A biological approach to the synthesis of silver nanopar-
ticles with Streptomyces sp JAR1 and its antimicrobial activity. Sci Pharm 81(2):607–624

Chauhan N, Narang J, Jain U (2016) Amperometric acetylcholinesterase biosensor for pesti-
cides monitoring utilising iron oxide nanoparticles and poly(indole-5-carboxylic acid). J Exp 
Nanosci 11(2):111–122

Chng LL, Erathodiyil N, Ying JY (2013) Nanostructured catalysts for organic transformations. Acc 
Chem Res 46(8):1825–1837

Choudhury SR, Nair KK, Kumar R, Gogoi R, Srivastava C, Gopal M et al (2010) Nanosulfur: a 
potent fungicide against food pathogen, Aspergillus niger. AIP Conf Proc 1276(1):154–157

Das SK, Das AR, Guha AK (2009) Gold nanoparticles: microbial synthesis and application in 
water hygiene management. Langmuir 25(14):8192–8199

Devi LS (2015) Ultrastructures of silver nanoparticles biosynthesized using endophytic fungi. 
J Microsc Ultrastruct 3(1):29–37

Dhanasekar NN, Rahul GR, Narayanan KB, Raman G, Sakthivel N (2015) Green chemistry 
approach for the synthesis of gold nanoparticles using the fungus Alternaria sp. J Microbiol 
Biotechnol 25(7):1129–1135

Dhillon GS, Brar SK, Kaur S, Verma M (2012) Green approach for nanoparticle biosynthesis by 
fungi: current trends and applications. Crit Rev Biotechnol 32(1):49–73

Ding C, Cheng W, Sun Y, Wang X (2015) Novel fungus-Fe3O4 bio-nanocomposites as high perfor-
mance adsorbents for the removal of radionuclides. J Hazard Mater 295:127–137

Du J, Singh H, Yi TH (2016) Antibacterial, anti-biofilm and anticancer potentials of green synthe-
sized silver nanoparticles using benzoin gum (Styrax benzoin) extract. Bioprocess Biosyst Eng 
39(12):1923–1931

Duran N, Teixeira MF, De Conti R, Esposito E (2002) Ecological-friendly pigments from fungi. 
Crit Rev Food Sci Nutr 42(1):53–66

Durán N, Marcato PD, De Souza GIH, Alves OL, Esposito E (2007) Antibacterial effect of sil-
ver nanoparticles produced by fungal process on textile fabrics and their effluent treatment. 
J Biomed Nanotechnol 3(2):203–208

El-Deeb B, Mostafa NY, Altalhi A, Gherbawy Y (2013) Extracellular biosynthesis of silver 
nanoparticles by bacteria Alcaligenes faecalis with highly efficient anti-microbial property. Int 
J Chem Eng 30:1137–1144

Eliseeva SV, Bunzli J-CG (2010) Lanthanide luminescence for functional materials and bio-
sciences. Chem Soc Rev 39(1):189–227

Erasmus M, Cason ED, van Marwijk J, Botes E, Gericke M, van Heerden E (2014) Gold nanopar-
ticle synthesis using the thermophilic bacterium Thermus scotoductus SA-01 and the purifica-
tion and characterization of its unusual gold reducing protein. Gold Bull 47(4):245–253

C. M. Romero et al.



139

Faramarzi MA, Sadighi A (2013) Insights into biogenic and chemical production of inorganic 
nanomaterials and nanostructures. Adv Colloid Interf Sci 189–190:1–20

Gade AK, Bonde P, Ingle AP, Marcato PD, Durán N, Rai MK (2008) Exploitation of Aspergillus 
niger for synthesis of silver nanoparticles. J Biobased Mater Bioenergy 2(3):243–247

Ghazwani A (2015) Biosynthesis of silver nanoparticles by Aspergillus niger, Fusarium oxyspo-
rum and Alternaria solani. Afr J Biotechnol 14(26):2170–2174

Golinska P, Rathod D, Wypij M, Gupta I, Składanowski M, Paralikar P et al (2016) Mycoendophytes 
as efficient synthesizers of bionanoparticles: nanoantimicrobials, mechanism, and cytotoxicity. 
Crit Rev Biotechnol 17:1–14

Govender Y, Riddin T, Gericke M, Whiteley CG (2009) Bioreduction of platinum salts into 
nanoparticles: a mechanistic perspective. Biotechnol Lett 31(1):95–100

Gunde-Cimerman NZP (2014) Extremely halotolerant and halophilic fungi inhabit brine in solar 
salterns around the globe. Food Technol Biotechnol 52(2):170–179

Hamedi S, Shojaosadati SA, Shokrollahzadeh S, Hashemi-Najafabadi S (2014) Extracellular 
biosynthesis of silver nanoparticles using a novel and non-pathogenic fungus, Neurospora 
intermedia: controlled synthesis and antibacterial activity. World J  Microbiol Biotechnol 
30(2):693–704

Hamedi S, Ghaseminezhad M, Shokrollahzadeh S, Shojaosadati SA (2016) Controlled biosynthe-
sis of silver nanoparticles using nitrate reductase enzyme induction of filamentous fungus and 
their antibacterial evaluation. Artific Cells Nanomed Biotechnol 45(8):1588–1596

Huang J, Lin L, Sun D, Chen H, Yang D, Li Q (2015) Bio-inspired synthesis of metal nanomateri-
als and applications. Chem Soc Rev 44(17):6330–6374

Hullikere M, Joshi C, Raju N (2014) Biogenic synthesis of silver nanoparticles using endophytic 
fungi Penicillium nodositatum and its antibacterial activity. J Chem Pharm Res 6(8):112–117

Ingle A, Gade A, Pierrat S, Sonnichsen C, Rai M (2008) Mycosynthesis of silver nanoparticles 
using the fungus Fusarium acuminatum and its activity against some human pathogenic bacte-
ria. Curr Nanosci 4(2):141–144

Iram S, Khan S, Ansary AA, Arshad M, Siddiqui S, Ahmad E et  al (2016) Biogenic terbium 
oxide nanoparticles as the vanguard against osteosarcoma. Spectrochim Acta A Mol Biomol 
Spectrosc 168:123–131

Ishida K, Cipriano TF, Rocha GM, Weissmuller G, Gomes F, Miranda K et al (2014) Silver nanopar-
ticle production by the fungus Fusarium oxysporum: nanoparticle characterisation and analysis 
of antifungal activity against pathogenic yeasts. Mem Inst Oswaldo Cruz 109(2):220–228

Jain N, Bhargava A, Majumdar S, Tarafdar JC, Panwar J  (2011) Extracellular biosynthesis and 
characterization of silver nanoparticles using Aspergillus flavus NJP08: a mechanism perspec-
tive. Nanoscale 3(2):635–641

Jain N, Bhargava A, Tarafdar JC, Singh SK, Panwar J (2013) A biomimetic approach towards syn-
thesis of zinc oxide nanoparticles. Appl Microbiol Biotechnol 97(2):859–869

Jain N, Bhargava A, Rathi M, Dilip RV, Panwar J (2015) Removal of protein capping enhances 
the antibacterial efficiency of biosynthesized silver nanoparticles. PLoS One 10(7):e0134337

Johnson BG (2003) Nanoparticles in catalysis. Top Catal 24:147–159
Jung WK, Koo HC, Kim KW, Shin S, Kim SH, Park YH (2008) Antibacterial activity and mecha-

nism of action of the silver ion in Staphylococcus aureus and Escherichia coli. Appl Environ 
Microbiol 74(7):2171–2178

Kafrouni L, Savadogo O (2016) Recent progress on magnetic nanoparticles for magnetic hyper-
thermia. Prog Biomater 5(3):147–160

Kalabegishvili T, Murusidze I, Kirkesali E, Rcheulishvili A, Ginturi E, Gelagutashvili E et  al 
(2015) Possibilities of physical methods in development of microbial nanotechnology. Eur 
Chem Bull 4(1–3):43–49

Karthika V, Arumugam A, Gopinath K, Kaleeswarran P, Govindarajan M, Alharbi NS et al (2017) 
Guazuma ulmifolia bark-synthesized Ag, Au and Ag/Au alloy nanoparticles: photocatalytic 
potential, DNA/protein interactions, anticancer activity and toxicity against 14 species of 
microbial pathogens. J Photochem Photobiol B Biol 167:189–199

5  Fungal Nanotechnology: A New Approach Toward Efficient Biotechnology…



140

Khalid AbdelRahim SYM, Ali AM, Almaary KS, Mustafa AE-ZMA, Husseiny SM (2017) 
Extracellular biosynthesis of silver nanoparticles using Rhizopus stolonifer. Saudi J Biol Sci 
24(1):208–216

Khalil NM (2013) Biogenic silver nanoparticles by Aspergillus terreus as a powerful nanoweapon 
against Aspergillus fumigatus. Afr J Microbiol Res 50:5645–5651

Khan A, Rashid R, Murtaza G, Zahra A (2014) Gold nanoparticles: synthesis and applications in 
drug delivery. Trop J Pharm Res 13(7):1169–1177

Kitching M, Ramani M, Marsili E (2015) Fungal biosynthesis of gold nanoparticles: mechanism 
and scale up. Microb Biotechnol 8(6):904–917

Kitching M, Choudhary P, Inguva S, Guo Y, Ramani M, Das SK et al (2016) Fungal surface protein 
mediated one-pot synthesis of stable and hemocompatible gold nanoparticles. Enzym Microb 
Technol 95:76–84

Krishnaraj C, Muthukumaran P, Ramachandran R, Balakumaran MD, Kalaichelvan PT (2014) 
Acalypha indica Linn: biogenic synthesis of silver and gold nanoparticles and their cytotoxic 
effects against MDA-MB-231, human breast cancer cells. Biotechnol Rep 4:42–49

Kubo AM, Gorup LF, Amaral LS, Filho ER, Camargo ER (2016) Kinetic control of microtu-
bule morphology obtained by assembling gold nanoparticles on living fungal biotemplates. 
Bioconjug Chem 27(10):2337–2345

Lara HH, Ayala-Núñez NV, Turrent LCI, Padilla CR (2010) Bactericidal effect of silver nanopar-
ticles against multidrug-resistant bacteria. World J Microbiol Biotechnol 26(4):615–621

Li G, He D, Qian Y, Guan B, Gao S, Cui Y et al (2012) Fungus-mediated green synthesis of silver 
nanoparticles using Aspergillus terreus. Int J Mol Sci 13(1):466

Liu WT (2006) Nanoparticles and their biological and environmental applications. J Biosci Bioeng 
102(1):1–7

Louise Meyer R, Zhou X, Tang L, Arpanaei A, Kingshott P, Besenbacher F (2010) Immobilisation 
of living bacteria for AFM imaging under physiological conditions. Ultramicroscopy 
110(11):1349–1357

Mahmoudi M, Simchi A, Imani M, Hafeli UO (2009) Superparamagnetic iron oxide nanoparticles 
with rigid cross-linked polyethylene glycol fumarate coating for application in imaging and 
drug delivery. J Phys Chem C 113(19):8124–8131

Majeed S, Abdullah MS, Dash GK, Ansari MT, Nanda A (2016) Biochemical synthesis of silver 
nanoprticles using filamentous fungi Penicillium decumbens (MTCC-2494) and its efficacy 
against A-549 lung cancer cell line. Chin J Nat Med 14(8):615–620

Mamonova IA, Babushkina IV, Norkin IA, Gladkova EV, Matasov MD, Puchin’yan DM (2015) 
Biological activity of metal nanoparticles and their oxides and their effect on bacterial cells. 
Nanotechnologies Russ 10(1):128–134

Marambio-Jones C, Hoek EMV (2010) A review of the antibacterial effects of silver nanoma-
terials and potential implications for human health and the environment. J  Nanopart Res 
12(5):1531–1551

Matsunaga T (1991) Applications of bacterial magnets. Trends Biotechnol 9(3):91–95
Medentsev AG, Akimenko VK (1998) Naphthoquinone metabolites of the fungi. Phytochemistry 

47(6):935–959
Mishra S (2013) Adsorption of Cu and Zn on calcium alginate immobilized Penicillium sp. Indian 

J Chem Technol 20 21-25
Mishra PM, Sahoo SK, Naik GK, Parida K (2015) Biomimetic synthesis, characterization and 

mechanism of formation of stable silver nanoparticles using Averrhoa carambola L. leaf 
extract. Mater Lett 160:566–571

Mohammadi B, Salouti M (2015) Extracellular bioynthesis of silver nanoparticles by Penicillium 
chrysogenum and Penicillium expansum. Synth React Inorg Met-Org Nano-Met Chem 
45(6):844–847

Mohanpuria P, Rana NK, Yadav SK (2008) Biosynthesis of nanoparticles: technological concepts 
and future applications. J Nanopart Res 10(3):507–517

C. M. Romero et al.



141

Morones JR, Elechiguerra JL, Camacho A, Holt K, Kouri JB, Ramirez JT et al (2005) The bacte-
ricidal effect of silver nanoparticles. Nanotechnology 16(10):2346–2353

Mukherjee P, Ahmad A, Mandal D, Senapati S, Sainkar SR, Khan MI et al (2001) Bioreduction of 
AuCl(4)(-) ions by the fungus, Verticillium sp. and surface trapping of the gold nanoparticles. 
Angew Chem Int Ed Eng 40(19):3585–3588

Musarrat J, Dwivedi S, Singh BR, Al-Khedhairy AA, Azam A, Naqvi A (2010) Production of 
antimicrobial silver nanoparticles in water extracts of the fungus Amylomyces rouxii strain 
KSU-09. Bioresour Technol 101(22):8772–8776

Netala VR, Bethu MS, Pushpalatha B, Baki VB, Aishwarya S, Rao JV et al (2016) Biogenesis of 
silver nanoparticles using endophytic fungus Pestalotiopsis microspora and evaluation of their 
antioxidant and anticancer activities. Int J Nanomedicine 11:5683–5696

Newman DK, Kolter R (2000) A role for excreted quinones in extracellular electron transfer. 
Nature 405(6782):94–97

Oberdorster G, Finkelstein JN, Johnston C, Gelein R, Cox C, Baggs R et al (2000) Acute pulmo-
nary effects of ultrafine particles in rats and mice. Res Rep 96:5–74

Panáček A, Prucek R, Hrbáč J, Tj N, Šteffková J, Zbořil R et al (2014) Polyacrylate-assisted size 
control of silver nanoparticles and their catalytic activity. Chem Mater 26(3):1332–1339

Ping Li JL, Wu C, Wu Q, Li J (2005) Synergistic antibacterial effect of ß-lactum antibiotic com-
bined with silver nanoparticle. Nanotechnology 16(9):1912–1917

Prabavathy DNR, Vaishnavie R (2015) Antimicrobial activity of silver nanoparticles synthesized 
by endophytic Aspergillus sp isolated from Justicia beddomei. J  Chem Pharma Res Chem 
Intermed 7(3):784–788

Prabhu S, Poulose EK (2012) Silver nanoparticles: mechanism of antimicrobial action, synthesis, 
medical applications, and toxicity effects. Int Nano Lett 2(1):32

Prasad R (2016) Advances and applications through fungal nanobiotechnology. Springer 
International Publishing (ISBN: 978-3-319-42989-2)

Prasad R (2017) Fungal nanotechnology: applications in agriculture, industry, and medicine. 
Springer International Publishing (ISBN 978-3-319-68423-9)

Prasad R, Swamy VS (2013) Antibacterial activity of silver nanoparticles synthesized by bark 
extract of Syzygium cumini. J Nanoparticles. https://doi.org/10.1155/2013/431218

Prasad NK, Rathinasamy K, Panda D, Bahadur D (2007) Mechanism of cell death induced by 
magnetic hyperthermia with nanoparticles of [gamma]-MnxFe2-xO3 synthesized by a single 
step process. J Mater Chem 17(48):5042–5051

Prasad R, Kumar V, Prasad KS (2014) Nanotechnology in sustainable agriculture: present con-
cerns and future aspects. Afr J Biotechnol 13(6):705–713

Prasad R, Pandey R, Barman I (2016) Engineering tailored nanoparticles with microbes: quo vadis. 
WIREs Nanomedicine Nanobiotechnol 8:316–330. https://doi.org/10.1002/wnan.1363

Prasad R, Bhattacharyya A, Nguyen Q (2017) Nanotechnology in sustainable agriculture: recent 
developments, challenges and perspectives. Front Microbiol 8:1014. https://doi.org/10.3389/
fmicb.2017.01014

Pulit J, Banach M, Szczyglowska R, Bryk M (2013) Nanosilver against fungi. Silver nanoparticles 
as an effective biocidal factor. Acta Biochim Pol 60(4):795–798

Raghupathi KR, Koodali RT, Manna AC (2011) Size-dependent bacterial growth inhibition and 
mechanism of antibacterial activity of zinc oxide nanoparticles. Langmuir 27(7):4020–4028

Raheman F, Deshmukh S, Ingle A, Gade A, Rai M (2011) Silver nanoparticles: novel antimicrobial 
agent synthesized from an endophytic fungus Pestalotia sp. isolated from leaves of Syzygium 
cumini (L). Nano Biomed Eng 3(3):174–178

Rahi D, Parmar A (2014) Mycosynthesis of silver nanoparticles by an endophytic Penicillium 
species of Aloe vera root, evaluation of their antibacterial and antibiotic enhancing activity. Int 
J Nanomaterials Biostructures 4(3):46–51

Rahi DK, Parmar AS, Tiwari V (2014) Biosynthesis of silver nanoparticles from fungal root endo-
phytes of Sida acuta plant and evaluation of their antibacterial and antibiotic enhancing activity. 
Int J Pharm Pharm Sci 6(11):160–166

5  Fungal Nanotechnology: A New Approach Toward Efficient Biotechnology…

https://doi.org/10.1155/2013/431218
https://doi.org/10.1002/wnan.1363
https://doi.org/10.3389/fmicb.2017.01014
https://doi.org/10.3389/fmicb.2017.01014


142

Rai M, Ingle A (2012) Role of nanotechnology in agriculture with special reference to manage-
ment of insect pests. Appl Microbiol Biotechnol 94(2):287–293

Rai M, Yadav A (2013) Plants as potential synthesiser of precious metal nanoparticles: progress 
and prospects. IET Nanobiotechnol 7(3):117–124

Rai M, Yadav A, Gade A (2009) Silver nanoparticles as a new generation of antimicrobials. 
Biotechnol Adv 27(1):76–83

Raj K, Moskowitz B, Casciari R (1995) Advances in ferrofluid technology. J Magn Magn Mater 
149(1–2):174–180

Rajamanickam U, Mylsamy P, Viswanathan S, Muthusamy P (2012) Biosynthesis of zinc nanopar-
ticles using actinomycetes for antibacterial food packaging. In: International conference on 
nutrition and food sciences. Singapore

Ramalingmam P, Muthukrishnan S, Thangaraj P (2015) Biosynthesis of silver nanoparticles 
using an endophytic fungus, Curvularia lunata and its antimicrobial potential. J  Nanosci 
Nanoengineering 1(4):241–247

Ramanathan R, O’Mullane AP, Parikh RY, Smooker PM, Bhargava SK, Bansal V (2011) Bacterial 
kinetics-controlled shape-directed biosynthesis of silver nanoplates using Morganella psychro-
tolerans. Langmuir 27(2):714–719

Rekha JK, Bala M, Arya V (2012) Endophytic fungus: a potential source of biological synthesized 
nanoparticle

Riddin TL, Gericke M, Whiteley CG (2006) Analysis of the inter- and extracellular formation of 
platinum nanoparticles by Fusarium oxysporum f. sp. lycopersici using response surface meth-
odology. Nanotechnology 17(14):3482–3489

Roduner E (2006) Size matters: why nanomaterials are different. Chem Soc Rev 35(7):583–592
Romero CM, Vivacqua CG, Abdulhamid MB, Baigori MD, Slanis AC, Allori MCG et al (2016) 

Biofilm inhibition activity of traditional medicinal plants from Northwestern Argentina against 
native pathogen and environmental microorganisms. Rev Soc Bras Med Trop 49:703–712

Roy S, Das TK (2015) Protein capped silver nanoparticles from fungus: x-ray diffraction studies 
with antimicrobial properties against bacteria. Int J ChemTech Res 7:1452–1459

Salunke BK, Sawant SS, Lee S-I, Kim BS (2016) Microorganisms as efficient biosystem for the 
synthesis of metal nanoparticles: current scenario and future possibilities. World J Microbiol 
Biotechnol 32(5):1–16

Sastry M, Ahmad A, Khan MI, Kumar R (2003) Biosynthesis of metal nanoparticles using fungi 
and actinomycete. Curr Sci 85(2):162–170

Saxena J, Sharma PK, Sharma MM, Singh A (2016) Process optimization for green synthesis of 
silver nanoparticles by Sclerotinia sclerotiorum. SpringerPlus 5(1):1–10

Schüler D, Frankel RB (1999) Bacterial magnetosomes: microbiology, biomineralization and bio-
technological applications. Appl Microbiol Biotechnol 52(4):464–473

Shahverdi AR, Fakhimi A, Shahverdi HR, Minaian S (2007) Synthesis and effect of silver nanopar-
ticles on the antibacterial activity of different antibiotics against Staphylococcus aureus and 
Escherichia coli. Nanomedicine: Nanotechnol Biol Med 3(2):168–171

Shankar SS, Ahmad A, Sastry M (2003) Geranium leaf assisted biosynthesis of silver nanopar-
ticles. Biotechnol Prog 19:1627–1631

Shanthi S, Jayaseelan BD, Velusamy P, Vijayakumar S, Chih CT, Vaseeharan B (2016) Biosynthesis 
of silver nanoparticles using a probiotic Bacillus licheniformis Dahb1 and their antibiofilm 
activity and toxicity effects in Ceriodaphnia cornuta. Microb Pathog 93:70–77

Sharma VK, Yngard RA, Lin Y (2009) Silver nanoparticles: green synthesis and their antimicro-
bial activities. Adv Colloid Interf Sci 145(1):83–96

Sharma K, Singh G, Singh G, Kumar M, Bhalla V (2015) Silver nanoparticles: facile synthesis and 
their catalytic application for the degradation of dyes. RSC Adv 5(33):25781–25788

Shi C, Zhu N, Cao Y, Wu P (2015) Biosynthesis of gold nanoparticles assisted by the intracellular 
protein extract of Pycnoporus sanguineus and its catalysis in degradation of 4-nitroaniline. 
Nanoscale Res Lett 10(1):1–8

C. M. Romero et al.



143

Siddiqi KS, Husen A (2016) Fabrication of metal and metal oxide nanoparticles by algae and their 
toxic effects. Nanoscale Res Lett 11(1):363

Singh D, Rathod V, Ninganagouda S, Hiremath J, Singh AK, Mathew J  (2014) Optimization 
and Characterization of silver nanoparticle by endophytic fungi Penicillium sp. isolated 
from Curcuma longa (Turmeric) and application studies against MDR E. coli and S. aureus. 
Bioinorg Chem Appl 2014:8

Stark WJ, Stoessel PR, Wohlleben W, Hafner A (2015) Industrial applications of nanoparticles. 
Chem Soc Rev 44(16):5793–5805

Thakkar KN, Mhatre SS, Parikh RY (2010) Biological synthesis of metallic nanoparticles. 
Nanomedicine: Nanotechnol Biol Med 6(2):257–262

Vaghari H, Jafarizadeh-Malmiri H, Mohammadlou M, Berenjian A, Anarjan N, Jafari N et  al 
(2016) Application of magnetic nanoparticles in smart enzyme immobilization. Biotechnol 
Lett 38(2):223–233

Vala AK (2015) Exploration on green synthesis of gold nanoparticles by a marine-derived fungus 
Aspergillus sydowii. Environ Prog Sustain Energy 34(1):194–197

Vanaja M, Rajeshkumar S, Paulkumar K, Gnanajobitha G, Chitra K, Malarkodi C et al (2015) 
Fungal assisted intracellular and enzyme based synthesis of silver nanoparticles and its bacte-
ricidal efficiency. Int Res J Pharm Biosci 2(3):8–19

Vardhana JKG (2015) Biosynthesis of silver nanoparticles by endophytic fungi Pestaloptiopsis pau-
ciseta isolated from the leaves of Psidium guajava Linn. Int J Pharm Sci Rev Res 31(1):29–31

Vetchinkina EP, Loshchinina EA, Vodolazov IR, Kursky VF, Dykman LA, Nikitina VE (2017) 
Biosynthesis of nanoparticles of metals and metalloids by basidiomycetes. Preparation of 
gold nanoparticles by using purified fungal phenol oxidases. Appl Microbiol Biotechnol 
101(3):1047–1062

Vigneshwaran N, Ashtaputre N, Varadarajan P, Nachane R, Paralikar K, Balasubramanya R (2007) 
Biological synthesis of silver nanoparticles using the fungus Aspergillus flavus. Mater Lett 
61(6):1413–1418

Volesky B, Holan ZR (1995) Biosorption of heavy metals. Biotechnol Prog 11(3):235–250
Wei W, Zhaohui W, Taekyung Y, Changzhong J, Woo-Sik K (2015) Recent progress on magnetic 

iron oxide nanoparticles: synthesis, surface functional strategies and biomedical applications. 
Sci Technol Adv Mater 16(2):023501

Wen L, Zeng P, Zhang L, Huang W, Wang H, Chen G (2016) Symbiosis theory-directed 
green synthesis of silver nanoparticles and their application in infected wound healing. Int 
J Nanomedicine 11:2757–2767

Xia T, Kovochich M, Brant J, Hotze M, Sempf J, Oberley T et al (2006) Comparison of the abilities 
of ambient and manufactured nanoparticles to induce cellular toxicity according to an oxidative 
stress paradigm. Nano Lett 6(8):1794–1807

Xu C, Sun S (2013) New forms of superparamagnetic nanoparticles for biomedical applications. 
Adv Drug Deliv Rev 65(5):732–743

Xue B, He D, Gao S, Wang D, Yokoyama K, Wang L (2016) Biosynthesis of silver nanopar-
ticles by the fungus Arthroderma fulvum and its antifungal activity against genera of Candida, 
Aspergillus and Fusarium. Int J Nanomedicine 11:1899–1906

Yuan J, Wang G (2006) Lanthanide-based luminescence probes and time-resolved luminescence 
bioassays. Trends Anal Chem 25(5):490–500

Zhao J, Wu T, Wu K, Oikawa K, Hidaka H, Serpone N (1998) Photoassisted degradation of dye 
pollutants. 3. Degradation of the cationic dye rhodamine B in aqueous anionic surfactant/TiO2 
dispersions under visible light irradiation: evidence for the need of substrate adsorption on TiO2 
particles. Environ Sci Technol 32(16):2394–2400

5  Fungal Nanotechnology: A New Approach Toward Efficient Biotechnology…


	Chapter 5: Fungal Nanotechnology: A New Approach Toward Efficient Biotechnology Application
	5.1 Introduction
	5.2 Biosynthesis of NPs by Fungi
	5.2.1 Silver Nanoparticles
	5.2.2 Gold Nanoparticles
	5.2.3 Magnetic Nanoparticles
	5.2.4 Other Metal Nanoparticles

	5.3 Mechanisms of Nanoparticle Biosynthesis
	5.3.1 Intracellular Synthesis
	5.3.2 Extracellular Synthesis
	5.3.3 Biomolecules Responsible for Nanoparticle Synthesis

	5.4 Nanoparticle Applications
	5.4.1 Antimicrobial Activity
	5.4.2 Cytotoxicity
	5.4.3 Fine Chemical and Pharmacology
	5.4.4 Bioremediation
	5.4.5 Food Safety
	5.4.6 Plant Disease Management

	References




