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Foreword

Bionics is a discipline focused on the application of knowledge gained by study-
ing living organisms and their structures in the development of new technologies. 
Although officially this is a young interdisciplinary field of science that originated 
in the 1960s, the principles of this idea were used, for example, by Leonardo da 
Vinci in his flying machine inspired by a bat at the early sixteenth century. 
Nanobionics is an even younger field; its beginnings can be traced back to the first 
decade of the new millennium. Nanotechnology has become a phenomenon of the 
twenty-first century, and bionics, under the name “nanobionics,” aims to prepare 
a variety of nanomaterials by so-called green synthesis using nature-inspired 
resources. Nanoparticles can be prepared using “heavy” chemistry, plant extracts, 
or using a variety of microorganisms, which can be natural, bred, or genetically 
modified as in many cases when microorganisms are used in the industrial 
biotechnology.

Microorganisms (bacteria, fungi) can be found without exaggeration anywhere 
on our planet, are able to survive extreme conditions, and provide remarkable prod-
ucts. Microorganisms are an essential part of biota, including human. Some are 
beneficial, e.g., for digestion, for the production of secondary metabolites for indus-
trial and biomedical purposes, and for good soil quality. It should be noted that soil 
microorganisms are the most represented of all soil biota; they are responsible for 
the creation, circulation of nutrients and other compounds in the soil, fertility, soil 
regeneration, overall plant health, and sustainable soil ecosystem. Useful soil micro-
organisms include especially those that are symbiotic with plant roots (i.e., mycor-
rhizal fungi, rhizobia, actinomycetes, diazotrophic bacteria), ensure nutrient 
availability, promote mineralization, produce plant growth hormones, and help 
plants to fight diseases, pests, and parasites (so-called biocontrol agents). On the 
other hand, microorganisms can have adverse impact on living organisms, which is 
reflected, for example, in various diseases of plants, animals, and humans. The 
increase in the number of drug-resistant and multidrug-resistant strains/species of 
microorganisms causing both major damage to agriculture and the food industry 
and disproportionately increasing the cost of human treatment poses a major global 
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threat. With climate change, other pathogenic agents are emerging at new latitudes, 
and the reduced immunity of the human population contributes to the increase in 
life-threatening infections caused by originally nonpathogenic microorganisms.

This book series deals with the use of microorganisms, i.e., a wide range of dif-
ferent bacteria, yeasts, and filamentous fungi, to produce various nanomaterials for 
the application in a wide range of human activities and purposes. It provides valu-
able modern knowledge on how to choose a suitable microorganism, how to adjust/
prepare it, what to avoid, and what is the negative impact of nanoparticles on “living 
synthesizers.” The current overview of applications of microorganisms for the bio-
synthesis of nanomaterials for environmental, energy, or biomedical purposes is the 
matter of course. I am convinced that both volumes of the book series Microbial 
Nanobionics will become an indispensable resource and reference for any engineers 
and researchers interested or engaged in the biosynthesis of nanomaterials using 
microorganisms, the use of microbial photosynthetic reaction centers combined 
with nanoparticles for photocurrent generation, or the application of nanobiosensors 
for microbial growth and diagnostics.

Faculty of Natural Sciences, Comenius University
Bratislava, Slovak Republic 

 Josef Jampílek

Regional Centre of Advanced Technologies  
and Materials, Palacký University
Olomouc, Czech Republic

Biographical Sketch of Josef Jampilek
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Charles University (Czech Republic) in 2004. During 
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at multiple specialized courses. In 2009, he became an 
Associate Professor of Medicinal Chemistry at the 
Faculty of Pharmacy of the University of Veterinary 
and Pharmaceutical Sciences Brno (Czech Republic). 
In 2017, he was designated as a Full Professor of 
Medicinal Chemistry at the Comenius University in 
Bratislava (Slovakia). He is currently working at the 
Faculty of Natural Sciences, Comenius University in 
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Bratislava (Slovakia) and at the Regional Centre of Advanced Technologies and 
Materials, Palacky University Olomouc (Czech Republic). He is an author/co-
author of more than 30 patents/patent applications, almost 200 peer-reviewed scien-
tific publications, 7 university textbooks, 20 chapters in monographs, and many 
invited lectures at international conferences and workshops. He also received sev-
eral awards for his scientific results, e.g., from Aventis, Elsevier, Willey, Sanofi, and 
FDA. His research interests include design, synthesis, and structure-activity rela-
tionships of heterocyclic compounds as anti-invasive and anti-inflammatory agents 
as well as photosynthesis inhibitors. He is also interested in ADME, drug bioavail-
ability, nanosystems, and pharmaceutical analysis, especially solid-state analytical 
techniques.
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Preface

Microbes are widely used in the chemical and food sectors, biomedicine and in vari-
ous areas such as environmental remediation, green chemistry, sustainable manu-
facturing, biomass energy and resources. The use of microbes to synthesize biogenic 
nanoparticles has been of great interest. Microorganisms can change the oxidation 
state of metals, and these microbial processes have opened up new opportunities for 
us to explore novel applications, for example, the biosynthesis of metal nanomateri-
als. In contrast to chemical and physical methods, microbial processes for synthe-
sizing nanomaterials can be achieved in aqueous phase under gentle and eco-friendly 
benign conditions. This approach has become an attractive focus in microbial nano-
technology research toward resource-efficient and sustainable development. This 
book covers the synthesis of nanoparticles by microbes (bacteria, fungi, actinomy-
cetes, and so on), and the mechanisms involved in such biosynthesis, and a unique 
template for synthesis of tailored nanoparticles targeted at therapeutics, medicine, 
agriculture, biofuel and toward new applications that integrate microbes with nano-
materials to produce biohybrids and the next generation of bionic architectures.

This book should be immensely useful to nanoscience scholars, especially 
microbiologists, nanotechnologists, researchers, technocrats, and scientists of 
microbial nanobiotechnology. I am honoured that the leading scientists who have 
extensive, in-depth experience and expertise in microbial systems and nanobiotech-
nology took the time and effort to develop these outstanding chapters. Each chapter 
was written by internationally recognized researchers and scientists so the reader is 
given an up-to-date and detailed account of our knowledge of nanobiotechnology 
and innumerable applications of microbes.

I wish to thank Dr. Eric Stannard, Senior Editor, Springer; Mr. Rahul Sharma, 
Project Coordinator, Springer Nature, for generous assistance, constant support, and 
patience in initializing the volume. I give special thanks to my exquisite wife  
Dr. Avita for her constant support and motivation in putting everything together.  
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I am in particular very thankful to Honorable Vice Chancellor Professor Dr. Sanjeev 
Kumar Sharma, Mahatma Gandhi Central University, Bihar for  constant encourage-
ment. I am also grateful to my esteemed friends and well-wishers and all faculty 
colleagues of the School of Life Sciences and Department of Botany and 
Biotechnology, India.

Motihari, Bihar, India Ram Prasad
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Chapter 1
Processing of Nanoparticles by Biomatrices 
in a Green Approach

Marcia Regina Salvadori

M. R. Salvadori (*) 
Department of Microbiology, Biomedical Institute-II, University of São Paulo,  
São Paulo, São Paulo, Brazil
e-mail: mrsal@usp.br

1.1  Introduction

The definition of nanotechnology was first described by physicist Richard 
Feynman in 1959 (Bhattacharya et al. 2009). This science is considered to have 
the ability to control and manipulate matter at the atomic and molecular levels 
(Balasooriya et al. 2017). The synthesis of nanoparticles (NPs) has emerged as a 
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promising area in nanotechnology with exponential progress in many fields such 
as chemical industries, biomedical, electronics, drug–gene delivery, catalysis, 
agriculture, cosmetics, optics, mechanics, food and feed, and the environment 
(Sreejivungsa et al. 2016; Zhao et al. 2015a, b; Itohara et al. 2016; Lohani et al. 
2014; Prasad 2014; Prasad et al. 2014, 2016, 2017a; Pei et al. 2015; Zhang et al. 
2016; Yuan et al. 2015).

Chemical and physical methods have been used for the synthesis of NPs; how-
ever, they present disadvantages such as the use of hazardous products, toxic sol-
vents, and high-energy consumption (Azandehi and Moghaddam 2015; Yu et  al. 
2016). The production of NPs can be divided into bottom-up or top-down approaches 
(Murphy 2002). The bottom-up approach involves microemulsion (Darbandi et al. 
2005), chemical vapor deposition (Li et  al. 2004), sol–gel processing (Yi et  al. 
1988), laser pyrolysis (Lacour et al. 2007), and plasma- or flame-spraying synthesis 
(Mädler et al. 2002). The top-down approach consists of a process of the breaking 
down of large structures to create small structures and uses physical methods such 
as vapor deposition (Kumar and Ando 2010), pulsed electrochemical etching 
(Nissinen et al. 2016), sputtering deposition (Bell et al. 2001), lithography (Tapasztó 
et al. 2008), and laser ablation (Barcikowski et al. 2009).

In the last few decades, green approaches have substituted some of the chemical 
and physical methods in NP synthesis using biomatrices (bacteria, viruses, fungi, 
yeasts, algae, protozoans, plants or plant extracts) from aqueous solutions of the 
corresponding salts (Klaus-Joerger et al. 2001; Ahmad et al. 2011; Ramezani et al. 
2012; Alghuthaymi et  al. 2015; Boroumand et  al. 2015; Prasad et  al. 2016; 
Dahoumane et al. 2017a, b). These techniques present the advantages of being low- 
cost and environmentally safe, as they are implemented at room temperature or 
under mild heating; in aqueous solution, atmospheric pressure and salts are used, 
as they are received without additional synthesis. These procedures fit in with the 
precepts of the green approach to nanotechnology (Dahoumane et  al. 2017a, b; 
Anastas and Kirchhoff 2002).

The applications of NPs produced through green chemistry using biomatrices are 
rapidly increasing in various areas, such as antimicrobial activity, health care, drug 
delivery, cosmetics, biomedical, food and feed, high-temperature superconductors, 
wood preservatives, catalysis, light emitters, gas sensor, medical imaging devices, 
agriculture, and environmental clean-up (Khalil et al. 2013; Kaviya and Viswanathan 
2011; Ahmed et al. 2016; Evans et al. 2008; Li et al. 2007; Guo et al. 2007; Salvadori 
et al. 2016; Bansal et al. 2014; Prasad et al. 2014, 2017a, b, c, 2018a; Aziz et al. 2015, 
2016, 2019). This fact is emphasizing the responsibility of researchers to seek a syn-
thetic route, which is not only profitable, but also environmentally safe; this has been 
shown through several reports in the literature on the green approach to the synthesis 
of NPs.

In this chapter, a green approach to NPs synthesis is discussed as an environmen-
tally safer advancement in the synthesis process compared to chemical and physical 
processes. The main objective is a deeper understanding of the utilization of bioma-
trices as microorganisms and plants in NP production using green chemistry, and 
their variety of applications, such as in life science, industry, and environmental 
science.

M. R. Salvadori
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1.2  Bacteria: Biomatrices for NP Synthesis

Bacteria are microorganisms compressing one of the three domains of living organ-
isms. They are prokaryotic organisms, unicellular and either free living in water or 
soils or parasitizing animals or plants. Owing to their abundance in nature, their 
remarkable capacity to reduce metal ions, and the ability to adapt to extreme condi-
tions, the bacteria are a good choice as candidates for biomatrices in NP production 
(Pantidos and Horsfall 2014; Prasad et al. 2016).

The bacteria synthesize NPs both intra- and extracellularly, according to the 
place where NPs are formed in the bacterial cells. Intracellular NP production by 
bacteria encompasses, for example, the synthesis of silver NPs (AgNPs), such as 
those produced by Rhodococcus sp. inside the cell and in the cytoplasm (Otari et al. 
2015), Vibrio alginolyticus through reduction of silver nitrate (Rajeshkumar et al. 
2013a), and Pseudomonas stutzeri AG 259 isolated from silver mine-produced NPs 
within the periplasmic space of a bacterium (Klaus et al. 1999). Gold NPs (AuNPs) 
were produced by Shewanella algae (Konishi et al. 2007), which are facultatively 
anaerobic bacteria, Gram-negative, found predominantly in marine sediments and 
in association with fish (Nealson and Scott 2006). The alkalotolerant actinomycetes 
Rhodococcus sp. (Ahmad et al. 2003) and Brevibacterium casei produced spherical 
AuNPs (Kalishwaralal et al. 2010). The bacteria Escherichia coli synthesized intra-
cellularly cadmium sulfide (CdS) nanocrystals (Sweeney et al. 2004). The palla-
dium NPs were synthesized by the bacteria Desulfovibrio desulfuricans and Bacillus 
benzeovorans (Omajali et al. 2015). Non-metallic nanomaterials such as selenium 
NPs were synthesized by the Bacillus licheniformis JS2, which was able to inhibit 
proliferation and induce caspase-independent necrosis in human prostate adenocar-
cinoma cells (Sonkusre et al. 2016).

Several bacteria have been studied for their potential for extracellular NP synthe-
sis. Zonooz and Salouti (2011) reported the biosynthesis of AgNPs using superna-
tant of Streptomyces sp., Bacillus megaterium showed the ability to synthesize 
silver, lead, and cadmium NPs extracellularly (Prakash et al. 2010). AuNPs were 
synthesized by Pseudomonas denitrificans (Mewada et  al. 2012). The bacteria 
Bacillus subtilis has been described as being capable of synthesizing iron oxide NPs 
extracellularly (Sundaram et al. 2012). Other examples of NPs produced by bacteria 
are described in Table 1.1.

The exact mechanism of NP production by bacteria has not yet been elucidated. 
Probable mechanisms that can be considered for NP biosynthesis by bacteria 
included extracellular complexion or precipitation of metals, efflux system, bioac-
cumulation, lack of specific metal transportation system, alteration of solubility, 
and toxicity via reduction or oxidation and bio-absorption (Beveridge and Murray 
1980; Pantidos and Horsfall 2014; Prasad et  al. 2016). Figure 1.1 illustrates the 
possible extra- or intracellular mechanisms of the synthesis of metallic NPs by 
bacteria, taking into account important physico-chemical parameters in NP produc-
tion, such as pH, contact time, temperature, amount of bacteria, and concentration 
of the metal salts.

1 Processing of Nanoparticles by Biomatrices in a Green Approach
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Fig. 1.1 Scheme of nanoparticle (NP) synthesis by bacteria

Table 1.1 Biosynthesis of nanoparticles (NPs) by bacteria

Bacteria species Metal NPs Location Size (nm) References

Shewanella oneidensis U Extracellular 150 Marshall et al. (2007)
Pseudomonas aeruginosa Au Extracellular 15–30 Husseiney et al. 

(2007)
Lactobacillus sp. Au, Ag Intracellular 20–50 Nair and Pradeep 

(2002)
Acetobacter xylinum Ag Extracellular – Barud et al. (2008)
Bacillus selenitireducens Te Extracellular ~10 Baesman et al. 

(2007)
Magnetospirillum 
magnetotacticum

Fe3O4 Intracellular 47.1 Philipse and Maas 
(2002)

Desulfovibrio desulfuricans 
NCIMB 8307

Pd Intracellular ~50 Yong et al. (2002)

Aquaspirillum Fe3O4 Intracellular 40–50 Mann et al. (1984)
Lactobacillus sp. Ti Extracellular 40–60 Prasad et al. (2007)
Rhodopseudomonas capsulate Au Extracellular 10–20 Shiying et al. (2007)
Plectonema boryanum UTEX485 Au Intracellular 10 Lengke et al. (2006)
Enterobacter cloacae, Klebsiella 
pneumonia, E. coli

Ag Extracellular 52.5 Shahverdi et al. 
(2007)

Gluconacetobacter xylinus CdS Extracellular 30 Li et al. (2009)
Actinobacter sp. Magnetite Extracellular 10–40 Bharde et al. (2005)

M. R. Salvadori
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The extracellular biosynthesis of NPs is still the most promising, owing to easy 
scale-up processing and rapid processing, which is why this is the most frequently 
studied mechanism for NP-forming bacterial systems (Velusamy et al. 2016).

1.3  Protozoans: Biomatrices of NP Processing

Protozoans are microscopic eukaryotic organisms belonging to the Protista king-
dom, and are primarily unicellular, living singly or in colonies. Usually, they are 
nonphotosynthetic, and are often classified further into phyla according to their 
capacity for motility, i.e., pseudopods, flagella or cilia, which have a relatively com-
plex internal structure. Most species are free-living, but all higher animals are 
infected with one or more species of protozoans (Baron 1996).

There are few reports in the literature about the use of protozoans as biomatrices 
in NP synthesis. Juganson et  al. (2013) described the extracellular synthesis of 
AgNPs by cell-free exudates of the ciliated protozoan Tetrahymena thermophila, 
with a mean hydrodynamic size of 70 nm. Tetrahymena thermophila has also been 
described as a synthesizer of amorphous spherical selenium NPs with a diameter 
between 50 and 500 nm. In experimental results, it is believed that in addition to 
glutathione, three more of the protozoan proteins are involved in the synthesis 
of selenium NPs (Cui et al. 2016). Ramezani et al. (2012) described the synthesis of 
Ag- and AuNPs using the protozoan Leishmania sp., with sizes ranging from 10 to 
100 nm for silver NPs and 50 to 100 nm for AuNPs. The authors also observed the 
presence of proteins as stabilizing agents on the NP surface.

In view of the literature reports, protozoans may also offer a good choice for a 
green approach in NP production. A probable scheme of metallic NP synthesis by 
protozoa is illustrated in Fig. 1.2.

1.4  Viruses: Biomatrices of Nanomaterials

The virus is a small parasite, which, when it infects a susceptible cell, can direct the 
cell machinery to produce more viruses. Normally, the viruses have either RNA or 
DNA as their genetic material. The entire infectious virus particle, called a virion, 
consists of the nucleic acid and an outer shell of protein (Lodish et al. 2000).

The viruses have shown great promise as templates and scaffolds for NP  
synthesis (Lee et al. 2009), through the interconnection of nanometric components. 
They exhibit the characteristics of an ideal nano-building block, as their ability to 
associate into desired structures, monodispersity, morphology, and the variety of 
chemical groups available for modification and size (Douglas and Young 1998; 
Mao et al. 2004; Velusamy et al. 2016).

1 Processing of Nanoparticles by Biomatrices in a Green Approach
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The viruses have been exposed to various metal or other inorganic precursors and 
this exposure, through interactions with amino acids of the capsids, has resulted in 
the nucleation and formation of nanomaterials on their outer or inner surface 
(Pokorski and Steinmetz 2011).

Hou et al. (2014) reported the production of platinum NPs by a wild-type virion, 
bacteriophage T4. The NPs presented a uniform size of 3–4 nm and covered the 
whole viral capsid, in addition to presenting high electrocatalytic activity in electro-
chemical measurement. The rod-like viruses showed the ability to synthesize copper 
nanorods and nanowires (Zhou et al. 2012). Mao et al. (2003) described the produc-
tion of ZnS and CdS nanocrystals with an average size of 50–100 nm by the M13 
bacteriophage. Cowpea chlorotic mottle virus and cowpea mosaic virus have been 
used for the mineralization of inorganic materials (Love et al. 2014).

Tobacco mosaic virus (TMV) is a very versatile scaffold, because of its external 
surface and inner channel, which can be mineralized, the lysine-/arginine-rich exte-
rior is positively charged, whereas the aspartate/glutamate-rich lumen is negatively 
charged (Namba and Stubbs 1986). These characteristics allow several materials to 
be deposited on TMV such as SiO2, CdS, PbS, and Fe2O3 nanocrystals (Shenton 
et al. 1999). Cobalt, copper, gold, nickel, palladium, platinum, and silver can be 
deposited on the virus via electrolytic deposition (Balci et al. 2006; Dujardin et al. 
2003; Bromley et al. 2008; Knez et al. 2002, 2003, 2004). The atomic layer deposi-
tion has been used to produce hybrid aluminum oxide and titanium oxide structures 
(Knez et al. 2006).

Therefore, nowadays the viruses are not only considered pathogens, but are seen as 
new biomatrices for the construction of nanomaterials, with applications in several areas.

Fig. 1.2 Illustration of the probable scheme of production of metallic NPs by protozoans
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1.5  Yeasts: Biomatrices That Mediate NP Production

The yeasts are eukaryotic microorganisms, classified in the fungi kingdom, with 
approximately 1500 species described (Lachance 2016). A new evolution in the use 
of yeasts is in the field of intracellular and extracellular NP synthesis through green 
routes (Salvadori et al. 2014a; Skalickova et al. 2017).

Over the last few decades, the yeasts have become important in nanotechnology 
because of their valuable attributes for NP production, such as the ease of control 
under laboratory conditions, growth under extreme conditions of temperature, pH, 
and nutrients, the rapid growth, the production of various enzymes, the simple 
scale-up, the cost-effectiveness, the easy processing, and biomass handling (Anand 
et al. 2006; Kumar et al. 2011; Varshney et al. 2012).

Several research projects have been conducted to obtain the biosynthesis of 
metal NPs using yeasts (Table 1.2). Jha et al. (2009) reported a green and low-cost 
synthesis of Sb2O3 NPs by Saccharomyces cerevisiae. The synthesis of Au- and 
AgNPs by Candida guilliermondii (Mishra et al. 2011) and Saccharomyces cerevisiae 

Table 1.2 Biosynthesis of metal NPs by yeasts

Yeasts species Metal NPs Location Size (nm) References

Baker’s yeast Au Extracellular 13 Attia et al. (2016)
Candida albicans Au Cell-free extract 5 Ahmad et al. (2013)
Yeast cells Fe3O4 Extracellular – Zhou et al. (2009b)
Yeast cells FePO4 Extracellular – Zhou et al. (2009a)
Candida utilis Au Intracellular – Gericke and Pinches 

(2006)
Yeast Zr – – Tian et al. (2010)
Yeast Au/Ag Extracellular 9–25 Zheng et al. (2010)
Yarrowia lipolytica 
NCIM3589

Au Cell surface Varying Agnihotri et al. (2009)

Candida glabrata CdS Intra and 
extracellular

20 Å, 29 Å Dameron et al. (1989)

Yeast strain MKY3 Ag Extracellular 2–5 Kowshik et al. (2003)
Saccharomyces 
cerevisiae

Sb2O3 Intracellular 2–10 Jha et al. (2009)

Schizosaccharomyces 
pombe

CdS Intra and 
extracellular

18 Å, 29 Å Dameron et al. (1989)

Schizosaccharomyces 
pombe

CdS Intracellular 1–1.5 Kowshik et al. (2002)

Yeast CdS Intracellular 3.6 Prasad and Jha (2010)
Yeasts Zn3(PO4)2 Extracellular 10–80 ×  

80–200
Yan et al. (2009)

Rhodotorula 
mucilaginosa

Cu Intracellular 10.5 Salvadori et al. (2014a)

Rhodotorula 
mucilaginosa

Ni/NiO Extracellular 5.5 Salvadori et al. (2016)

Rhodotorula 
mucilaginosa

Ag Intracellular 11 Salvadori et al. (2017)

1 Processing of Nanoparticles by Biomatrices in a Green Approach
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(Lim et  al. 2011) was also described. The ability of the tropical marine yeast 
Yarrowia lipolytica NCIM 3589 to produce AuNPs was reported by Agnihotri et al. 
(2009) and the yeast strain MKY3 was reported for the production of AgNPs by 
Kowshik et al. (2003). A green approach using dead biomass of the yeast Rhodotorula 
mucilaginosa as a biomatrix was described for the intracellular production of 
copper and AgNPs (Salvadori et al. 2014a, 2017) and the extracellular production 
of Ni/NiO magnetic NPs (Salvadori et al. 2016). The CdS NPs were produced by 
Candida glabrata and Schizosaccharomyces pombe (Dameron et  al. 1989), the 
NPs produced by Schizosaccharomyces pombe being used for the production of a 
cadmium diode (Kowshik et al. 2002).

The mechanisms of NP synthesis by yeasts have not yet been elucidated, as 
future research into the understanding of this interesting green approach to nano-
technology requires further research.

Salvadori et al. (2016) proposed a natural protocol for extracellular metal NP syn-
thesis using yeasts. This mechanism consists in the interaction between the metal cat-
ions and the amide groups located in the yeast cell wall and its subsequent bioreduction, 
possibly because of the presence of extracellular enzymes in the yeast cell wall; these 
same proteins serve as capping and stabilizing agents of the NPs. A probable mecha-
nism of intracellular NP production comprises the electrostatic interaction between 
metal cations and amide groups found in yeast cell wall enzymes, followed by the 
bioreduction of the ions by enzymes located inside the cell wall, which results in the 
aggregation of the metal ions and the formation of NPs (Salvadori et  al. 2017). 
Figure 1.3 schematizes a possible mechanism of intracellular NP synthesis by yeasts.

Fig. 1.3 Illustration of the mechanism of intracellular NP synthesis by yeasts

M. R. Salvadori
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In view of several reports in the literature, yeasts are considered to be versatile bio-
matrices in NP construction, making a great contribution to green nanotechnology.

1.5.1  Filamentous Fungi: Biomatrices of Nanofactories

Filamentous fungi are ubiquitous eukaryotic organisms, multicellular, spore- producing, 
they reproduce both sexually and asexually, and show filamentous branched structures 
(Gow and Gadd 1994). The mycogenic route using filamentous fungi for NP produc-
tion has been well accepted because this totipotent eukaryotic microorganism has vari-
ous notable features, which have been well reported (Saxena et al. 2014), such as they 
are easy to culture (Rai et  al. 2009), they have the ability to secrete extracellular 
enzymes (Kar et al. 2014), easy handling and growth control (Salvadori et al. 2015), 
extracellular NP synthesis (Gade et al. 2008), and biomolecules in the cell wall, which 
play an important role in the sorption of various metals (Srivastava and Thakur 2006; 
Prasad 2016, 2017; Abdel-Aziz et al. 2018; Prasad et al. 2018b).

The mycosynthesis of several metallic NPs by different filamentous fungi 
has been reported (Table 1.3). Filamentous fungi have the ability to produce metal 
NPs/meso- and nanostructured by reducing intra- or extracellular enzymes and 
through the biomimetic mineralization process (Ahmad et al. 2003).

Table 1.3 Metal NPs produced by filamentous fungi

Fungi species Metal NPs Location Size (nm) References

Aspergillus clavatus Ag Extracellular 10–25 Narayanan and Sakthivel 
(2010)

Aspergillus niger Ag Extracellular 3–30 Jaidev and Narasimha (2010)
Bipolaris nodulosa Ag Extracellular 10–60 Saha et al. (2010)
Phoma glomerata Ag Extracellular 60–80 Birla et al. (2009)
Mucor hiemalis Ag Extracellular 5–15 Aziz et al. (2016)
Pestalotia sp. Ag Extracellular 10–40 Raheman et al. (2011)
Aspergillus terreus Mg Extracellular 48–98 Raliya et al. (2013)
Aspergillus aculeatus NiO Extracellular 5.89 Salvadori et al. (2014c)
Aspergillus niger CeO2 Extracellular 5–20 Gopinath et al. (2015)
Hypocrea lixii Cu Extracellular 24.5 Salvadori et al. (2013)
Aspergillus fumigatus ZnO Extracellular 1.2–6.8 Raliya and Tarafdar (2013)
Trichoderma 
koningiopsis

Cu Extracellular 87.5 Salvadori et al. (2014b)

Colletotrichum sp. Au Extracellular 8–40 Shankar et al. (2003)
Hypocrea lixii NiO Intra and 

extracellular
1.25
3.8

Salvadori et al. (2015)

Lecanicillium lecanii Ag Extracellular 45–100 Namasivayam and Avimanyu 
(2011)

Rhizopus oryzae Au Cell surface 10 Das et al. (2009)
Aureobasidium 
pullulans

Au Intracellular 29 Zhang et al. (2011)

1 Processing of Nanoparticles by Biomatrices in a Green Approach
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Fig. 1.4 Mechanism of extracellular synthesis of metal NPs by the dead biomass of the filamen-
tous fungi Hypocrea lixii. (From Salvadori et al. (2013))

The fungus Rhizopus stolonifer has been reported for synthesizing AgNPs with 
antibacterial activity (Afreen and Ranganath 2011). The biosynthesis of AgNPs by the 
filamentous fungus Verticillium sp. has also been reported (Mukherjee et al. 2001). 
Zhang et al. (2009) described the use of the fungus Penicillium sp. for intracellular 
AuNP production. The extracellular biosynthesis of copper NPs was performed by 
dead biomass of the fungi Hypocrea lixii and Trichoderma koningiopsis (Salvadori 
et al. 2013; 2014a). Syed and Ahmad (2013) reported CdTe quantum dot biosynthesis 
by the fungus Fusarium oxysporum. Nickel oxide NPs in film form were produced by 
Aspergillus aculeatus with an average size of 5.89 nm (Salvadori et al. 2014c), and 
intra- and extracellular nickel oxide NPs were also synthesized by Hypocrea lixii with 
a spherical shape (Salvadori et al. 2015). Rajakumar et al. (2012) reported TiO2 NP 
synthesis with a probable antibacterial property by the fungus Aspergillus flavus.

The exact mechanism by which filamentous fungi produce NPs intra- or extra-
cellularly is not fully understood. Salvadori et al. (2015) described a probable mech-
anism of intracellular NP synthesis, where the metal binding to protein from the 
fungal cell wall by electrostatic interactions. Next, the metal ions are bioreduced by 
enzymes present inside the cell wall, which leads to the aggregation of the metal 
ions and the formation of NPs. The extracellular mechanism of NP synthesis con-
sists in the interaction between the metal and enzymes located in the cell wall of the 
filamentous fungi and its subsequent reduction and NP formation (Salvadori et al. 
2013). This synthesis has advantages because it does not require downstream pro-
cessing for recovery of NPs and lysis of the fungal cell wall (Saxena et al. 2014). 
Figure 1.4 illustrates a possible mechanism of extracellular NP formation mediated 
by filamentous fungi.

Mycosynthesis of NPs using filamentous fungi as biomatrices constitutes a 
promising route in nanofactories, owing to their great versatility of structural and 
metabolic characteristics.

M. R. Salvadori
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1.6  Algae: NP Biomatrices

Algae are uni- or multicellular organisms, have a nuclear envelope and membranous 
organelles, occupy all environments that offer them light and sufficient moisture, 
and are classified as microalgae and macroalgae. They are photosynthetic organ-
isms and can inhabit the surface of moist rocks, freshwater or marine water, and 
even snow (Thajuddin and Subramanian 2005; Oscar et al. 2014).

Algae have the capacity to accumulate metals and reduce metal ions, making 
them good candidates for NP synthesis, and also present some advantages such as 
NP synthesis at low temperature, low toxicity and being easy to handle (Oscar et al. 
2016). There are several reports of NP synthesis using groups of algae such as 
Cyanophyceae, Phaeophyceae, Rhodophyceae, Chlorophyceae (Sharma et al. 2015; 
Aziz et al. 2014, 2015).

Algae may synthesize NPs from various metal salts through functional groups 
and enzymes present in the cell wall; even edible forms of algae are used in metallic 
NP synthesis. The processing of metal and metal oxide NPs may be performed 
by several algae species, such as Fucus vesiculosus, Pithophora oedogonia, 
Spirulina platensis, Chlorella vulgaris, Sargassum wightii (Siddiqi and Husen 2016). 
The biomatrix of the freshwater, edible red alga Lemanea fluviatilis has been used 
to accomplish AuNP synthesis (Sharma et  al. 2014). Abdel-Raouf et  al. (2018) 
reported the AgNP synthesis using the marine brown alga Padina pavonia. Fucoidan 
is polysaccharide secreted from the cell walls of marine brown algae, with the abil-
ity to synthesize AuNPs (Lirdprapamongkol et  al. 2014). Table  1.4 shows some 
examples of NPs synthesized by different algae species.

The marine macroalgae are organisms categorized according to their pigmenta-
tion into green (Chlorophyta), brown (Phaeophyta), and red (Rhodophyta), which 

Table 1.4 Algae-synthesized metal NPs

Algae species Metal NPs Location Size (nm) References

Ulva fasciata Ag Extracellular 28–41 Rajesh et al. (2012)
Sargassum plagiophyllum AgCl Extracellular 18–42 Dhas et al. (2014)
Caulerpa racemose Ag Extracellular 5–25 Kathiraven et al. (2015)
Spirulina platensis Au Intracellular 5 Suganya et al. (2015)
Galaxaura elongata Au Extracellular 3.85–77.13 Abdel-Raouf et al. (2013)
Sargassum wightii Grevilli Ag Extracellular 8–27 Govindaraju et al. (2009)
Padina pavonica Ag Extracellular 54 Sahayaraj et al. (2012)
Parachlorella kessleri Ag Extracellular – Kaduková et al. (2014)
Chlorella pyrenoidosa Ag Extracellular 5–15 Aziz et al. (2015)
Scendesmus abundans Ag Extracellular 59–66 Aziz et al. (2014)
Chlorococcum humicola Ag Intracellular 4–6 Jena et al. (2013)
Bifurcaria bifurcate CuO Extracellular 5–45 Abboud et al. (2014)
Amphora-46 Ag Extracellular 5–70 Jena et al. (2015)
Gracilaria dura Ag Extracellular 6 Shukla et al. (2012)
Turbinaria conoides Au Extracellular 60 Rajeshkumar et al. (2013b)

1 Processing of Nanoparticles by Biomatrices in a Green Approach
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live either in a marine or in a brackish water environment. Studies have shown that 
these algae can synthesize Ag- and AuNPs (Fulekar and Pathak 2017).

Dahoumane et  al. (2016) proposed four possible pathways for NP synthesis by 
microalgae. The first method comprises the use of biomolecules extracted from the 
rupture of microalgae cells; the second method uses supernatants produced from cul-
ture media from which the cells were removed by centrifugation or filtration; the third 
method uses whole microalgae cells resuspended in distilled water; and the fourth 
method proposes the use of live cells maintained in their normal culture. Figure 1.5 
shows a possible mechanism for metal NP synthesis engineered by algae extract.

In relation to other organisms already studied as nanofactories, algae are also 
important in NP biosynthesis; this study is nowadays called phyconanotechnology.

1.7  Plants: Biomatrices for NP Building

Owing to the large amount of plant extracts and plant tissues currently available as 
sources of biomatrices for NP synthesis via the green approach, they have become 
one of the best NP biosynthesizers compared with other biological systems (Prasad 
2014). The advantages of using plants in NP synthesis compared with other biologi-
cal systems is that they support large-scale NP synthesis, do not require mainte-
nance of cell culture (Chung et al. 2016), provide natural capping agents, possess a 
wider number of secondary metabolites, are low-cost, safe to handle, and easily 
available (Prasad 2014).

Fig. 1.5 Scheme of the 
mechanism of NP 
formation using seaweed 
extract
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The plant systems may biosynthesize NPs of different metals intra- or extracel-
lularly (Renugadevi and Aswini 2012; Hesgazy et al. 2015). Use various parts of 
plants for NP synthesis have been described, such as latex, bark, fruits, callus, seeds, 
and stems (Anjum et al. 2016; Prasad et al. 2011; Prasad 2014). Dubey et al. (2009) 
described AgNP synthesis by the extract of Eucalyptus hybrida (safeda) leaves. 
Sathishkumar et  al. (2009a, b) described AgNP and palladium NP synthesis by 
Cinnamomum zeylanicum bark, whose components such as eugenol, linalool, and 
methyl chavicol were responsible for the synthesis. Dioscorea bulbifera has been 
described as being able to synthesize AuNPs (Ghosh et al. 2011). Song et al. (2010) 
reported platinum NP synthesis by the plant Diospyrus kaki. AgNPs were easily 
synthesized by Krishnaraj et al. (2010) using leaf extract of Acalypha indica and its 
production was observed within 30 min. Dwivedi and Gopal (2010) reported AgNP 
biosynthesis with sizes within range of 10–30  nm, from an obnoxious weed, 
Chenopodium album. Aljabali et al. (2018), described the production of AuNPs with 
antimicrobial activity using leaf extract of Ziziphus zizyphus; other examples of 
metallic NP synthesis by plants are described in Table 1.5.

Table 1.5 Synthesis of metal NPs by different plant extracts

Plant species Plant parts Metal NPs Size (nm) References

Acorus calamus Rhizome Ag 19 Nayak et al. (2015)
Allium cepa Extract Ag – Saxena et al. (2010)
Alstonia scholaris Bark Ag 50 Shetty et al. (2014)
Averrhoa carambola Leaf Ag 14 Mishra et al. (2015)
Nicotiana tobaccum Leaf Ag 8.43 ± 1.15 Prasad et al. (2011)
Azadirachta indica Leaf Ag 9.6–25.5 Bhuyan et al. (2015)
Syzygium cumini Leaf Ag 100–160 Prasad et al. (2012)
Santalum album Leaf Ag 80–200 Swamy and Prasad (2012)
Syzygium cumini Bark Ag 20–60 Prasad and Swamy (2013)
Carissa carandas Berries Ag 10–60 Joshi et al. (2018)
Avena sativa Leaf Au 25–85 Shankar et al. (2005)
Cucurbita maxima Petals Ag 19 Nayak et al. (2015)
Emblica officinalis Leaf Ag and Au 10–20 and 15–25 Ankamwar et al. (2005b)
Enteromorpha flexuosa Seaweed Ag 2–32 Yousefzadi et al. (2014)
Jatropha curcas Latex Ag 10–20 Bar et al. (2009)
Momordica 
cymbalaria

Fruit Ag 15.5 Swamy et al. (2015)

Nelumbo nucifera Root Ag 16.7 Sreekanth et al. (2014)
Myrmecodia pendans Whole 

plant
Ag 10–20 Zuas et al. (2014)

Onosma dichroantha Root Ag 5–65 Nezamdoost et al. (2014)
Piper longum Fruit Ag 46 Reddy et al. (2014)
Sinapis arvensis Seed Ag 14 Khatami et al. (2015)
Tephrosia tinctoria Stem Ag 73 Rajaram et al. (2015)
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The intracellular processes of NP synthesis encompass plant growth in a hydro-
ponic solution rich in metals, metal-rich media, metal-rich soils, among others 
(Haverkamp et al. 2006; Harris and Bali 2007). The extracellular NP synthesis com-
prises the use of leaves in water or ethanol and leaf extract; the use of the latter may 
be of low cost owing to easier downstream processing (Ankamwar et  al. 2005a; 
Parashar et al. 2009).

In the NP synthesis, the plant extracts may act as stabilizing and reducing 
agents. Although the ability of plant extracts to reduce metals has been known 
since 1900, the performance of the reducing agents has not yet been fully eluci-
dated (Mittal et al. 2013). Usually, the plant extract reduction process comprises 
mixing the aqueous solution of the metal salt with the extract at room temperature, 
and NP formation is finished within a few minutes (Mittal et al. 2013). Figure 1.6 
exemplifies the green mechanism of metal NP biosynthesis through plants.

Synthesis of NPs using plant extracts is promising via nanotechnology because 
their special characteristics as easily scaled up, they are environmentally benign, 
and of low cost.

1.8  Applications of Nanomaterials Produced by the Green 
Approach

Over the last few years, NP synthesis has gained the attention of several scientists in 
the nano-universe of technology, because of its diverse applications in several 
industrial sectors. NP synthesis encompasses several fields of science, combining 
multiple scientific sectors, such as biotechnology, nanotechnology, material sci-
ence, physics, and chemistry. In search for an environmentally safe nanotechnology, 
researchers have opted for the use of green approach processes, which involve the 
use of bacteria, protozoans, viruses, yeasts, filamentous fungi, algae, and plants in 
NP synthesis (Fig. 1.7).

Fig. 1.6 Schematic representation of the mechanism of NP synthesis by plants
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1.8.1  Biomedical Applications

Nanoparticles have many applications in the biomedical sector, such as biosensors, 
soaps, detergents, shampoos, toothpastes, cosmetics, and medical and therapeutic 
products (Banerjee et  al. 2014). Biosynthesized AgNPs are employed in several 
health sectors such as bio-labeling, antimicrobial agents, mainly in the pharmaceuti-
cal industry, owing to resistance to antibiotics of pathogenic microorganisms, NPs 
being a new treatment option, in addition to anti-inflammatory activities, that can be 
incorporated into composite fibers. The broad spectrum activity of AgNPs make 
them relevant agents, not only in the fight against infections, but also in the treat-
ment of tumors, and especially of multidrug-resistant tumor cells (Nazeruddin et al. 
2014). NPs are also used in drug delivery systems, which is a very interesting area 
of biomedical application, as it is aimed at the safe delivery of drugs to specific 
sites. In recent years, the use of NPs as medical imaging devices has been quite 
widespread, for example, AgNPs synthesized by the fungus Trichoderma viride, 
which, when submitted for laser excitation, showed photoluminescence measure-
ments that allowed its use for the labeling and generation of images (Sarkar et al. 
2010). Nowadays, AgNPs are being used in modern medical practices for dressing 
various wounds (Vlachou et al. 2007).

1.8.2  Agricultural Applications

Precision agriculture is a relevant topic within the agrarian sciences, as it assists in 
the reduction of agricultural waste in addition to environmental pollution. Although 
not fully implemented, nanotechnology-enabled monitoring systems are of great 
importance for precision agriculture as they promote the accurate monitoring of 

Fig. 1.7 Scheme of NP applications synthesized by the green approach
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crop growth and soil conditions, allowing for an early response to climate change 
(Elrahman and Mostafa 2015; Prasad et al. 2014, 2017a, b; Sangeetha et al. 2017).

The uncontrolled use of pesticides has caused serious human and animal health 
problems, and several adverse effects on ecosystems. However, the use of NPs and 
nanocapsules of pesticides has brought good results, such as increasing the effec-
tiveness of pesticides in a smaller dose, in addition to being environmentally friendly 
(Sharon et al. 2010; Bhattacharyya et al. 2016).

Another important area of agriculture in which the use of nanomaterials has great 
potential is in the use of fertilizers, owing to a characteristic of NPs, which is the 
slow release of the same ones, the NPs retaining more material from the plants 
because of the higher surface tension of NPs compared with conventional surfaces 
(Duhan et al. 2017).

1.8.3  Applications in Electronics

Interest in electronics using NPs has grown considerably in recent years, mainly 
caused by the use of printed electronics containing functional paints with nanopar-
ticulate materials, such as organic electronic molecules and metallic NPs (Kosmala 
et al. 2011). The main characteristics of NPs that make them attractive for incorpo-
ration into electronic and electrical equipment are their reversible assembly and 
easy manipulation (O’Brien et al. 2001).

1.8.4  Food Industry Applications

Nanotechnology in food processing has been a technological innovation in the food 
industry through the use of nanocarriers as food delivery systems that do not alter 
the basic morphology of food (Ezhilarasi et al. 2013). The use of nanotechnology in 
the food industry offers advantages such as reduced food disposal due to microbial 
infestation and increases the shelf life of various types of food (Pradhan et al. 2015; 
Prasad et al. 2017c). The use of nanostructured materials in food ingredients has 
been studied to provide better consistency, flavor, and texture (Singh et al. 2017).

The nanotechnology employed in food packaging based on nano-packaging has 
advantages, from antimicrobial films to nano-sensing for pathogen detection and 
mechanical strength, alerting consumers to the safety status of food and barrier 
properties (Mihindukulasuriya and Lim 2014).

1.8.5  Applications in Environmental Cleanup

Nanoparticles have shown great potential for environmental cleanup with respect to 
the treatment of soil and sediment contaminated with heavy metals, organic and inor-
ganic solutes, surface waters, wastewater, and groundwater (Caliman et al. 2010). 
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Ensuring good water quality is a major concern at the global research level; in this 
sense, nanotechnology has been enhanced in water purification processes such as 
bioactive NPs, nanostructured catalytic membranes, nanocatalysts, NP-enhanced 
filtration, and nanosorbents (Khan et al. 2014).

The use of nanotechnology in bioremediation processes has shown promise, as 
described by Salvadori et al. (2017); through the use of the dead biomass of fungi 
the concomitant process of waste removal and the synthesis of NPs can be carried 
out. The contamination of aquatic and terrestrial ecosystems by pesticides is a seri-
ous environmental problem and several processes involving nanotechnology are 
being successfully used to minimize environmental impacts, such as the use of 
AuNPs produced by the Rhizopus oryzae fungus, which is able to adsorb organo-
phosphorus pesticides (Das et al. 2009).

1.8.6  Applications in Catalysis

Nanocatalysts are of great importance as industrial catalysts, because the metallic 
NPs with large surface-area-to-volume ratios are efficient catalysts that facilitate 
the catalytic industrial processes occurring on the surface of the metals. The nano-
catalysts have various advantages such as cost effectiveness, higher activity, dura-
bility or recycling potential, greater stability, and efficient recovery characteristics 
(Glaser 2012).

1.9  Conclusions and Future Prospects

In this chapter, the great potential of biomatrices in NP processing was exposed 
as a promising pathway in nanotechnology whose application extends across sev-
eral industrial and environmental sectors.

The use of the green approach in nanotechnology has been a great attraction in 
view of the wide range of advantages over chemical and physical processes, such as 
low operational costs, environmental safety, easy handling, and easy scale-up. The 
use of microorganisms in addition to plants in a nanofactory initiates the milestone 
of a new era in nanoscience.

The nanomaterials generated by the emerging nanobiotechnology using the biomass 
of bacteria, protozoans, viruses, yeasts, fungi, algae, and plants belong to the chemical 
families of oxides, metals, chalcogenides, and carbonates. The nanomaterials are pro-
duced from precursors, for example, metals, and the whole organism, which may be 
alive or dead, or its extract, adjusting the reactional parameters such as temperature, 
reaction time, pH, concentration of the reagent and the biomatrix, controlling the shape 
and the size of the nanomaterials according to the various fields to be used.

However, there is still a gap and at the same time an undisputed challenge for 
researchers, to stagger the process from bench to industrial level for some of these 
biomaterials to make bioprocesses effectively competitive in the trade.

1 Processing of Nanoparticles by Biomatrices in a Green Approach
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To achieve all these goals with predictability and effectiveness, the researchers 
should always take into consideration combined screening for the correct biomatri-
ces such as bacteria, protozoans, viruses, yeasts, fungi, algae, plants, and other 
biomolecules, the optimal reaction parameters, and proper methodologies for the 
utilization/extraction of the biomatrices.

The vast body of literature found in recent years, reporting the use of biomatrices 
in NP construction, in addition to the great global interest in this new technology, 
shows the accelerated and promising evolution of nanobiotechnology in the near 
future.
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2.1  Introduction

Today, many organic and inorganic nanomaterials are synthesized by two main syn-
thesis approaches used including top-down and bottom-up. The top-down approach 
(i.e., small pieces from large bulks) refers to the production of nanostructures from 
macrostructures using chemical and physical methods. Photolithography or electron- 
beam lithography, anodization, and ion and plasma corrosion are some of the well-
known techniques of top-down approaches (Daraio and Jin 2012). The top- down 
approach is currently being extensively used for the production of semiconductor 
circuit elements and computer chips (Booker and Boysen 2011). The bottom-up 
approach (i.e., building larger structure by combining small pieces) refers to the con-
struction of organic or inorganic structures starting from atoms, the basic unit of 
matter. The synthesis process adopting the bottom-up approach can be carried out 
using chemical, physical, and biological methods. One of the most emphasized 
points in nanomedicine is that nanomaterials synthesized by these production 
approaches and used on living organism exhibit high biocompatibility and, in other 
sense, cause low toxicity. Recently, the use of biological synthesis methods also 
called green method has increased in many areas because of the relatively high toxic 
effects of chemical methods on both the living organisms and the environment 
(Prasad 2016, 2017; Prasad et al. 2018a, b). The most important reason for this is the 
fact that the nanomaterials prepared with the green methods are more environmen-
tally friendly, economical, and less toxic compared to chemical counterparts (Prasad 
2014; Prasad et al. 2016; Abdel-Aziz et al. 2018). The basic principles of the green 
method are presented in Fig. 2.1 (Anastas and Warner 1998).

Plants and microorganisms like yeasts, fungi, and bacteria have been used for 
biological synthesis of nanoparticles. Microorganisms are mainly approved due to 
their appropriate ability like easy cultivation and fast growth rate (Fariq et al. 2017; 
Rai and Duran 2011; Prasad et  al. 2016). They synthesize basically inorganic 
nanoparticles by way of mechanisms of reduction of metal ions within intracellular 
and/or extracellular routes (Li et al. 2011a, b) (Fig. 2.2).

Microbial nanoparticles are found to have strong antimicrobial properties 
thanks to their surface charge, size, geometry, and colloidal stability, which can be 
modified by biosynthesis parameters including incubation time, temperature, con-
centration, and pH (Patra and Baek 2014; Hosseini and Sarvi 2015). This antimicro-
bial efficiency is probably due to enhanced interaction between particles 
and  microorganisms. Nanoparticles  with small size and the  high surface area 
could  easily adhere to the cell membrane and enter into the plasma membrane 
(Sunkar and Nachiyar 2012). By adhering of nanoparticles to the cell membrane, 

E. Birhanli · E. Apohan · O. Yesilada 
Inonu University, Faculty of Science and Letters, Department of Biology, Malatya, Turkey 

S. K. Verma · E. Gurel 
Abant Izzet Baysal University, Faculty of Science and Literature, Department of Biology, 
Bolu, Turkey

G. Tan et al.



31

Fig. 2.1 The basic principles of the green synthesis

Fig. 2.2 Schematic flow diagram for intra- and extracellular biosynthesis of nanomaterials by 
microorganisms. (Fariq et al. 2017; Rai and Duran 2011)
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they can cause structural damage to cellular membranes and components. By accessing 
of nanoparticles into the cell membrane, they can cause DNA damage via interfering 
the replication process (Fariq et al. 2017).

With green synthesis method, the nanomaterials can be synthesized based on 
microorganisms (bacteria, algae, fungi, etc.) or plants. As is known, microorganisms, 
bacteria in particular, have the ability to cope with stress when exposed to adverse 
environmental conditions. These special defense mechanisms can help them to sup-
press the toxic effects resulting from high metal exposure. For instance, the synthesis 
of gold nanoparticles (AuNPs) was carried out inside the cell by fungi Verticillium sp. 
(Mukherjee et al. 2001a, b) and outside the cell by Fusarium oxysporum and actino-
mycete Thermomonospora sp., respectively (Mukherjee et  al. 2002; Ahmad et  al. 
2003). Sweeney et al. (2004) produced spherical cadmium sulfoxide nanocrystals in 
sizes 2–5 nm using Escherichia coli. In another study, the gold ions were reduced via 
Pseudomonas aeruginosa bacterium, and spherical gold nanoparticles were obtained 
at a size range of 15–30 nm (Husseiny et al. 2007). Using Gram-negative bacterium 
Pseudomonas stutzeri, AgNPs slightly larger than 200 nm were obtained in different 
shapes (Belliveau et  al. 1987). Together with fungi and bacteria, hexagonal silver 
nanoparticles (AgNPs) were obtained at a size range of 2–5 nm using yeast strain 
MCF3 (Meenal et  al. 2003). Similarly, using Saccharomyces cerevisiae yeast, the 
formation of spherical Sb2O3 particles in the 3–10 nm size range has been reported 
(Jha et al. 2009). These examples and areas of usage can be diversified. Plant-based 
synthesis applications have increased recently. The main reason for this is the fact that 
treatment with plants, namely, phytotherapy, has been used since ancient times, thanks 
to unique antioxidant (radical scavenging) contents of plants as well as their compara-
bly less side effects. Today, there is a growing body of interest in plant-based synthesis 
methods that combine nanotechnology with phytotherapy and benefit from the great 
antioxidant content of plants. The plants are used as reducing and stabilizing agents 
for metal salts to provide nucleation and nanoparticle formation with important 
components such as polyphenols, sugars, alkaloids, phenolic acids, proteins, and 
terpenoids (Prasad 2014).

For instance, crystalline PtNPs in the size range 15–19 nm using Diospyros kaki 
extract (Song et al. 2009); spherical PdNPs with 10–15 nm in size using Curcuma 
longa extract (Sathishkumar et al. 2009); AuNPs in spherical, triangular, and hexagonal 
shapes in 20–100  nm size and spherical and cubic AgNPs in 10–100  nm using 
Eucalyptus macrocarpa (Poinern et al. 2013a, b); and AgNPs with the size of 31 nm 
using Citrullus colocynthis (Satyavani et al. 2011) were synthesized. Ali et al. (2015) 
synthesized AgNPs by microwave using Eucalyptus globulus leaf extracts and exam-
ined their antibacterial and antibiofilm activities. Roy et al. (2015) showed rapid colo-
rimetric detection of Hg2+ ions with AgNPs synthesized using Dahlia pinnata leaf 
extract. Antimicrobial properties of AgNPs that were reduced using cranberry powder 
have been investigated and have been shown to contribute to wound healing in rats 
(Ashour et al. 2015). Characterization and contents of AgNPs prepared with biocom-
patibility using different amounts of garlic extract are shown (Von White et al. 2012).

Biosynthesized AgNPs have great antimicrobial activity against highly multire-
sistant strains of pathogenic microorganisms. Nowadays, researchers have made 
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efforts to obtain eco-friendly and nontoxic process for the fabrication of AgNPs. It 
was shown that microorganisms could reduce Ag+ ions to form spherical silver 
nanoparticles (Mukherjee et al. 2001a, b; Panáček et al. 2006; Fayaz et al. 2010). 
AgNPs were produced in the form of agglomerated or film structure by microorgan-
isms: Fusarium oxysporum, Verticillium, or Aspergillus flavus (Vigneshwaran et al. 
2007; Jain et  al. 2011). AgNPs were also employed for enhanced antimicrobial 
properties in combination with commercial antibiotics against pathogenic microor-
ganisms. The antimicrobial activities of antibiotics such as erythromycin, ampicil-
lin, chloramphenicol, and kanamycin within biosynthesized AgNPs have increased 
antimicrobial effects against resistant bacteria (Fayaz et  al. 2010) which ensure 
novel insight for the development of new antimicrobials. Although the antimicrobial 
activity of AgNPs synthesized by microorganism has been elucidated by many 
researchers, antimicrobial effects  of other bio-fabricated nanoparticles and their 
action mechanisms are not yet to be clarified (Abdeen and Praseetha 2013; Malarkodi 
et al. 2013).

The antimicrobial properties of the AgNPs have been influenced by several fac-
tors including ionic strength, size, pH, and capping agent (Franci et al. 2015). The 
antimicrobial mechanism of AgNP is still controversial. The silver ion in production 
process by microorganisms must be in ionized form for positive charge and thus can 
be considered as a potential antimicrobial action, while these silver ions within 
positive charge can easily conjugate with cell membrane and nucleic acids of 
microbes that cause the deactivation of the enzyme in the cell (Wright et al. 1999; 
Klueh et al. 2000; Cao et al. 2001; Sharma et al. 2009).

Briefly, green synthesis of nanomaterials involves safe and non-polluting syn-
thetic routes in production strategies and technologies compared to chemical strate-
gies. The use of these alternative reaction conditions might enable to increase energy 
efficiency, to replace consumed resources with renewable and reusable ones, and 
to  recycle by-products and processes. In this study, it is aimed to guide future 
research studies by drawing a perspective on production processes and application 
areas of nanomaterials synthesized by green chemistry method.

2.2  Nanomaterials and Their Characterization

The word nano is originated from a Latin word, which means dwarf. Ideal size 
range offered by nanotechnology refers to one thousand millionth of a particular 
unit; thus nanometer is one thousand millionth of a meter (i.e., 1 nm = 10−9 m). The 
branch of nanotechnology is the science that particularly deals with the processes 
that occur at molecular level and of nano length/scale/size. Nanotechnology has 
now become an allied science which is most commonly used in other fields of sci-
ence like electronic, physics, and engineering for many decades. Recent exploration 
of nanotechnology in biomedical and pharmaceutical sciences results in successful 
improvement of conventional means of drug delivery system. This multidisciplinary 
science also covers several applications in other disciplines such as biophysics, 
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molecular biology, and bioengineering, and nanotechnology has created potential 
impact in various fields like medicine including immunology, cardiology, endocri-
nology, ophthalmology, oncology, pulmonology, etc. In addition, it is highly uti-
lized in specialized area like brain targeting, tumor targeting, and gene delivery. 
Nanotechnology also provides significant systems, devices, and materials for better 
pharmaceutical applications (Bhatia 2016).

The majority of the studies on nanoparticles voice the concern about their pos-
sible toxicity to plants and animals (Iavicoli et al. 2017). A relatively lesser number 
of studies have been conducted on NPs advocating their beneficial effects on plants. 
However, there is a recent thrust to develop novel applications involving nanotech-
nology, targeting specific delivery of chemicals, proteins, and nucleotides needed 
for genetic transformation of crops (Wang et al. 2016; Prasad et al. 2014, 2017). 
Nanotechnology holds the potential to provide new opportunities to the material 
scientists as well as plant science researchers to develop new tools for incorporation 
of nanoparticles into the plants, aiming for augmentation of existing functions and 
the addition of new ones, as well (Cossins 2014).

The nanomaterials can be categorized into  four groups: (1) carbon-based 
nanoparticles (NPs) including fullerenes and carbon nanotubes such as  single- 
walled carbon nanotubes (SW-CNTs), double-walled carbon nanotubes 
(DW-CNTs), and multi-walled carbon nanotubes (MW-CNTs); (2) inorganic NPs 
including metals (gold, silver, aluminum, and zerovalent iron), metal oxides (TiO2, 
ZnO, Al2O3, Fe3O4, Fe2O4, NiO, CoO, CeO2, etc.), and quantum dots (cadmium 
sulfide and cadmium selenide); (3) dendrimers, which are nanosized polymer net-
works built from branched molecules capable of being tailored to perform specific 
chemical functions; and (4) nanocomposites, which combine NPs with other NPs or 
with larger, bulk-like materials (Verma et al. 2018).

Characterization of NPs is based on the size, morphology, and surface charge, 
using various characterization techniques such as ultraviolet-visible spectroscopy 
(UV-Vis), transmission electron microscope (TEM), scanning electron microscope 
(SEM), high-resolution transmission electron microscope (HRTEM), field emission 
scanning electron microscope (FESEM), Fourier-transform infrared spectroscopy 
(FTIR), dynamic light scattering (DLS), thermogravimetric analysis (TGA), atomic 
force microscope (AFM), X-ray powder diffraction (XRD), X-ray photoelectron 
spectroscopy (XPS), power spectral density (PSD), Raman spectroscopy (RS), 
Inductively coupled plasma mass spectrometry (ICP-MS), chemical vapor deposi-
tion (CVD), energy dispersive X-ray analysis (EDX), and gas chromatography- 
mass spectrometry (GC-MS) (Verma et al. 2018).

2.2.1  Metallic Nanoparticles (MNPs) and Characterization

One of the goals of nanotechnology is the production of NPs, in size between 1 and 
100 nm, such as silver, gold, copper, iron, and palladium. Among other nanostruc-
tures, metallic nanoparticles (MNPs) are good candidates as antimicrobial, antivi-
ral, and cytotoxic agents for various medical applications. Their diameters, shapes, 

G. Tan et al.



35

and dispersibility are very important for application. Given the unique properties, 
MNPs have promising potential as an antimicrobial and anticancer agent (Aziz et al. 
2019).

MNPs can be prepared by various methods such as chemical, physical, and bio-
logical methods. However, chemical and physical methods have various major dis-
advantages such as MNPs from chemical methods may not be suitable for medical 
applications. On the other hand, green synthesis of MNPs by biological methods 
uses mild reaction conditions and nontoxic substances/compounds. This is a simple 
and eco-friendly method. Therefore, biological methods may be an alternative and 
eco-friendly way for production of MNPs. In biological methods, enzymes, bacte-
ria, fungi, algae, and plant extracts could be used as reducing and stabilizing agent 
(Gurunathan et al. 2013a, b; Khan et al. 2015; Ortega et al. 2015, Venkatesan et al. 
2016; Prasad et al. 2016).

MNPs have wide application potential due to the differences in their properties. For 
example, size, shape, morphology, and stability are important parameters for their anti-
bacterial and cytotoxic effects. Therefore, NPs must be characterized before applica-
tion. The primary indication of NP formation is the color change due to the surface 
plasmon vibrations exhibited by NPs (Patil and Kim 2017). Different NPs show differ-
ent colors due to surface plasmon resonance depending on the particle type, size, and 
shape (Dhand et  al. 2016). Optical properties of a solution could be analyzed by 
UV-visible spectroscopy, and therefore, the absorption spectra of the solution are deter-
mined. Surface plasmon band characteristic to NPs is indicative for the NP formation. 
TEM, SEM, and AFM give the information about size, shape, morphology, and ele-
mental composition of the NPs. TEM can also be used to determine the dispersion of 
NPs in the solution. XRD is used to detect the crystal property of MNPs, and elemental 
composition of NPs is analyzed with EDX. FTIR is used to determine the different 
functional groups responsible for capping and stabilization of MNPs. Zeta potential 
gives the information about the stability of NPs (Patil and Kim 2017).

2.3  Antimicrobial Nanoparticles

The investigation of the nanoparticles that have antimicrobial effect is a very popu-
lar issue. Metals and metal oxides, carbon-based nanomaterials, and surfactant- 
based nano-fluids can be said as the materials which have antimicrobial effect (Li 
et al. 2008). Resistance developed against the antibiotics both increases the costs 
and delays the fight with microorganisms. During the studies with antimicrobial 
nanoparticles, the developing resistance of microorganisms against nanoparticles 
was not seen (Mühling et al. 2009). Nanoparticles exhibit the antimicrobial effects 
by using mechanisms such as induction of ROS generation, destruction of the cell 
wall, inhibition of ATP production and DNA replication (Weir et al. 2008). Cadmium 
sulfide (CdS), gold (Au), titanium dioxide (TiO2), zinc oxide (ZnO), and silver (Ag) 
can be counted as one of the most used nanoparticles in this area (Saravanan and 
Nanda 2010). Between the considered nanomaterials, silver has a special place. 
It has a wide use for commercial purposes and a large research area.
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Silver is used successfully against the virus and other eukaryotic microorgan-
isms. The most promising results between the antimicrobial nanoparticles were 
achieved with silver (Sharma et al. 2009). Silver mainly causes cell to die by affect-
ing the respiratory chain and the mechanism of the cell division. When AgNPs are 
used in combination with antibiotics such as vancomycin, amoxicillin, and penicil-
lin, a positive synergistic effect was obtained in Gram-positive and Gram-negative 
organisms (Fayaz et al. 2010).

ZnO comes to the fore with the low production cost, the toxic effects against 
bacteria, biocompatibility, and the UV-blocking feature. ZnO NPs are used as drug 
delivery, medical filling material, and UV-blocking agent in medical industry (Zhou 
et al. 2006). ZnO is believed to damage the integrity of the cell by breaking down 
the lipids and proteins in the bacterial cell membrane, and as a result, it is believed 
to drag the cell to death (Zhou et al. 2006; Bhuyan et al. 2015).

TiO2 NPs are a powerful bactericidal agent used for nearly 20 years. It gives an 
effective result against bacteria in 10 and 1000 ppm concentrations. It has a photo-
catalytic effect under the UV (Muranyi et al. 2010). Antimicrobial nanoparticles are 
extensively used in health sector, medical devices, white goods (refrigerators, wash-
ing machines, etc.), and textile industry. Nanostructures based on carbon such as 
carbon nanotube have a very strong antimicrobial activity. But their high cytotoxic-
ity limits their application areas (Arias and Yang 2009). Although nanomaterials 
have plenty of application areas, there is a significant lack of information about the 
effects of the materials on human health and environment. There are limited studies 
on the toxicity of NPs.

2.4  Silver Nanoparticles and Medicinal Applications

Many studies on NP production have mainly focused on MNP production with bio-
logical methods. Silver nanoparticles (AgNPs) are very important in nanotechnol-
ogy, because of their chemical stability, conductivity, and catalytic and biological 
activities such as antimicrobial, cytotoxic, and antioxidant activities (Rao et  al. 
2016). AgNPs have promising potential as antimicrobial and cytotoxic agents. Thus, 
there are various studies on biogenic synthesis and potential applications of AgNPs, 
especially as medicinal agents. AgNPs can show its antibacterial effect on DNA, 
proteins, membrane, and cell wall of bacteria (Singh et al. 2014; Khan et al. 2015; 
Aziz et al. 2015, 2016; Joshi et al. 2018). It was reported that AgNPs induce cellular 
apoptosis via activation of p53, p-Erk1/2, and caspase-3 signaling and downregula-
tion of Bcl-2 in MDA-MB-231 human breast cancer cells (Gurunathan et al. 2015). 
Singh et al. (2014) reported that AgNPs induce the reactive oxygen species (ROS) 
generation and DNA fragmentation of Dalton’s lymphoma and human carcinoma 
colo205 cells. AgNPs also show dose-dependent cytotoxicity against MDA-MB-231 
cells through activation of the lactate dehydrogenase (LDH), caspase-3, and ROS 
generation and thus induce apoptosis (Gurunathan et al. 2013a, b). Therefore, here, 
antimicrobial and cytotoxic effects of AgNPs produced with bacteria, fungi, and 
algae were reviewed.
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2.5  Biologically Prepared AgNPs as Antimicrobial Agents

2.5.1  Algae

Microorganisms can be used to produce NPs, and production of NPs using algae is 
an eco-friendly way of synthesis (Aziz et al. 2014, 2015). There are some studies on 
AgNP production and antimicrobial activities of biogenic NPs (Table 2.1).

Sargassum longifolium, a brown alga, was tested for producing AgNPs in a 
study conducted by Rajeskumar et  al. (2014). They treated 1  mM AgNO3 with 
10  mL Sargassum longifolium extract solution. Maximum NP synthesis was 
occurred at pH 8.4, and the NP production was completed at the end of the 64 h of 
incubation. The antimicrobial effect of these NPs on three pathogenic fungi 
(Aspergillus fumigatus, Candida albicans, and Fusarium sp.) was determined 
based on the measurement of inhibition zones caused by NPs at different concen-
trations (50, 100, and 150 μL). Antifungal activity was high and it increased due to 
the increase concentration of NPs. The order of inhibition zone diameters caused 

Table 2.1 Antimicrobial activities of AgNPs biosynthesized by algae

Algae
Nanoparticle 
shape

Nanoparticle 
size (nm) Antimicrobial effect on References

Sargassum 
longifolium

Spherical – Aspergillus fumigatus, 
Candida albicans, Fusarium 
sp.

Rajeshkumar 
et al. (2014)

Ecklonia cava Spherical 43 Escherichia coli, 
Staphylococcus aureus

Venkatesan 
et al. (2016)

Gelidiella sp. Cubical – Escherichia coli, 
Staphylococcus aureus, 
Klebsiella pneumoniae,
Bacillus sp.

Devi and 
Bhimba 
(2013)

Laurencia 
papillosa

Cubical – Bacillus subtilis, 
Staphylococcus aureus, 
Streptococcus pneumoniae, 
Escherichia coli, Klebsiella 
pneumoniae, Pseudomonas 
aeruginosa, Aspergillus flavus, 
Aspergillus fumigatus, 
Aspergillus niger

Omar et al. 
(2017)

Scenedesmus sp. 
(IMMTCC-25)

Spherical 15–20 
(intracellular)
5–10 
(extracellular)

Streptococcus mutans, 
Escherichia coli

Jena et al. 
(2014)

Spirogyra 
varians

– 35 Staphylococcus aureus, 
Bacillus cereus, Listeria 
monocytogenes, Salmonella 
typhimurium, Escherichia coli, 
Pseudomonas aeruginosa, 
Klebsiella sp.

Salari et al. 
(2016)
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by the AgNPs was Fusarium sp.  >  Candida albicans  >  Aspergillus fumigatus 
(Rajeshkumar et al. 2014).

It was stated that edible brown alga Ecklonia cava contains phloroglucinol, eckol, 
fucodiphlorethol G, 7-phloroeckol, and dieckol acting as the reducer for AgNPs. 
Therefore, this alga was used for AgNPs’ production. Its aqueous extract was mixed 
with 1 mM AgNO3 solution, and after 72 h, nearly spherical AgNPs with 43 nm sizes 
were obtained. These NPs showed a strong antibacterial effect on both Escherichia 
coli ATCC 10536 and Staphylococcus aureus ATCC 6538 (Venkatesan et al. 2016).

It was reported that AgNPs synthesized by macroalga Gelidiella sp. showed 
strong antibacterial effect on Staphylococcus aureus and Bacillus sp. On the other 
hand, they exhibited lower antibacterial activity on Klebsiella pneumoniae and 
Escherichia coli (Devi and Bhimba 2013). In a study performed by Omar et  al. 
(2017), Laurencia papillosa (red alga) extract was used for the green synthesis of 
AgNPs. SEM showed many NPs in cubic forms on the surface of the cell. The anti-
microbial activity studies on Gram-positive bacteria (Bacillus subtilis, 
Staphylococcus aureus, Streptococcus pneumoniae), Gram-negative bacteria 
(Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa), and fungi 
(Aspergillus flavus, Aspergillus fumigatus, Aspergillus niger) showed that AgNPs 
had the highest antimicrobial activity on B. subtilis and A. flavus. The minimum 
inhibitory concentrations (MICs) determined were between 10 and 16 μg/mL for 
bacteria and 17 and 20 μg/mL for fungi (Omar et al. 2017).

Jena et al. (2014) investigated the intracellular and extracellular AgNP produc-
tion potential of unicellular green microalga Scenedesmus sp. (IMMTCC-25). Fast 
intracellular accumulation and reduction of Ag ions were occurred depending on the 
treatment of algal biomass with 5 mM of AgNO3. Intracellular silver accumulation, 
which was 25% within the first hour of incubation, reached 80% in 24 h and 93% in 
72 h. AgNPs were well separated, spherical, and highly crystalline in form. Raw and 
boiled algal extracts were treated with 5 mM AgNO3 solution for the synthesis of 
extracellular AgNPs, and the formation of the NPs was detected by UV-Vis spectro-
photometer. The raw algal extract was also treated with AgNO3 solution (5 mM), 
and many extracellular AgNPs in polydispersed form and 30–150  nm size were 
obtained after 3 days of incubation. Due to the increase of the incubation period, the 
particle size also increased, and the maximum particle size reached 50–60  nm. 
When the AgNO3 solution was incubated with boiled algal extract, more stable 
AgNPs were obtained. These AgNPs with 5–10 nm size and uniform distribution 
had high stability of over 3 months at room temperature. The synthesized AgNPs 
showed significant antibacterial effects on Escherichia coli and Streptococcus 
mutans (Jena et al. 2014).

Washed, dried, and powdered Spirogyra varians incubated with 1 mM AgNO3 pro-
duced AgNPs with an average size of 35 nm. Inhibition zone measurements with these 
NPs showed higher antibacterial activity on Bacillus cereus, Pseudomonas aerugi-
nosa, and Klebsiella sp. compared to the antibiotic cephalothin and showed a signifi-
cant antibacterial activity on Staphylococcus aureus, Listeria monocytogenes, and 
E. coli. While the MIC against B. cereus and E. coli was 0.25 mg/mL, it was 0.5 mg/
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mL on the other bacteria tested. Minimum bactericidal concentration (MBC) values 
against S. aureus, B. cereus, L. monocytogenes, Salmonella typhimurium, E. coli, 
P. aeruginosa, and Klebsiella sp. were 1, 0.5, 1, 1, 0.25, 0.5, and 1 mg/mL, respec-
tively. E. coli was more sensitive to these NPs than the other pathogenic bacteria tested 
(Salari et al. 2016).

2.5.2  Bacteria

Bacteria have a great potential for AgNPs’ production. Various bacteria are known to 
produce AgNPs with antimicrobial activity (Table 2.2). The cell extract of cyanobac-
terium Anabaena doliolum was used for green synthesis of AgNPs by Singh et al. 
(2014). It was stated that the AgNPs synthesized by Anabaena doliolum were well 
dispersed, spherical, and 10–50 nm in size. Antibacterial effects of these biogenic 
AgNPs were investigated on two Gram-negative bacteria (Klebsiella pneumoniae 
DF12SA (HQ114261) and Escherichia coli DF39TA (HQ163793)) and a Gram-
positive bacterium (Staphylococcus aureus DF8TA (JN642261)) by Kirby- Bauer 
disc diffusion method. All bacterial species tested were incubated with discs contain-
ing AgNP at concentrations of 5–500 μg/mL, and it was observed that the inhibition 
zones gradually increased due to the increased silver concentration. Moreover, the 
maximum inhibition zone diameters caused by 500 μg/mL AgNPs for Klebsiella 
pneumoniae, Escherichia coli, and Staphylococcus aureus were 36, 33, and 34 mm, 
respectively (Singh et al. 2014).

Deinococcus radiodurans, a radiation- and desiccation-resistant bacterium, was 
tested for green synthesis of AgNPs in a study performed by Kulkarni et al. (2015). 
The highest AgNP was obtained in the medium containing 2.5 mM AgNO3 at pH 6.8 
after 24 h of incubation at 32 °C. It was reported that the synthesized AgNPs were 
extracellular and spherical and had an average size of 16.82  nm. Three Gram- 
negative bacteria (Escherichia coli NCIM 2739, Proteus vulgaris NCIM 2027, and 
Pseudomonas aeruginosa NCIM 2948) and two Gram-positive bacteria 
(Staphylococcus aureus and Bacillus subtilis) were used for monitoring the antibac-
terial effects of these biosynthesized AgNPs by agar well diffusion method. In addi-
tion, E. coli and S. aureus were selected as the standard Gram-negative and 
Gram-positive organisms, and the antimicrobial activities of AgNPs were deter-
mined by standard dilution micromethod. According to the results of the agar well 
diffusion method, the largest inhibition zone was observed against S. aureus, a 
Gram-positive bacterium, while the largest inhibition zone observed against Gram-
negative bacteria occurred for E. coli. Standard dilution micromethod showed that 
while the growth inhibition for E. coli was 91% when treated with 150 μg/mL AgNP 
for 3 h, it was 46% for S. aureus under the same condition (Kulkarni et al. 2015).

Wei et  al. (2012) tested the cell-free extract of Bacillus amyloliquefaciens 
LSSE- 62 (CGMCC No. 4157) for synthesizing the AgNPs by using solar radiation. 
The researchers incubated AgNO3 with B. amyloliquefaciens cell-free extract in the 
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presence of sunlight for the synthesis of NPs. Furthermore, different solar intensi-
ties (30,000, 40,000, 50,000, 70,000 lx), various amounts of cell-free extracts (1, 2, 
3, 4 mg/mL), and the supplementation of different concentrations of NaCl (0.5, 1, 2, 
and 3 mM) were investigated for optimizing the production of AgNPs. According to 
the results of optimization studies, high ratios of the parameters tested generally 
affected the production of AgNPs positively, so a part of the work was conducted 
with 70,000 lx light intensity, 3 mg/mL extract, and 2 mM NaCl supplement. It was 
determined that most of the synthesized AgNPs were circular and some were 
 triangular, the sizes of NPs varied between 4.8 and 23.7 nm, and the mean NP size 
was 14.6  nm. E. coli DH5α, a Gram-negative bacterium, and Bacillus subtilis 
LSSE52, a Gram-positive bacterium, were used to determine the antibacterial effect 
of the AgNPs. Two different methods were used to determine the antibacterial activ-
ity. According to the first method, the tested bacteria were incubated in liquid media 
containing AgNP at different concentrations, followed by spectrophotometric mea-
surements were done. B. subtilis growth was almost inhibited completely (96.72%) 
in the medium containing 9 μg/mL AgNPs, while E. coli was inhibited by 71.90%. 
In well diffusion method, the largest inhibition zone diameters against both bacteria 
were detected around the well containing the highest concentration (120 μg/mL) of 
AgNPs. B. subtilis was more sensitive to these NPs than E. coli (Wei et al. 2012).

Bacillus methylotrophicus DC3, isolated from the soil of Korean ginseng, was 
tested as the AgNP producer organism (Wang et al. 2016). The supernatant of the 
liquid bacterial cultures synthesized spherical AgNPs with the size between 10 nm 
and 30 nm. Antimicrobial activities of these AgNPs against four different patho-
genic microorganisms (Candida albicans (KACC 30062), Salmonella enterica 
(ATCC 13076), Escherichia coli (ATCC 10798), and Vibrio parahaemolyticus 
(ATCC 33844)) were investigated by disc diffusion method. Significant inhibition 
zones occurred around the discs containing AgNPs for all the microorganisms tested 
(Wang et al. 2016).

Brevibacterium frigoritolerans DC2 was used to produce AgNPs extracellularly, 
and the antimicrobial activities of the synthesized AgNPs on various pathogenic 
microorganisms were investigated (Singh et  al. 2015). Spherical AgNPs with 
10–30 nm were obtained. Antimicrobial activity of the AgNPs was studied by using 
well diffusion method. In order to investigate the synergistic effect of AgNPs with 
the antibiotics, the commercial antibiotics named as lincomycin, oleandomycin, 
novobiocin, vancomycin, penicillin G, and rifampicin were separately tested on 
bacteria, while cycloheximide was tested on yeast. Antimicrobial effects of AgNO3 
and AgNPs and the combinations of commercial antibiotics with AgNPs against 
pathogenic microorganisms such as Vibrio parahaemolyticus ATCC 33844, Bacillus 
anthracis NCTC 10340, Salmonella enterica ATCC 13076, Bacillus cereus ATCC 
14579, Escherichia coli ATCC 10798, and Candida albicans KACC 30062 were 
determined by measuring the inhibition zones. AgNP showed a stronger antimicro-
bial effect in comparison with AgNO3 against all tested pathogenic microorganisms. 
Furthermore, antimicrobial activities of the commercial antibiotics on microorgan-
isms were enhanced by addition of the synthesized AgNPs (Singh et al. 2015).
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Well dispersed, spherical, and 5–50  nm AgNPs could be obtained using the 
extracellular extract of a newly isolated Exiguobacterium sp. KNU1. Three differ-
ent Gram-negative bacteria (Salmonella typhimurium, Pseudomonas aeruginosa, 
and Escherichia coli) and Gram-positive bacterium (Staphylococcus aureus) were 
used for antimicrobial studies. Microdilution studies showed that these NPs were 
the most effective on Escherichia coli and the least effective on Staphylococcus 
aureus. It was concluded that this difference is probably from different cell walls of 
the Gram-negative bacterium Escherichia coli, which have a thin and permeable 
cell wall compared to Staphylococcus aureus, a Gram-positive bacterium. 
Accordingly, the AgNPs passing easily through Escherichia coli cell wall damaged 
the cell membrane and subsequently caused cell death by causing breaks in the 
double-stranded DNA (Tamboli and Lee 2013).

Kanmani and Lim (2013) used the bacterial exopolysaccharide as both the reduc-
ing and stabilizing agents. AgNPs in various sizes (2–15 nm) and shapes (predomi-
nantly spherical, triangular, rod, and hexagonal) were obtained. The antibacterial 
activities of different concentrations of AgNPs were determined with the agar well 
diffusion method by using the pathogen Escherichia coli ATCC 35218, Listeria 
monocytogenes ATCC 15313, a food-borne pathogen bacterium, and also the 
multidrug- resistant pathogens Klebsiella pneumoniae ATCC 27736 and 
Pseudomonas aeruginosa ATCC 15442. Similarly, the antifungal effects of AgNPs 
tested at different concentrations were performed with the agar well diffusion 
method by using Aspergillus spp. and Penicillium spp. as the pathogen fungi. 
Furthermore, antibiofilm activities of the AgNPs against the bacterial pathogens like 
Escherichia coli ATCC 35218, Bacillus cereus ATCC 10987, Listeria monocyto-
genes ATCC 15313, and Pseudomonas aeruginosa ATCC 15442 were also investi-
gated. The results from the antibacterial studies indicated that all the tested bacteria 
were inhibited at high rates due to the increased AgNP concentration. The order of 
antibacterial effect caused by AgNPs on the tested bacteria was Pseudomonas aeru-
ginosa > Escherichia coli > Klebsiella pneumoniae > Listeria monocytogenes. Both 
fungi were inhibited due to the increase in AgNP concentration, but Aspergillus spp. 
were more inhibited by AgNPs compared to Penicillium spp. While the AgNPs at a 
concentration of 56 μg/mL caused a biofilm inhibition of 100% in Escherichia coli 
and Pseudomonas aeruginosa, the biofilm inhibition in Listeria monocytogenes was 
detected as approximately 32% (Kanmani and Lim 2013).

Singh et  al. (2017) synthesized AgNPs by using Kinneretia THG-SQI4 and 
investigated the antimicrobial activities of these AgNPs. The researchers used cell- 
free culture supernatant and synthesized spherical AgNPs with 15–25  nm. 
Antimicrobial activity was determined by disc diffusion method using two yeast 
species (Candida albicans KACC 30062, Candida tropicalis KCTC 7909), three 
Gram-positive bacteria (Bacillus cereus ATCC 14579, Bacillus subtilis KACC 
14741, Staphylococcus aureus ATCC 6538), and also three Gram-negative bacte-
ria such as Pseudomonas aeruginosa ATCC 6538, Escherichia coli ATCC 10798, 
and Vibrio parahaemolyticus ATCC 33844. The greatest inhibition zone (20.5 mm) 
was detected for Candida albicans, while the lowest inhibition zone (11.5 mm) was 
determined for Bacillus cereus and Bacillus subtilis. It was stated that the differences 
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in antimicrobial activities might be due to differences in the cell structures of the 
tested microorganisms, their physiologies, metabolisms, and interactions with the 
charged AgNPs. In addition, the synergistic effect of AgNP with various antibiot-
ics was also tested. Salmonella enterica, Escherichia coli, and Pseudomonas 
aeruginosa were resistant to all investigated antibiotics (erythromycin, lincomy-
cin, novobiocin, penicillin G, vancomycin, and oleandomycin), but it was observed 
that Vibrio parahaemolyticus was sensitive to these antibiotics. According to the 
results of the antibacterial studies performed to determine the synergistic effects 
of AgNPs, the inhibition zones were observed in multidrug-resistant bacteria cul-
tures when AgNPs were added to the antibiotics. However, the addition of AgNPs 
to the antibiotics resulted in a significant increase in the inhibition zones of Vibrio 
parahaemolyticus cultures, which were susceptible to the antibiotics tested (Singh 
et al. 2017).

Adebayo-Tayo et al. (2017) obtained AgNPs using the culture-free supernatants 
of two lactic acid bacteria, Lactobacillus casei LPW2 and Lactobacillus fermentum 
LPF6, and investigated various characteristic properties such as shape, size, and anti-
bacterial activity of the obtained AgNPs (Adebayo-Tayo et al. 2017). SEM micro-
graphs indicated that AgNPs from Lactobacillus casei supernatant were spherical in 
shape and their sizes varied between 0.7 nm and 10 nm, and AgNPs synthesized by 
the supernatant of Lactobacillus fermentum were in various forms (partially aggre-
gated particles), and their sizes ranged between 1.4 nm and 10 nm. The antibacterial 
activity of the AgNPs was investigated using agar well diffusion method on some 
selected pathogenic indicator bacteria (Bacillus sp., Streptococcus pyogenes, 
Staphylococcus aureus, Klebsiella sp., and Pseudomonas aeruginosa). Among the 
tested bacteria, Bacillus sp. was determined as the most sensitive bacterium. On the 
other hand, Pseudomonas aeruginosa was detected as the most resistant bacterium. 
The antibacterial studies showed that the tested Gram-positive bacteria were more 
sensitive to AgNPs than Gram-negative ones and AgNPs obtained from the superna-
tant of Lactobacillus casei had a stronger antibacterial effect against the indicator 
bacteria used (Adebayo-Tayo et al. 2017).

Spherical AgNPs (30–90 nm) could be obtained using the culture supernatant of 
Nocardiopsis sp. MBRC-1 (Manivasagan et al. 2013). The researchers used vari-
ous bacteria (Escherichia coli ATCC 10536, Bacillus subtilis ATCC 6633, 
Enterococcus hirae ATCC 10541, Pseudomonas aeruginosa ATCC 27853, Shigella 
flexneri ATCC 12022, Staphylococcus aureus ATCC 6538) and fungi (Aspergillus 
niger ATCC 1015, Aspergillus brasiliensis ATCC 16404, Aspergillus fumigates 
ATCC 1022, Candida albicans ATCC 10231) to detect the antimicrobial effects 
and MIC values of the AgNPs. Antibacterial and antifungal activities of AgNPs 
were determined by well diffusion method. Concentration-dependent antimicrobial 
activity was detected. The results of the study showed that the antimicrobial effects 
of these NPs at the concentrations of 40 and 50 μg/mL were stronger than amoxi-
cillin and nystatin antibiotics. The maximum antimicrobial activity was against 
Bacillus subtilis, Pseudomonas aeruginosa, and Candida albicans. Moreover, 
MIC values for B. subtilis, P. aeruginosa, and C. albicans were 7, 10, and 10 μg/mL, 
respectively (Manivasagan et al. 2013).
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The cell extract of the cyanobacterium Nostoc sp. strain HKAR-2 was used for 
green synthesis of AgNPs (Sonker et al. 2017). SEM and TEM images showed that 
the synthesized AgNPs were spherical in shape and their dimensions were between 
51 nm and 100 nm. The antimicrobial activities of AgNPs at different concentra-
tions (5, 10, and 15 μg/mL) were investigated against two plant pathogenic bacteria 
(Ralstonia solanacearum and Xanthomonas campestris) and two fungi (Aspergillus 
niger and Trichoderma harzianum) by using well diffusion method. While the inhi-
bition zone diameters caused by AgNPs at 5, 10, and 15 μg/mL concentrations were 
detected as 15, 25, and 25 mm for R. solanacearum, respectively, the inhibition 
zone diameters at the same concentrations for X. campestris were determined as 18, 
23, and 23  mm, respectively. The inhibition zones caused by pure AgNO3 were 
determined as 11 and 13 mm for R. solanacearum and X. campestris, respectively. 
AgNPs at 5, 10, and 15 μg/mL concentrations caused the inhibition zone of 0.3, 0.3, 
and 0.5 mm for A. niger and 0.4, 0.4, and 0.5 mm inhibition zones for T. harzianum, 
respectively (Sonker et al. 2017).

Supernatant of Novosphingobium sp. THG-C3, a bacterial strain isolated from 
soil, was used for AgNP biosynthesis (Du et  al. 2017). Most of AgNPs synthe-
sized were spherical in shape and 8–25  nm in size. The antimicrobial activities 
of AgNPs (500  mg/L) against Gram-positive (Staphylococcus aureus, Bacillus 
subtilis, and Bacillus cereus) and Gram-negative (Pseudomonas aeruginosa, 
Escherichia coli, Vibrio parahaemolyticus, and Salmonella enterica) bacteria 
and also two fungi (Candida tropicalis and Candida albicans) were determined 
by disc diffusion method. The order of the inhibition zone diameters of the 
tested microorganisms was detected as Candida albicans (19.7  mm)  >  Candida 
tropicalis (18.7  mm)  >  Vibrio parahaemolyticus (16.3  mm)  >  Pseudomonas 
aeruginosa (16.0  mm)  >  Staphylococcus aureus (15.3  mm)  >  Bacillus cereus 
(13.7 mm) > Bacillus subtilis (13.0 mm) ≥Escherichia coli (13.0 mm) > Salmonella 
enterica (12.7 mm). In addition, the combinations of the synthesized AgNPs with 
commercial antibiotics (erythromycin, novobiocin, oleandomycin, lincomycin, 
penicillin G, and vancomycin) were also treated with some bacteria (Pseudomonas 
aeruginosa, Salmonella enterica, Escherichia coli, and Vibrio parahaemolyticus), 
and the combinations of AgNPs with the commercial antibiotics showed stronger 
antibacterial activity than antibiotics alone (Du et al. 2017).

In a study conducted by Thomas et al. (2014), the AgNP production ability of 
Ochrobactrum sp. isolated from the seawater was investigated. AgNPs synthesized 
by the bacterial supernatant were spherical in shape and 38–85  nm in size. The 
researchers used four indicator bacteria including Salmonella typhi, Salmonella 
paratyphi, Vibrio cholerae, and Staphylococcus aureus for finding the antibacterial 
capacities of the obtained AgNPs. AgNO3 did not cause any inhibition on the bacte-
ria. On the other hand, AgNPs caused the inhibition zones of 14, 15, 16, and 15 mm 
for S. typhi, S. paratyphi, V. cholerae, and S. aureus, respectively (Thomas et al. 2014).

Skladanowski et  al. (2016) investigated the AgNP synthesis capacity of 
Streptomyces kasugaensis strain NH28 and also the antibacterial properties of the 
synthesized AgNPs. TEM analysis showed that the AgNPs were polydispersed, 
spherical in shape, and 4.2–65 nm in size. The order of the antibacterial effect of 
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AgNPs on the indicator bacteria tested was Staphylococcus aureus  ≥  Klebsiella 
pneumoniae ≥ Proteus mirabilis ≥ Escherichia coli > Bacillus subtilis > Salmonella 
infantis > Pseudomonas aeruginosa. The lowest MIC value (1.25 μg/mL) of the 
synthesized AgNPs inhibited the growth of S. aureus, K. pneumoniae, P. mirabilis, 
and E. coli at 48, 29, 23, and 14% rates, respectively. While the MIC value of the 
obtained AgNPs against B. subtilis was found to be 2.5 μg/mL, it was detected as 
10 μg/mL against P. aeruginosa and S. infantis (Skladanowski et al. 2016).

Otari et al. (2015) used Rhodococcus NCIM 2891 for the intracellular synthesis 
of AgNPs and also investigated the antibacterial effects of the produced AgNPs on 
pathogenic Gram-positive (Staphylococcus aureus) and Gram-negative (Klebsiella 
pneumoniae, Proteus vulgaris, Enterococcus faecalis, Pseudomonas aeruginosa, 
and Escherichia coli) bacteria. The NPs obtained were spherical in shape and ranged 
from 5 to 50 nm in size. The bactericidal and bacteriostatic effects of the obtained 
AgNPs were investigated by monitoring the different growth phases of the indicator 
pathogenic bacteria treated with AgNPs (10, 30, and 50 μg/mL of medium) at vari-
ous concentrations. The lowest concentration of AgNPs (10 μg/mL) was determined 
as the most effective inhibitory concentration for Klebsiella pneumoniae. This low 
AgNP concentration (10 μg/mL) caused only the log phase of other organisms to be 
delayed. AgNPs at 30 μg/mL concentration indicated a partially inhibitory effect on 
the growth of Escherichia coli, Staphylococcus aureus, and Pseudomonas aerugi-
nosa. The highest concentration of AgNP tested, 50 μg/mL, completely inhibited 
the growth of all bacteria (Otari et al. 2015).

2.5.3  Fungi

Several fungi can synthesize AgNPs. There are various studies on antimicrobial 
activity of the AgNPs synthesized by fungal sources (Table 2.3). Jaidev and Narasimha 
(2010) used Aspergillus niger for fungal mediated biosynthesis of AgNPs and inves-
tigated the antimicrobial activity of the synthesized AgNPs. The AgNPs formed 
were in polydispersed form and spherical shape with dimensions of 3–30  nm. 
Aspergillus niger, Staphylococcus sp., Bacillus sp., and also Escherichia coli were 
used as the test organisms for detection of the antimicrobial activity of AgNP syn-
thesized extracellularly by Aspergillus niger. AgNPs showed antimicrobial activity 
against Aspergillus niger as well as against Gram-positive (Staphylococcus sp. and 
Bacillus sp.) and Gram-negative (Escherichia coli) bacteria. The inhibition zone 
diameters caused by AgNPs against Aspergillus niger, Staphylococcus sp., Bacillus 
sp., and Escherichia coli were measured as 1.2, 0.9, 0.8, and 0.8 cm, respectively 
(Jaidev and Narasimha 2010).

The boiled and filtered biomass filtrate of Aspergillus terreus was also able to 
produce AgNPs. Antibacterial effects of these AgNPs against nine reference bac-
teria (Pseudomonas aeruginosa ATCC 27853, Serratia marcescens ATCC 27137, 
Shigella flexneri ATCC 12022, Salmonella typhi ATCC 13311, Escherichia coli 
ATCC 25922, Proteus mirabilis ATCC 43071, Klebsiella pneumoniae ATCC 
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700603, Enterococcus faecalis ATCC 29212, and Staphylococcus aureus ATCC 
259323) and also three multidrug-resistant bacteria (Escherichia coli MDREC1, 
Klebsiella pneumoniae MDRKP2, and Pseudomonas aeruginosa MDRPA3) were 
screened using agar well diffusion method. The MIC value of the AgNPs was also 
determined in the antimicrobial studies. Antibacterial tests indicated that the anti-
bacterial activities of AgNP increase due to the increase in AgNP concentration, 
whereas the fungal filtrate and AgNO3 used as the controls had no any antibacte-
rial effect on the bacteria. Among the tested bacterial strains, Salmonella typhi 
ATCC 13311 was detected as the most susceptible bacterium with the highest 
zone of inhibition (16.67 mm). The lowest inhibition zone was observed in the 

Table 2.3 Antimicrobial activities of AgNPs biosynthesized by fungi

Fungi
Nanoparticle 
shape

Nanoparticle 
size (nm) Antimicrobial effect on References

Aspergillus niger Spherical 3–30 Aspergillus niger, 
Staphylococcus sp., Bacillus 
sp., Escherichia coli

Jaidev and 
Narasimha 
(2010)

Aspergillus 
terreus

Spherical, 
oval

16.54 Pseudomonas aeruginosa 
ATCC 27853, Serratia 
marcescens ATCC 27137, 
Shigella flexneri ATCC 12022, 
Salmonella typhi ATCC 
13311, Escherichia coli ATCC 
25922, Proteus mirabilis 
ATCC 43071, Klebsiella 
pneumoniae ATCC 700603, 
Enterococcus faecalis ATCC 
29212, Staphylococcus aureus 
ATCC 259323, Escherichia 
coli MDREC1, Klebsiella 
pneumoniae MDRKP2, 
Pseudomonas aeruginosa 
MDRPA3

Rani et al. 
(2017)

Aspergillus 
versicolor

Spherical 5–30 Sclerotinia sclerotiorum, 
Botrytis cinerea

Elgorban 
et al. (2016)

Colletotrichum 
sp. ALF2–6

Spherical, 
triangular, 
hexagonal

5–60 Escherichia coli MTCC 7410, 
Salmonella typhi MTCC 733, 
Bacillus subtilis MTCC 121, 
Staphylococcus aureus MTCC 
7443

Azmath 
et al. (2016)

Cryphonectria sp. 
(NCBI accession 
no. HQ432805)

– 30–70 Staphylococcus aureus ATCC 
25923, Escherichia coli ATCC 
39403, Salmonella typhi 
ATCC 51812, Candida 
albicans accession no. 
NCIM-3100

Dar et al. 
(2013)

Saccharomyces 
cerevisiae PTCC 
5052

Spherical 5–20 Fluconazole-susceptible and 
fluconazole-resistant strains of 
Candida albicans

Niknejad 
et al. (2015)
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multidrug- resistant bacterium Klebsiella pneumoniae MDRKP2 (13.33 mm). On 
the other hand, Klebsiella pneumoniae MDRKP2 was found the least susceptible 
bacterium. Furthermore, the MIC values observed for Salmonella typhi ATCC 
13311 and Klebsiella pneumoniae MDRKP2 were 11.43 and 308 μg/mL, respec-
tively (Rani et al. 2017).

AgNPs were also synthesized using biomass filtrate of Aspergillus versicolor 
(Elgorban et al. 2016). The TEM results revealed that the synthesized AgNPs were 
spherical in shape and varied in size from 5 to 30  nm. Pathogenic white mold 
(Sclerotinia sclerotiorum) and gray mold (Botrytis cinerea) isolated from straw-
berry were used as the test organisms to observe the antifungal effects of biosynthe-
sized AgNPs. The highest inhibitory effect on the fungal growth was observed at 
150 mg/L for both of the fungi. Accordingly, the highest inhibition rates were 80.38 
and 74.39% for Sclerotinia sclerotiorum and Botrytis cinerea treated with 150 mg/L 
AgNPs, respectively (Elgorban et al. 2016).

Azmath et  al. (2016) utilized the cell-free extract of the endophytic fungus 
Colletotrichum sp. ALF2–6 for mycosynthesis of AgNPs. The obtained NPs were 
evaluated for their bactericidal effect against Escherichia coli MTCC 7410, 
Salmonella typhi MTCC 733, Bacillus subtilis MTCC 121, and Staphylococcus 
aureus MTCC 7443. The NPs obtained were polydispersed form with spherical, 
triangular, and hexagonal shapes and 5–60  nm in size. The antibacterial studies 
showed that the number of the colony gradually reduced when the concentration of 
NPs increased from 0 to 100  μg/mL.  Among the pathogenic bacteria tested, 
Staphylococcus aureus was more sensitive to AgNPs at 50 μg/mL concentration, 
while the other tested bacteria are susceptible to AgNPs at 100 μg/mL concentra-
tion. Similarly, MIC value of AgNPs was measured as 12.5 μg/mL for Staphylococcus 
aureus, Salmonella typhi, and Bacillus subtilis, while this value was determined as 
25 μg/mL for Escherichia coli (Azmath et al. 2016).

Dar et al. (2013) studied the AgNPs’ synthesis activity of the biomass filtrate of 
the newly identified pathogenic bacterial isolate Cryphonectria sp. (NCBI acces-
sion no. HQ432805). The synthesized AgNPs displayed a little monodispersity in 
the range of 30–70 nm in size. The antimicrobial effects of AgNPs were detected by 
disc diffusion method. In order to investigate the synergistic effect of the AgNPs 
with the standard antibiotics, the combinations of AgNPs with streptomycin and 
amphotericin were also tested. According to the inhibition zone measurements, the 
synthesized AgNPs exhibited more antimicrobial activity on the tested indicator 
microorganisms compared to AgNO3 and the standard antibiotics. In addition, the 
combinations of the synthesized AgNPs with the utilized standard antibiotics caused 
the significant increases in the antimicrobial activities (Dar et al. 2013).

Saccharomyces cerevisiae PTCC 5052 was also tested to synthesize AgNPs and 
investigate the antifungal activity of the obtained AgNPs against the strains of 
Candida albicans ATCC 10261. The obtained AgNPs were in spherical shape and 
predominantly smaller than 50  nm in size (5–20  nm). Studies on antimicrobial 
activity demonstrated that the MIC values (μg/mL) of AgNPs for both fluconazole- 
susceptible and fluconazole-resistant Candida albicans strains were similar and 
ranged from 2 to 4 μg/mL (Niknejad et al. 2015).
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2.6  Biologically Prepared AgNPs as Cytotoxic Agents

2.6.1  Algae

Various algal sources could be used to produce AgNPs with cytotoxic activity 
(Table 2.4). The macroalga Gracilaria edulis extracts were used for the production 
of biogenic AgNPs with anticancer activity. Anticancer activity of these AgNPs was 
tested against human prostate cancer cell lines (PC3), and normal African monkey 
kidney cell line was used as healthy cells. While IC50 value against PC3 cells was 
39.60  μg/mL, it was 68.49  μg/mL against Vero cells after 48  h incubation 
(Priyadharshini et al. 2014).

Biogenic AgNPs with 39.5 μg/mL IC50 value against HT29 cell line were synthe-
sized using the macroalga Gelidiella sp. (Devi and Bhimba 2013). The spherical 
AgNPs with an average size about 43 nm, biosynthesized with Ecklonia cava extracts, 
had IC50 value of 59 μg/mL against human cervical cancer cells (Venkatesan et al. 
2016). AgNPs biosynthesized from Turbinaria turbinata marine alga also showed 
anticancer effect against Ehrlich cell carcinoma (ECC) in mice. It was reported that 
AgNPs induced dose-dependent reduction in tumor size and also apoptosis via 
caspase-3 activation (El-Sonbaty 2013).

2.6.2  Bacteria

Bacteria are effective microbial sources for NP synthesis. The AgNPs obtained from 
bacterial sources have cytotoxic activity against several cancer cell lines (Table 2.5). 
AgNPs synthesized by Bacillus tequilensis and Calocybe indica showed cytotoxic 
effect on breast cancer cell line with the IC50 values of 10 μg/mL and 2 μg/mL, 
respectively. Leakage of LDH, activation of ROS, and terminal deoxynucleotidyl 
transferase dUTP nick-end labeling (TUNEL)-positive cells in MDA-MB-231 
breast cancer cells confirmed the dose-dependent toxic effect of AgNPs. Meanwhile, 
Western blot analyses showed that these NPs induce cellular apoptosis via activa-
tion of p53, p-Erk1/2, and caspase-3 signaling and downregulation of Bcl-2 
(Gurunathan et  al. 2015). Furthermore, same research team also obtained stable 
AgNPs (about 20 nm) using Bacillus funiculus and tested their cytotoxic effects on 

Table 2.4 Cytotoxic effect of AgNPs biosynthesized by algae

Alga Shape Size Cytotoxicity on References

Gracilaria edulis Spherical 55–99 PC3 Priyadharshini et al. 
(2014)

Gelidiella sp. Cubical HT29 Devi and Bhimba (2013)
Ecklonia cava Nearly 

spherical
43 HeLa Venkatesan et al. (2016)

Turbinaria turbinata – 8–16 nm Ehrlich cell carcinoma El-bialy et al. (2017))
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MDA-MB-231 cell line. AgNPs showed dose-dependent cytotoxicity on breast 
cancer cell line through activation of lactate dehydrogenase (LDH), caspase 3, and 
ROS generation, eventually leading to induction of apoptosis. They reported that 
these AgNPs inhibit the growth of the tumor cells and offer a new method to develop 
molecule for cancer therapy (Gurunathan et al. 2013a, b).

AgNPs with 10–50 nm in size were biosynthesized by cell extracts of the cyano-
bacterium Anabaena doliolum, and their cytotoxic effect on Dalton’s lymphoma and 
human carcinoma colo205 was tested. These AgNPs affected the survival of both cell 
types through induction of ROS generation and DNA fragmentation. It was concluded 
that DNA fragmentation is probably due to the activation of intracellular caspase 
enzyme and oxidative stress. It was also reported that AgNP treatment inhibits the 
growth of tumor and cancer cells and induces apoptosis (Singh et al. 2014).

Spherical and polydispersed AgNPs about 5–50 nm in size were biosynthesized 
by the cell-free filtrate of alkaliphilic actinobacterium Nocardiopsis valliformis OT1 
strain, and their IC50 value against human cervical cancer cell line (HeLa) was found 
to be 100 μg/mL. These AgNPs showed high cytotoxic effect on these cells (Rathod 
et al. 2016).

The aqueous extract of cyanobacterium Nostoc sp. strain HKAR-2 was also able 
to produce AgNPs. These AgNPs (51–100  nm) from cyanobacterium showed a 
dose-dependent cytotoxic activity against MCF-7 cells, and the IC50 value on human 
breast cancer MCF-7 cells was 27.5 μg/mL (Sonker et al. 2017). While the AgNPs 
synthesized using culture supernatant of Pseudomonas putida MVP2 showed no 
cytotoxicity under 25 μg/mL, it was toxic above 50 μg/mL on human epidermoid 
larynx carcinoma (Hep-2) cells (Gopinath et al. 2017).

AgNPs produced by Streptomyces xinghaiensis OF1 strain showed dose depen-
dent in vitro cytotoxic activity against mouse fibroblasts (3 T3) and HeLa cell lines. 
The IC50 values on 3 T3 and HeLa cell line were 4 and 3.8 μg ml/L, respectively 
(Wypij et al. 2018). Kulkarni et al. (2015) also reported the dose-dependent decrease 
in percent viability of the cells treated with AgNPs synthesized using D. radiodurans. 

Table 2.5 Cytotoxic effect of AgNPs biosynthesized by bacteria

Bacteria Shape
Size 
(nm) Cytotoxicity on References

Bacillus tequilensis Spherical 20 MDA-MB-21 Gurunathan et al. 
(2015)

Bacillus funiculus Spherical 10–20 MDA-MB-21 Gurunathan et al. 
(2013a, b)

Anabaena doliolum Spherical 10–50 Dalton’s lymphoma, colo205 Singh et al. (2014)
Nocardiopsis 
valliformis

Spherical 5–50 HeLa Rathod et al. (2016)

Nostoc sp. HKAR-2 Spherical 51–100 MCF-7 Sonker et al. (2017)
Pseudomonas putida Spherical 6–10 HEp-2 Gopinath et al. (2017)
Streptomyces sp. 
NH28

Spherical 4.2–65 L929 Skladanowski et al. 
(2016)

Streptomyces 
xinghaiensis

Spherical 64 (±49) HeLa, mouse fibroblast 
(normal cell line}

Wypij et al. (2018)
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The LD50 of AgNPs was 7–8 μg/mL against MCF-7 human breast cancer cell line. 
AgNPs produced using the cell filtrate of Streptomyces sp. NH28 were also tested for 
the cytotoxicity against L929 mouse fibroblast cell line. The IC50 value detected was 
64.5 μg/mL on mouse fibroblast cell line. Therefore, it was reported that these bio-
genic AgNPs exhibit low cytotoxicity and thus, AgNPs could be a promising and 
safe antibacterial agents (Skladanowski et al. 2016). AgNPs (93 nm) produced by 
cell-free culture supernatant of Stenotrophomonas maltophilia showed no toxicity to 
liver function, RBCs, splenocytes, and HeLa cell. These biogenic AgNPs were 
reported as safe to use in drug formulations (Oves et al. 2013).

2.6.3  Fungi

Fungal sources have a great efficiency to produce various AgNPs with cytotoxic 
activity (Table 2.6). The biosynthesis of AgNPs with in vitro cytotoxic activity on 
HCT-116, MCF-7, and HepG2 cell lines, using cell filtrates of Aspergillus fumigatus 

Table 2.6 Cytotoxic effect of AgNPs biosynthesized by fungi

Fungal species Shape Size (nm) Cytotoxicity on References

Aspergillus fumigatus, 
Candida albicans, 
Penicillium italicum, 
Syncephalastrum 
racemosum, Fusarium 
oxysporum, Aspergillus 
ochraceus

Spherical 13.88 ± 4.11 HCT-116, 
MCF-7, HepG2

Magdi et al. (2014)

Agaricus bisporus Spherical 8–20 MCF-7 El-sonbaty (2013)
Fusarium oxysporum Spherical 5–13 MCF-7 Husseiny et al. (2015)

Fusarium oxysporum Spherical 40 ± 5 MCF-7 Salaheldin et al. (2016)

Ganoderma neo-
japonicum Imazeki

Spherical 5 MDA-MB-231 Gurunathan et al. (2013b)

Guignardia mangiferae Spherical 5–30 HeLa, MCF-7, 
Vero (normal  
cell line}

Balakumaran et al. (2015)

Humicola sp. Spherical 5–25 NIH3T3, 
MDA-MB-231

Syed et al. (2013)

Cryptococcus laurentii 
(BNM 0525}

– 35 ± 10 MCF7, T47D, 
MCF10-A

Ortega et al. (2015)

Penicillium  
aurantiogriseum
(IMI 89372}

Spherical 12.7 MCF-7, MCT Elshawy et al. (2016)

Pleurotus ostreatus Spherical 4–15 MCF-7 Yehia and Al-Sheikh 
(2014)

Pestalotiopsis 
microspora VJ1/VS1

Spherical 2–10 B16F10, SKOV3, 
A549, PC3

Netala et al. (2016)
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(RCMB 02568), Candida albicans (RCMB 05031), Penicillium italicum (RCMB 
03924), Syncephalastrum racemosum (RCMB 05922), Fusarium oxysporum 
(RCMB 08213), and Aspergillus ochraceus (RCMB 036254), was reported. AgNPs 
had a potent cytotoxic activity with IC50 values of 1.2 μg/mL, 1.4 μg/mL, and 2.1 μg/
mL against human hepatocellular carcinoma (HepG2), human colon carcinoma 
(HCT-116), and human breast cancer (MCF-7) cells, respectively. On the other hand, 
39.6 μg/mL induced 50% of normal Vero cell mortality (Magdi et al. 2014).

Spherical AgNPs with 8–20 nm in size were also synthesized using aqueous 
extract of Agaricus bisporus. These AgNPs showed dose-dependent cytotoxicity 
against MCF-7 breast cancer cells with IC50 value of 50 μg/mL (El-Sonbaty 2013). 
In another study on cytotoxicity of biogenic AgNPs on MCF-7 cells, it was reported 
that AgNPs synthesized with Fusarium oxysporum also showed cytotoxic activity 
on MCF-7 with the IC50 of 121.23 μg/mL (Husseiny et al. 2015). Salaheldin et al. 
(2016) described the cytotoxic effect of AgNPs synthesized using aqueous filtrate 
of the biomass and also aqueous mycelial-free filtrate of Fusarium oxysporum, 
against a human breast carcinoma cell line (MCF-7) and the normal WISH cell 
line. The IC50 was 14  μg/mL for MCF-7 cells and 42  μg/mL for WISH cells 
(Salaheldin et al. 2016).

The cytotoxic effect of biologically synthesized AgNPs using hot aqueous 
extracts of the mycelia of Ganoderma neo-japonicum Imazeki on human breast 
cancer cells (MDA-MB-231) was also examined. These AgNPs were found to be 
significantly toxic to the cells at concentrations of 6 μg/mL and higher after 24 h of 
incubation. The authors suggested that AgNPs possess cytotoxic effects with apop-
totic features and proposed that the ROS generated by AgNPs have a significant role 
in apoptosis (Gurunathan et al. 2013a, b).

AgNPs produced by the mycelial-free filtrate of Guignardia mangiferae showed 
cytotoxic activity against African monkey kidney (Vero), HeLa (cervical), and 
MCF-7 (breast) cells. The IC50 values were 63.37, 27.54, and 23.84 μg/mL against 
Vero, HeLa, and MCF-7 cells, respectively, after 24-h incubation. These NPs had 
higher rate of cytotoxicity against MCF-7 cells followed by HeLa cells (Balakumaran 
et al. 2015).

Thermophilic fungus Humicola sp. on NIH3T3 was also able to produce 
AgNPs. The cell viability of the mouse embryonic fibroblast cell line and 
MDA-MB-231 human breast carcinoma cell line was reduced especially in high 
AgNP concentrations, and these NPs were nontoxic to cancer and normal cells up 
to concentrations of 50 μg/mL and, thus, could be used in targeted drug delivery 
systems (Syed et al. 2013).

The cytotoxic effect of biosynthesized AgNPs by culture supernatant of 
Cryptococcus laurentii (BNM 0525) against MCF7 and T47D human breast cancer 
cells and MCF10-A normal breast cells was described. AgNPs showed higher inhi-
bition efficacy in tumor lines than in normal lines of breast cells. It was reported that 
cell viability of breast tumor lines MCF7 and T47D was considerably decreased 
above 2.5 μg/mL concentration. This effect was probably due to the endocytosis 
activity. The apoptotic assays demonstrated that cell viability was induced by apop-
totic mechanisms generated through the intrinsic pathway of caspase activation 
(Ortega et al. 2015)
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Yehia and Al-Sheikh (2014) showed that it is possible to synthesize AgNPs using 
culture supernatant from Pleurotus ostreatus and it was determined that the AgNPs 
had effective cytotoxic activity against MCF-7 cell line. An increase in AgNPs’ 
concentration induced the greater inhibition of cell proliferation (Yehia and 
Al-Sheikh 2014).

It was shown that AgNPs synthesized using aqueous culture filtrate of 
Pestalotiopsis microspora had a significant cytotoxic effect on different cell lines. 
The authors reported that these AgNPs selectively inhibit cell proliferation in all of 
cell line, but no significant effect was observed on normal cells (Netala et al. 2016).

2.7  Biological Response to Nanomaterials

Systematic researches of biological systems are not as simple as physical and chemi-
cal researches. Several works have been done to investigate the effects of NPs on 
microorganisms. Since microorganisms have different physiological properties, NPs 
show different activity on different microorganisms. It is clear that different species of 
microorganisms can exhibit potentially toxic converse susceptibility to nanomaterials. 
For example, the studies on comparative toxicity of processed silver nanocrystals, 
Gram-negative and Gram-positive bacteria, Gram-negative E. coli, and S. oneidensis 
have been found to be more resistant than Gram-positive B. subtilis. It has also been 
found that Gram-positive and Gram-negative organisms have sensitivity differences 
to various forms of nanoparticles (Marambio-Jones and Hoek 2010).

Typically, Gram-positive organisms have been found to be more susceptible to 
potentially toxic nanomaterials, and this increased susceptibility is likely due to dif-
ferences in bacterial cell membrane and cell wall structures. Lipopolysaccharides of 
the outer membrane of Gram-negative bacteria constitute resistance bases against 
nanoparticles. In a study on toxic effects of copper and silver  nanoparticles on 
Gram-negative (E. coli) and Gram-positive (B. subtilis) microorganisms have indi-
cated that Gram-positive organisms have been  affected more  strongly by metal 
nanoparticles than gram-negative organisms (Yoon et al. 2007).

Despite the release of heavy metal ions (Cd2+), toxicity is linked to the formation 
of the main hydroxyl radicals. It was also found that the toxic effects of titanium and 
Ag nanoparticles on Gram-positive microorganisms were higher than those of lipo-
polysaccharide layer deficiency (Li et al. 2011a, b).

Most of the studies evaluating nanoparticle-dependent microbial toxicity have 
used relatively well-characterized model microorganisms such as E. coli, P. aerugi-
nosa, S. aureus, and B. subtilis. However, the diversity of microorganisms found in 
natural environments is astonishing and often gives similar responses to nanoparti-
cles. Numerous studies have recently reported on the long-term effects of nanopar-
ticles on soil, water, wastewater, and landfill ecosystems. Microorganisms that 
support plant growth, including rhizobacteria (P. aeruginosa, P. putida, P. fluores-
cens, B. subtilis) and nitrification and denitrification bacteria, have shown varying 
degrees of inhibition in both  pure culture conditions and aqueous nanoparticle 
suspensions  (Das et  al. 2012). In a study with copper metal oxide nanoparticles 
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(80–160 nm) with different size distributions, it was found that antibacterial activity 
against all bacterial strains was demonstrated when evaluated in terms of antibacte-
rial activity against K. pneumoniae, P. aeruginosa, S. paratyphi, and Shigella. It has 
been suggested that NPs provide this effect because they can cross cell membranes 
without encountering any barrier due to their size. The authors also suggested that 
NPs could form complexes with enzymes and proteins within the cell, thereby 
destroying cellular function that leads to cell death. In a study of the bacterial effects 
of TiO2 and ZnO nanoparticles in the soil flora, it has been found that ZnNPs are 
more toxic than titanium NPs while inhibiting bacterial growth of the nanoparticles 
severely, resulting in a decrease in total bacterial mass (Ge et al. 2011). Transformation 
of polyhydroxyalkanoates and removal of glycogen and biological phosphorus are 
not affected, while TiO2 NPs cause significant inhibition of biological nitrogen 
removal after prolonged exposure due to degradation of ammonium oxidation. In a 
study examining the effects of commercial AgNPs in natural river waters and sedi-
ments, it has been suggested that the particles reduce respiration relative to dis-
solved silver concentrations and lead to a ten times increase in phosphate 
concentration in stream water (Zheng et al. 2011).

The thing what is meant here is that not all transformed nanoparticles are poi-
soned. Conversely, recent research has shown that sulfur-rich, highly toxic silver 
ions in the wastewater treatment process can convert to stable silver sulfide (Ag2S) 
form. A better understanding of environmental transformations will be possible by 
a better understanding of nanomaterial interactions with microbial systems (Colman 
et al. 2012).

The main problem in natural ecosystems such as soil and water is the occurrence 
of ROS compounds known to be toxic to the cells due to metal ions released from 
the nanomaterials. For this reason, the increase in the ability of the nanoparticles to 
produce ROS and the increase in their toxicity are directly proportional. Moreover, 
this concept of toxicity is more important because NPs have a much higher surface 
area than microparticles.

2.8  Conclusion

Nanotechnology is an atomic and/or molecular level engineering process and 
focuses on understanding, controlling, and producing physical, chemical, and bio-
logical systems in nanometer size. In other words, nanotechnology is defined as the 
functionalizing, creating, and manipulating of materials, tools, and systems in 
molecular level. The target of this discipline is improving the obtained novel proper-
ties of these materials in every size and every field.

Different physical and chemical methods have been widely used for synthesis of 
MNPs, but they are expensive and harmful to the environment and living organisms. 
Therefore, many biological systems have become very popular to produce those 
materials. They can transform inorganic metal ions into MNPs via reduction pro-
cesses. MNPs such as gold and silver are the most common ones due to their unique 
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advantages in nano-world. Their antimicrobial and cytotoxic properties still have 
been evaluated, and many researches have been presented in literature as summa-
rized in this chapter.

Briefly, green synthesis has significant potential advantages in comparison with 
those produced by eco-friendly and cost-effective approaches. Therefore, these oppor-
tunities of using living organisms for synthesis of nanomaterials will continue to 
interest researchers to investigate the new mechanisms of biosynthesis in the future.
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3.1  Introduction

Nanoscience is a rapidly developing field that covers a wide range of application in 
a large variety of areas of science and technology. The Greek prefix “nano” used in 
nanoscience, nanomaterials, or nanoparticles means “1 billionth,” while 1 nanome-
ter (1 nm) is 1/109 m. An accepted definition of nanoscale materials is materials that 
are in the 1–100 nm size range in at least one dimension. The dimension factor is 
important because it allows materials such as carbon nanotubes, which are several 
micrometers long by few nanometers wide, to be included in the definition (Dobias 
et al. 2011).

The increasing demand for nanomaterials should be accompanied by “green” syn-
thesis methods in an effort to reduce generated hazardous waste from this industry. 
Green chemistry would help minimize the use of unsafe products and maximize the 
efficiency of chemical processes (Sharma et  al. 2009). An advantage of biogenic 
synthesis, over conventional chemical synthesis, is the safer and easier handling of 
microbial cultures and the simpler downstream processing of biomass as compared to 
synthetic methods (Rai et al. 2011). Hence, biogenic NP synthesis represents a very 
interesting greener and more environmentally friendly manufacturing alternative, due 
to the use of chemicals of lower toxicity and to the use of lower ambient temperatures 
and lower pressures in the synthesis (Dobias et al. 2011; Prasad 2014, Prasad et al. 
2016; Abdel-Aziz et al. 2018). Microbial synthesis is one of such processes, a green 
chemistry approach that interlinks nanotechnology and microbial biotechnology (Li 
et al. 2011).

In order to overcome the limitations posed by these conventional methods, there 
has been a growing demand to develop eco-friendly and rapid synthesis of nanoma-
terials with the desired size and shape. Consequently, researchers have developed 
biogenic principles to synthesize nanomaterials by using biological resources such 
as plants and microorganisms or their products (Schröfel et al. 2011; Prasad 2016, 
2017, Prasad et al. 2018).

Microbial synthesis of metal nanoparticles can take place either intracellularly or 
extracellularly (Jain et  al. 2011). Intracellular synthesis of nanoparticles requires 
additional steps such as ultrasound treatment or reactions with suitable detergents to 
release the synthesized nanoparticles (Kalimuthu et  al. 2008). At the same time 
extracellular biosynthesis is cheap, and it requires simpler downstream processing. 
This favors large-scale production of silver nanoparticles to explore its potential 
applications. Because of this, many studies were focused on extracellular methods 
for the synthesis of metal nanoparticles (Durán et al. 2005; Prasad et al. 2016).

In natural environment also, microbes produce nanomaterials as part of their 
metabolism and, hence, can be utilized for various applications discussed in this 
chapter. The microbes reproduce fast; therefore this characteristic can be well 
exploited for their use in various aspects. Their use in various applications is well 
known to everyone in the field of biological sciences. Biotechnology has joined 
hands and has emerged as an initiative for the study of microbes and its various 
characteristics in the form of “microbiology.” Microorganisms are of size 10–6 nm, 
and they are referred to as nanofactories, meaning generators of nanoparticles. Since 
they are present in nature, they are also called as biofactories (Deepak et al. 2011).
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Biosynthesis of nanoparticles by microorganisms is a green and eco-friendly tech-
nology. Diverse microorganisms, both prokaryotes and eukaryotes, are used for syn-
thesis of metallic nanoparticles, viz., silver, gold, platinum, zirconium, palladium, 
iron, cadmium, and metal oxides such as titanium oxide, zinc oxide, etc. (Hasan 
2015). These microorganisms include bacteria, actinomycetes, fungi, and algae. The 
synthesis of nanoparticles may be intracellular or extracellular according to the loca-
tion of nanoparticles (Mann 2001; Hulkoti and Taranath 2014; Prasad et al. 2016).

Biosynthesis of metal nanoparticles by bacteria is due to their defense mecha-
nism (resistance mechanism), the resistance caused by the bacterial cell on metal 
ions in the environment is responsible for its nanoparticle synthesis (Saklani et al. 
2012), and the cell wall being negatively charged interacts electrostatically with the 
positively charged metal ions. The enzymes present within the cell wall bioreduce 
the metal ions to nanoparticles, and finally the smaller-sized nanoparticles get 
 diffused of through the cell wall, and the nanoparticles are produced (Mukherjee 
et al. 2001).

3.2  Nanoparticles and Their Applications

Nanotechnology has become one of the most important technologies in allareas of 
science. It relies on the synthesis and modulation of nanoparticles, which requires 
significant modifications of the properties of metals (Visweswara Rao and Hua 
Gan 2015). Nanomaterials have in fact been used unknowingly for thousands of 
years; for example, gold nanoparticles that were used to stain drinking glasses 
also cured certain diseases. Scientists have been progressively able to observe the 
shape- and size-dependent physiochemical properties of nanoparticles by using 
advanced techniques. Recently, the diverse applications of metal nanoparticles 
have been explored in biomedical, agricultural, environmental, and physiochemi-
cal areas (Visweswara Rao and Hua Gan 2015; Rai et al. 2016; Abbasi et al. 2016; 
Giljohann et al. 2010; Pereira et al. 2015; Prasad et al. 2014, 2017). For instance, 
gold nanoparticles have been applied for the specific delivery of drugs, such as 
paclitaxel, methotrexate, and doxorubicin (Rai et al. 2016). Gold nanoparticles 
have been also used for tumor detection, angiogenesis, genetic disease and genetic 
disorder diagnosis, photo imaging, and photo thermal therapy. Iron oxide nanopar-
ticles have been applied for cancer therapy, hyperthermia, drug delivery, tissue 
repair, cell labeling, targeting and immunoassays, detoxification of biological flu-
ids, magnetic resonance imaging, and magnetically responsive drug delivery ther-
apy (Khlebtsov and Dykman 2011; Huang et  al. 2007; Iv et  al. 2015). Silver 
nanoparticles have been used for many antimicrobial purposes, as well as in anti-
cancer, anti-inflammatory, and wound treatment applications (Ahamed et  al. 
2010). Due to their biocompatible, nontoxic, self-cleansing, skin-compatible, 
antimicrobial, and dermatological behaviors, zinc and titanium nanoparticles 
have been used in biomedical, cosmetic, ultraviolet (UV)-blocking agents, and 
various cutting-edge processing applications (Ambika and Sundrarajan 2015; 
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Zahir et al. 2015; Bhuyan et al. 2015). Copper and palladium nanoparticles have 
been applied in batteries, polymers, plastic plasmonic wave guides, and optical 
limiting devices (Momeni and Nabipour 2015; Nasrollahzadeh and Sajadi 2015). 
Moreover, they were found to be antimicrobial in nature against many pathogenic 
microorganisms. Additionally, metal nanoparticles have been used in the spatial 
analysis of various biomolecules, including several metabolites, peptides, nucleic 
acids, lipids, fatty acids, glycosphingolipids, and drug molecules, to visualize 
these molecules with higher sensitivity and spatial resolution (Waki et al. 2015). 
In addition, the unique properties of nanoparticles make them well suited for 
designing electrochemical sensors and biosensors (Peng and Miller 2011). For 
example, nanosensors have been developed for the detection of algal toxins, 
mycobacteria, and mercury present in drinking water (Selid et  al. 2009). 
Researchers also developed nanosensors by utilizing nanomaterials for hormonal 
regulation and for detecting crop pests, viruses, soil nutrient levels, and stress fac-
tors. For instance, nanosensors for sensing auxin and oxygen distribution have 
been developed (Koren et al. 2015).

3.3  Factors Affecting Synthesis of Nanoparticles

Shape and size of nanoparticles depend on the physical and chemical factors. The 
optimum metal ion concentration, pH, and temperature of reaction mixture play key 
role in nanoparticle synthesis.

3.3.1  Concentration of Metal Ion

Increasing the concentration of silver ions 1–5 mM in reaction mixture revealed that 
in 1 mM concentration, the nanoparticle synthesis and size reduction started quickly 
due to more availability of functional groups in the extract. While increasing the 
substrate concentration, the large size and aggregation of nanoparticles occurred 
due to the occurrence of silver ions and functional group (Vanaja et al. 2013).

3.3.2  pH

pH plays an important role in the nanoparticle synthesis of extract with silver ions. 
Alkaline pH 8.2 showed a sharp peak at 460 nm with maximum production of silver 
nanoparticles. The sharp peak indicated formation of spherical shape of silver nanopar-
ticles, thus indicating alkaline pH is more suitable for synthesis of nanoparticles. pH 
plays a role in shape and size control in nanoparticle synthesis. Another report suggests 
increase in absorption was seen with a decrease in pH and also indicated the production 
of bigger particles with decrease in pH (Prakash and Soni 2011).
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3.3.3  Temperature

Temperature is one of the important physical parameters for synthesis of nanopar-
ticles. Synthesis of nanoparticles while increasing the reaction temperature. The 
higher rate of reduction occurs at higher temperature due to the consumption of 
metal ions in the formation of nuclei, whereas the secondary reduction stops on 
the surface preformed nuclei. The broadening peak obtained at low temperature 
shows the formation of large-sized nanoparticles, and the narrow peak obtained at 
high temperature indicates the nanoparticles synthesized are smaller in size. It can 
be stabilized that higher temperature is optimum for nanoparticle synthesis 
(Vanaja et al. 2013).

3.3.4  Time

In a study, synthesis of nanoparticles at various time intervals was studied after reac-
tion for 1 h, the AgNPs obtained showed a UV-visible spectroscopy absorption peak, 
and the intensity of the peak increases as the reaction time is increased, which indi-
cated the continued reduction of the silver ions. The increase of the absorbance with 
the reaction time indicates that the concentration of AgNPs increases. When the reac-
tion time reached 3 hours, the absorbance increased, and the wavelength value was 
slightly shifted. This phenomenon continued for reaction times of 6–24 h, indicating 
that the size of particles was decreased. At the end of the reaction, i.e., 48 h, the 
absorbance was considerably increased, and there was no significant change in wave-
length (430 nm), compared with the 24 h reaction time. The transmission electron 
microscopy (TEM) results indicate that the samples obtained over a longer time 
period retained a narrower particle size distribution; the average size of all prepared 
AgNPs was 20 nm (Darroudi et al. 2011).

3.4  Common Methodologies for Synthesis of Metal 
Nanoparticles Using Microbes

3.4.1  Extracellular Mechanism

The test strain (culture) is grown in suitable media and incubated on orbital shaker 
at 150 rpm at 37 °C. After incubation the broth is centrifuged, and the supernatant 
is used for synthesis of nanoparticles. The supernatant is added to separate reaction 
vessels containing the metal ions in suitable concentrations and incubated for a 
period of 72 h. The color change of the reaction mixture suggests the presence of 
nanoparticles in the solution, and bioreduction of silver ions in the solution is moni-
tored by sampling the aqueous solution and measuring the absorption spectrum 
using a UV-visible spectrophotometer. The morphology and uniformity of silver 
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nanoparticles are investigated by X-ray diffraction (XRD) and scanning electron 
microscopy (SEM), while the interaction between protein and AgNPs is analyzed 
using Fourier transform infrared spectroscopy (FTIR) (Jeevan et al. 2012).

3.4.2  Intracellular Mechanism

The culture is grown in suitable liquid media incubated on shaker at optimal tem-
perature. After incubation the flask is kept at static condition to allow the biomass to 
settle following which the supernatant is discarded and sterile distilled water is 
added for washing the cells. The flask iskept steady for 30 min to settle the biomass 
post which the supernatant is again discarded. This step is repeated for three times. 
The biomass is then separated from the sterile distilled water by centrifugation for 
10 min. The wet biomass is exposed to 50 ml of sterilized aqueous solution of met-
als at various dilutions and incubated on shaker at suitable temperature till visual 
color change is observed. The change in color from pale yellow to brownish color 
indicates the formation of silver nanoparticles, pale yellow to pinkish color indi-
cates the formation of gold nanoparticles, and the formation of whitish yellow to 
yellow color indicates the formation of manganese and zinc nanoparticles 
(Waghmare et al. 2011).

In summary, the extracellular synthesis of nanoparticles involves trapping the 
metal ions on the surface of the cells and reducing them in the presence of enzymes, 
while in intracellular synthesis ions are transported into the microbial cell to form 
nanoparticles in the presence of enzymes (Kalabegishvili et al. 2012). The biosyn-
thesized nanoparticles have been used in a variety of applications including drug 
carriers for targeted delivery, cancer treatment, gene therapy and DNA analysis, 
antibacterial agents, biosensors, separation science, and magnetic resonance imag-
ing (Li et al. 2011).

3.5  Nanoparticle Synthesis by Bacteria

The most important challenge in nanotechnology today is to cost-effectively tailor 
the optical, electric, and electronic property of NPs by controlling the configuration 
as well as monodispersity. This goal could be achieved using bacterial organisms in 
an organized manner (Gericke and Pinches 2006). In the last few years, fabrication 
of AgNPs has increased extensively owing to its immense applications (Morones 
et al. 2005). Bacteria possess remarkable ability to reduce heavy metal ions and are 
one of the best candidates for nanoparticle synthesis. For instance, some bacterial 
species have developed the ability to resort to specify defense mechanisms to quell 
stresses like toxicity of heavy metal ions or metals. It was observed that some of 
them could survive and grow even at high metal ion concentrations (e.g., 
Pseudomonas stutzeri and P. aeruginosa) (Bridges et al. 1979; Haefeli et al. 1984). 
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Among the milieu of natural resources, prokaryotic bacteria have been most exten-
sively researched for synthesis of metallic nanoparticles. One of the reasons for 
“bacterial preference” for nanoparticle synthesis is their relative ease of manipula-
tion (Slawson et al. 1992).

In nature, bacteria are frequently exposed to diverse and sometimes extreme 
environmental situations. Survival in these harsh conditions ultimately depends on 
their ability to resist the effects of environmental stresses. Natural defense mecha-
nisms exist in bacteria to deal with a variety of stresses such as toxicity arising from 
high concentrations of metallic ions in the environment. The major bacterial species 
used for the synthesis of metallic nanoparticles include Acinetobacter sp., 
Escherichia coli, Klebsiella pneumoniae, Lactobacillus spp., Bacillus cereus, 
Corynebacterium sp., and Pseudomonas sp. (Mohanpuria et al. 2008; Iravani 2014; 
NVKV Prasad et al. 2011). Bacteria are known to synthesize metallic nanoparticles 
by either intracellular or extracellular mechanisms.

The first synthesis of Ag nanoparticles by bacteria was reported in 2000. Joerger 
et al. (2000) used Pseudomonas stutzeri AG259 to synthesize Ag nanoparticles with 
size less than 200 nm. Bacteria were grown on Lennox L (LB) agar substrate, con-
taining 50 mmol/L AgNO3, at 30 °C for 48 h in the dark (Lengke et al. 2006). In 
2008, biosynthesis of silver nanocrystals by B. licheniformis was studied. Aqueous 
silver ions were reduced to silver nanoparticles when added to the biomass of B. 
licheniformis. This was indicated by the change in color from whitish yellow to 
brown. The probable mechanism for the formation of silver nanoparticles involves 
the enzyme nitrate reductase (Kalimuthu et al. 2008).

In 2008, silver nanoparticles in the range of 50  nm were synthesized by the 
supernatant of B. licheniformis when silver nitrate was added to it. The synthesized 
silver nanoparticles were highly stable. Also, the time required for reaction comple-
tion was 24 h (Kalimuthu et al. 2008). Biosynthesis of silver nanoparticles using 
microorganisms is rather slow. However, finding microorganisms to synthesize Ag 
nanoparticles is an important aspect. Shahverdi et al. (2007b) reported on the rapid 
synthesis of metallic nanoparticles of silver using the reduction of aqueous Ag+ ion 
using the culture supernatants of Klebsiella pneumoniae, Escherichia coli (Lee 
1996), and Enterobacter cloacae (Enterobacteriaceae). The synthetic process was 
quite fast, and silver nanoparticles were formed within 5 min of the silver ion com-
ing into contact with the cell filtrate (Shahverdi et al. 2007a). However, the culture 
supernatants of different bacteria from Enterobacteriaceae are potential candidates 
for the rapid synthesis of silver nanoparticles. In 2009, investigated was the effect of 
different visible-light irradiation on the formation of silver nanoparticles from silver 
nitrate using the culture supernatant of Klebsiella pneumoniae. In addition, the 
study experimentally investigated the liquid mixing process effect on silver nanopar-
ticle synthesis by visible-light irradiation. That study successfully synthesized 
evenly dispersed silver nanoparticles of uniform size and shape in the range of 
1–6 nm and average size of 3 nm (Mokhtari et al. 2009). Another report focused on 
the synthesis of metallic bio-nanoparticles of silver using a reduction of aqueous Ag+ 
ion with the culture supernatants of Staphylococcus aureus. The observation indi-
cated that the reduction of the Ag+ ions took place extracellularly. Also, the reaction 
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between this supernatant and Ag+ ions was carried out in bright conditions for 5 min 
(Nanda and Saravanan 2009).

Moreover, Brock and Gustafson (1976) reported that Thiobacillus ferrooxidans, 
T. thiooxidans, and Sulfolobus acidocaldarius were able to reduce ferric ion to the 
ferrous state when growing on elemental sulfur as an energy source. T. thiooxidans was 
able to reduce ferric iron at low pH medium aerobically. The ferrous iron formed 
was stable to autoxidation and T. thiooxidans was unable to oxidize ferrous iron, but 
the bioreduction of ferric iron using T. ferrooxidans was not aerobic because of the 
rapid bacterial reoxidation of the ferrous iron in the presence of oxygen (Brock and 
Gustafson 1976). Other biomineralization phenomena, such as the formation of 
tellurium (Te) in Escherichia coli K12 (Taylor 1999), the direct enzymatic reduction of 
Tc (VII) by resting cells of Shewanella (previously Alteromonas) putrefaciens and 
Geobacter metallireducens (previously known as strain GS-15) (Lloyd et al. 1999), 
and the reduction of selenite to selenium by Enterobacter cloacae, Desulfovibrio 
desulfuricans, and Rhodospirillum rubrum (Kessi et al. 1999), have been reported, 
as well. Mullen et al. (1989) examined the ability of Bacillus cereus, B. subtilis, 
E. coli, and P. aeruginosa for removing Ag+, Cd2+, Cu2+, and La3+ from solution. 
They found that bacterial cells were capable of binding large quantities of metallic 
cations. Moreover, some of these bacteria are able to synthesize inorganic materials 
like the magnetotactic bacteria, which synthesize intracellular magnetite NPs 
(Lovley et al. 1987).

Pseudomonas stutzeri AG259 has been reported to fabricate Ag particles (Joerger 
et al. 2000), which are accumulated within the periplasmic space of bacterial cell of 
200 nm. Lactobacillus, a common bacterial strain present in the buttermilk, synthe-
sizes both Au and Ag NPs under standard conditions (Nair and Pradeep 2002). 
Rapid synthesis of metallic NPs of Ag using the reduction of aqueous Ag+ has been 
achieved in the cultural supernatants of Klebsiella pneumoniae, Escherichia coli, 
and Enterobacter cloacae (Shahverdi et al. 2007b). Recently detailed studies con-
firmed that synthesis of Ag can be triggered through the liquid mixing process 
developed in the visible-light spectrum by Klebsiella pneumoniae (Mokhtari et al. 
2009). Extracellular biosynthesis of 40 nm Ag NPs by the culture supernatant of 
Bacillus licheniformis has been customized as an easy way to work out the process 
(Kalimuthu et  al. 2008). Varshney et  al. (2011) have reported a rapid biological 
synthesis technique for the synthesis of spherical Cu nanoparticles in the size range 
of 8–15  nm using nonpathogenic Pseudomonas stutzeri. Recently, an innovative 
approach has been used for the synthesis of copper nanoparticles where P. stutzeri 
bacterial strain was used for copper nanoparticle synthesis from electroplating 
wastewater. The bacterial strain was isolated from soil and found that it produced 
50–150 nm-sized cubical copper nanoparticles (Varshney et al. 2011). Prakash et al. 
(2011) reported extracellular synthesis of silver nanoparticles by bacteria Bacillus 
cereus collected from the riverine belt of Gangetic Plain of India. Synthesized 
nanoparticles were spherical in shape and in the range of 10–30  nm in size. 
Antibacterial effect of the synthesized AgNPs was tested with gram-negative and 
gram-positive bacteria E. coli and Streptococcus in varying strength of nanoparti-
cles, and it was observed that the lowest concentration up to 50 ppm was sufficient 
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to inhibit bacterial growth. Bacillus species has depicted to synthesize metal 
nanoparticles; researchers showed the ability of bacteria to decrease silver and fab-
rication of extracellularly, consistently circulated nanoparticles, ranging from 10 to 
20 nm in size (Sunkar and Nachiyar 2012). The silver-producing bacteria isolated 
from the silver mines exhibit the silver nanoparticles accumulated in the periplasmic 
space of Pseudomonas stutzeri AG259 (Slawson et al. 1994). Bacteria are also used 
to synthesize gold nanoparticles. Sharma et al. (2012) reported that whole cells of a 
novel strain of Marinobacter pelagius are applicable for stable, monodisperse gold 
nanoparticle formation. Prasad et al. (2007) had reported the use of Lactobacillus 
strains to synthesize the titanium nanoparticles. The understanding of natural 
processes will apparently help in the discovery of entirely new and unexplored 
methodology of metal nanoparticle synthesis.

In one of the earliest studies in this technology, Slawson et al. (1992) found that 
a silver-resistant bacterial strain isolated from silver mines, Pseudomonas stutzeri 
AG259, accumulated AgNPs within the periplasmic space. Of note, the particle size 
ranged from 35 to 46  nm (Slawson et  al. 1992). Interestingly, Klaus and group 
observed that when this bacterium was placed in concentrated aqueous solution 
(50 mM), particles of larger size (200 nm) were formed (Klaus et al. 1999). Klaus 
et al. (1999) attributed the difference in particle size (in comparison with the report 
of Slawson et al. 1992) to the differences in cell growth and metal incubation condi-
tions. An important application of such a bacterium would be in industrial Ag recov-
ery. Intriguingly, the exact mechanism(s) of AgNPs synthesis by this bacterium is 
still unclear. However, we have investigated the molecular basis of biochemical 
synthesis of AgNPs from Morganella sp. RP-42, an insect midgut isolate (Parikh 
et al. 2008). We observed that Morganella sp. RP-42 when exposed to silver nitrate 
(AgNO3) produced extracellular crystalline AgNPs of size 20 ± 5 nm. Three gene 
homologues (silE, silP, and silS) were identified in silver-resistant Morganella sp. 
The homologue of silE from Morganella sp. showed 99% nucleotide sequence simi-
larity with the previously reported gene, silE, which encodes a periplasmic silver- 
binding protein (Parikh et  al. 2008). This is the only report that elucidates the 
molecular evidence of silver resistance in bacteria, which could be linked to synthe-
sis mechanism. In an elegant study by Nair and Pradeep (2002), common 
Lactobacillus strains present in buttermilk were exposed to large concentrations of 
metal ions to produce microscopic gold, silver, and gold-silver alloy crystals of 
well-defined morphology. The bacteria produced these intracellularly, and, remark-
ably, the cells preserved their viability even after crystal growth (Nair and Pradeep 
2002). Notably, even cyanobacteria have been observed to produce AgNPs. For 
example, the biosynthesis of AgNPs has been successfully conducted using 
Plectonema boryanum UTEX 485, a filamentous cyanobacterium (Lengke et  al. 
2006). The authors posit that the mechanisms of AgNPs production via cyanobacte-
ria could involve metabolic processes from the use of nitrate at 25 °C and/or organ-
ics released from the dead cyanobacteria at 25 to 100  °C (Lengke et  al. 2006). 
Among the first reports of intracellular semiconductor nanoparticle synthesis, 
Sweeney et  al. (2004) demonstrated that E. coli, when incubated with cadmium 
chloride (CdCl2) and sodium sulfide (Na2S), spontaneously formed cadmium sulfide 
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(CdS) semiconductor nanocrystals. They showed that the formation of nanocrystals 
was markedly affected by physiologic parameters. Indeed, the entry into stationary 
phase increased the yield by 20-fold (Sweeney et al. 2004). In line with these obser-
vations, Cunningham and Lundie (1993) found that Clostridium thermoaceticum 
precipitates CdS at the cell surface as well as in the medium when exposed to CdCl2 
in the presence of cysteine hydrochloride as a source of sulfide in the growth 
medium. In a separate report of bacterial synthesis of nanoparticles, Watson et al. 
(1999) demonstrated that sulfate-reducing bacteria synthesize strongly magnetic 
iron sulfide (FeS) nanoparticles on their surfaces. The magnetic nanoparticles (about 
20 nm in size) were separated from the solution by a high gradient field of 1 Tesla. 
Of note, bacterially produced FeS is an adsorbent for a wide range of heavy metals 
and some anions. Furthermore, magnetite is a common product of bacterial iron 
reduction and could be a potential physical indicator of biological activity in geo-
logical settings (Watson et al. 1999). Interestingly, Bharde et al. (2005) have dem-
onstrated magnetite nanoparticle synthesis by Acinetobacter, a nonmagnetotactic 
bacteria. In prior studies, biosynthesis of magnetite was found to be extremely slow 
(often requiring 1 week) under strictly anaerobic conditions. However, this study 
reported that Acinetobacter spp. were capable of magnetite synthesis by reaction 
with suitable aqueous iron precursors under fully aerobic conditions (Bharde et al. 
2005). Importantly, the extracellular magnetite nanoparticles showed excellent 
magnetic properties (Bharde et al. 2005). Bacteria have also been used to synthesize 
gold nanoparticles. For example, microbial synthesis of gold nanoparticles was 
achieved by Konishi et al. (2004) using the mesophilic bacterium Shewanella algae 
with H2 as the electron donor. The authors used varying pH conditions in their study. 
When the solution pH was 7, gold nanoparticles of 10–20 nm were synthesized in 
the periplasmic space of S. algae cells. Interestingly, when the solution pH was 
decreased to 1, larger-sized gold nanoparticles (50–500  nm) were precipitated 
extracellularly. In an analogous study, He et  al. (2007) showed that the bacteria 
Rhodopseudomonas capsulata produces gold nanoparticles of different sizes and 
shapes. He et al. (2007) incubated R. capsulata biomass and aqueous chloroauric 
acid (HAuCl4) solution at pH values ranging from 7 to 4. They found that at pH 7, 
spherical gold nanoparticles in the range of 10–20 nm were formed. In contrast, at 
pH 4, a number of nanoplates were produced. In both these studies, the solution pH 
was an important factor in controlling the morphology of biogenic gold particles 
and location of gold deposition. These observations are in line with the findings of 
Klaus et al. (1999) who observed that variations in incubation conditions lead to 
variations in particle size. Of note, gold nanoparticles can be used for a variety of 
applications (e.g., direct electrochemistry of proteins) (Du et al. 2007). Ahmad 
et al. (2003c) have performed a series of studies on bacterial synthesis of gold 
nanoparticles. In one such study, they used extremophilic actinomycetes like 
Thermomonospora sp. to efficiently synthesize monodisperse gold nanoparti-
cles. By comparing this with their earlier work on gold nanoparticle synthesis 
from a fungus, Fusarium oxysporum, they postulated that reduction of metal ions 
and stabilization of the gold nanoparticles occur by an enzymatic process. 
Furthermore, they attributed the synthesis of monodisperse gold nanoparticles by 
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Thermomonospora sp. to extreme biological conditions (i.e., alkaline and slightly 
elevated temperature conditions) (Ahmad et al. 2003a, c). In a separate study, these 
authors used alkalotolerant Rhodococcus sp. (Ahmad et al. 2003b) for intracellular 
synthesis of good-quality monodisperse gold nanoparticles. Notably, the metal ions 
were not toxic to the cells as evidenced by the continued growth of the cells even 
after the biosynthesis of gold nanoparticles.

Bacteria among microorganisms and prokaryotes have received the most atten-
tion in the area of AuNPs synthesis (Whiteley et al. 2011). For the first time micro-
bial synthesis of AuNPs was reported in Bacillus subtilis 168 which revealed the 
presence of 5–25 nm octahedral NPs inside the cell wall (Beveridge and Murray 
1980). In Rhodopseudomonas capsulata, spherical AuNPs with 10–20 nm range 
have been observed (He et  al. 2007) at lower concentration and nanowires with 
network at higher concentration (He et  al. 2008). Six cyanobacteria have been 
reported for production of AuNPs. Plectonema sp. (Lengke et  al. 2006; Brayner 
et al. 2007), Anabaena sp., Calothrix sp., and Leptolyngbya sp. have been exploited 
for the AuNPs synthesis (Lengke et al. 2007). Single-cell protein of Spirulina pla-
tensis was also shown to produce AuNPs and Au core-Ag shell NPs (Govindaraju 
et al. 2008). An overview on bacterial synthesis of AuNPs is given in Table 3.1. 
If one tries to group the AuNPs-producing bacteria according to the 9th edition of 
Bergey’s Manual of Systematic Bacteriology (2005), the members belonging to 
groups glidobacteria and Beta-, Epsilon-, and Zetaproteobacteria have not been 
reported so far (Shedbalkar et al. 2014).

For example, Ag nanoparticles have been synthesized using Pseudomonas 
stutzeri AG259 bacterium via a mechanism involving the NADH-dependent reduc-
tase enzyme that donates an electron and oxidizes to NAD. The electron transfer 
results in the biological reduction of Ag ions to Ag nanoparticles (Ahmad et  al. 
2003a). In a similar study, Husseiny et al. (2007) were able to reduce Au ions using 
Pseudomonas aeruginosa that resulted in the extracellular synthesis of Au nanopar-
ticles. However, some other researchers have also shown the noninvolvement of 
biological enzymes. For example, Liu et al. (2009) were able to produce Au nanopar-
ticles from dried cells of Bacillus megaterium. A similar study by Sneha et al. (2010) 
using a Corynebacterium sp. also revealed that a nonenzymatic reduction mecha-
nism was involved in nanoparticle formation. The reduction of nanoparticles is 
believed to be the result of a combination of several factors. The first factor is the 
presence of some organic functional groups at the cell wall that induce reduction, 
and the second depends on the appropriate environmental parameters such as pH 
and temperature being present (Lin et al. 2001). For example, the dried biomass of 
Lactobacillus sp. A09 and Bacillus megaterium D01 can reduce Ag ions via the 
interaction of functional groups present on the cell wall to produce silver nanopar-
ticles (Jin-Zhou et al. 2000). Size, shape, and composition of a nanoparticle can be 
significantly influenced by pH and temperature (Hulkoti and Taranath 2014). For 
example, particle size is an important factor since novel and unique physicochemi-
cal properties are more pronounced at smaller sizes. Therefore, there is a need to 
optimize synthesis parameters during nanoparticle formation to enhance the overall 
particle properties. In particular, selecting the appropriate culture media for a specific 
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Table 3.1 The major bacterial species that have been used to synthesize a variety of nanoparticles 
along with extracellular or intracellular methods

Bacteria Nanoparticles
Synthesis 
method References

Bacillus flexus Ag Extracellular Priyadarshini et al. (2013)
Lactobacillus spp. Ag Extracellular Ranganath et al. (2012)
Klebsiella pneumoniae Se Intracellular Fesharaki et al. (2010)
Streptomyces sp. Mn and Zn Intracellular Waghmare et al. (2011)
Streptomyces sp. Ag Extracellular Chauhan et al. (2013)
Pseudomonas aeruginosa Ag Extracellular Shivakrishna et al. (2013)
Thermomonospora sp. Gold Extracellular Ahmad et al. (2003c)
Rhodococcus sp. Gold Intracellular Ahmad et al. (2003b)
Pseudomonas aeruginosa Gold Extracellular Husseiny et al. (2007)
Pseudomonas fluorescens Cu Extracellular Shantkriti and Rani (2014)
Bacillus subtilis Au Intracellular Castro et al. (2014)
Pseudomonas stutzeri Ag triangles  

and hexagons
Intracellular Castro et al. (2014)

Lactobacillus sp. Au, Ag, Au-Ag alloys Intracellular Castro et al. (2014)
Desulfovibrio desulfuricans Pd Intracellular Castro et al. (2014)
S. oneidensis Pd Intracellular Castro et al. (2014)
Rhodopseudomonas 
capsulata

Au Extracellular Castro et al. (2014)

Cupriavidus necator Pd Intracellular Castro et al. (2014)
Pseudomonas putida Pd Intracellular Castro et al. (2014)
Paracoccus denitrificans Pd Intracellular Castro et al. (2014)
Pseudomonas aeruginosa Au, Ag, Pd, Fe, Rh, 

Ni, Ru, Pt
Extracellular Castro et al. (2014)

Pyrobaculum islandicum Au Extracellular Castro et al. (2014)
G. sulfurreducens Au Extracellular Castro et al. (2014)
Pyrococcus furiosus Au Extracellular Castro et al. (2014)
Morganella sp. Ag Intracellular Castro et al. (2014)
Bacillus licheniformis Ag Intracellular Castro et al. (2014)
Pseudomonas 
deceptionensis

Ag Extracellular Singh et al. (2016)

Weissella oryzae Ag Intracellular Singh et al. (2016)
Bacillus methylotrophicus Ag Extracellular Singh et al. (2016)
Brevibacterium 
frigoritolerans

Ag Extracellular Singh et al. (2016)

Bhargavaea indica Ag and Au Extracellular Singh et al. (2016)
Bacillus amyloliquefaciens CdS Extracellular Singh et al. (2016)
Bacillus pumilus Ag Extracellular Singh et al. (2016)
Bacillus persicus Ag Extracellular Singh et al. (2016)
Bacillus licheniformis Ag Extracellular Singh et al. (2016)
Lysinibacillus sphaericus Ag – Gou et al. (2015)
Lactobacillus mindensis Ag2O – Dhoondia and Chakraborty 

(2012)

(continued)
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Bacteria Nanoparticles
Synthesis 
method References

L. acidophilus Ag Extracellular Mohseniazar et al. (2011)
L. casei Ag Extracellular Mohseniazar et al. (2011)
L. reuteri Ag Extracellular Mohseniazar et al. (2011)
Escherichia coli Cd Intracellular Shah et al. (2015)
Pseudomonas aeruginosa Au Extracellular Shah et al. (2015)
Pseudomonas stutzeri Ag Intracellular Shah et al. (2015)
Streptomyces sp. Ag Extracellular Zarina and Nanda (2014)
Bacillus cereus Ag Extracellular Prakash et al. (2011)
Escherichia coli Ag – Kushwaha et al. (2015)
Escherichia coli Cu Extracellular Shobha et al. (2014)
Mycobacterium 
psychrotolerans

Cu Extracellular Shobha et al. (2014)

M. morganii Cu Extracellular Shobha et al. (2014)
Pseudomonas sp. Cu Extracellular Shobha et al. (2014)
Pseudomonas stutzeri Cu Extracellular Shobha et al. (2014)
Streptomyces sp. Cu Extracellular Shobha et al. (2014)
Planomicrobium sp. TiO2 Extracellular Malarkodi et al. (2013)
Bacillus subtilis Au Intracellular Southam and Beveridge 

(1996)
Bacillus subtilis Co3O4 Extracellular Shim et al. (2010)
Bacillus subtilis TiO2 – Kirthi et al. (2011)
Bacillus licheniformis Au – Kalishwaralal et al. (2009)
Bacillus licheniformis Ag Extracellular Kalishwaralal et al. (2009)
Escherichia coli CdS Intracellular Sweeney et al. (2004)
Escherichia coli CdTe Extracellular Bao et al. (2010)
Escherichia coli Au Intracellular Du et al. (2007)
Escherichia coli Pt – Attard et al. (2012)
Acinetobacter sp. Fe3O4 Extracellular Bharde et al. (2005)
Acinetobacter sp. Si/SiO2 Extracellular Singh et al. (2008)
Magnetospirillum 
gryphiswaldense

Fe3O4/Fe3S4 Intracellular Schübbe et al. (2003)

Geobacter sulfurreducens Pd Extracellular Yates et al. (2013)
Klebsiella pneumoniae Ag Extracellular Mokhtari et al. (2009)
Klebsiella pneumoniae Se Intracellular Fesharaki et al. (2010)
Lactobacillus sp. TiO2 Extracellular Jha et al. (2009)
Morganella psychrotolerans Ag Extracellular Ramanathan et al. (2010)
Clostridium 
thermoaceticum

CdS Extracellular Cunningham and Lundie 
(1993)

Desulfobacteraceae spp. ZnS – Labrenz et al. (2000)
Shewanella oneidensis UO2 Extracellular Marshall et al. (2006)
Shewanella algae Au Intracellular Konishi et al. (2006)
Shewanella algae Pt – Konishi et al. (2007)
Pseudomonas aeruginosa Au Extracellular Husseiny et al. (2007)

(continued)
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Table 3.1 (continued)

Bacteria Nanoparticles
Synthesis 
method References

Rhodopseudomonas 
capsulata

Au Extracellular He et al. (2008)

Rhodopseudomonas 
palustris

CdS Intracellular Bai et al. (2009)

Bacillus licheniformis Ag Extracellular Kalimuthu et al. (2008)
Bacillus licheniformis Ag Extracellular Kalishwaralal et al. (2009)
Klebsiella pneumoniae Ag – Shahverdi et al. (2007b)
Escherichia coli Ag – Shahverdi et al. (2007b)
Enterobacter cloacae Ag – Shahverdi et al. (2007b)
Pseudomonas stutzeri Ag – Joerger et al. (2000)
Klebsiella pneumoniae Ag – Mokhtari et al. (2009)
Staphylococcus aureus Ag Extracellular Nanda and Saravanan 

(2009)
Thermoanaerobacter sp. Cu Extracellular Jang et al. (2015)
Thiobacillus thioparus Fe2O3 – Elcey et al. (2014)
Escherichia coli CdS Intracellular Sweeney et al. (2004)
Azoarcus sp. Se Intracellular Fernández-Llamosas et al. 

(2016)
Geobacillus sp. Au Intracellular Correa-Llantén et al. 

(2013)
Marinobacter pelagius Au – Sharma et al. (2012)
Myxococcus virescens Ag Extracellular Wrótniak-Drzewiecka 

et al. (2014)
Streptomyces spp. Ag Extracellular Tsibakhashvil et al. (2010)
Bacillus subtilis Ag Extracellular Saifuddin et al. (2009)
Thermomonospora sp. Au Extracellular Ahmad et al. (2003c)
Escherichia coli Ag Extracellular El-Shanshoury et al. 

(2011)
Bacillus subtilis Ag Extracellular El-Shanshoury et al. 

(2011)
Arthrobacter sp. Au Extracellular Kalabegishvili et al. 

(2012)
Arthrobacter globiformis Au Extracellular Kalabegishvili et al. 

(2012)
Rhodococcus sp. Au Intracellular Ahmad et al. (2003b)
Bacillus sp. Ag Extracellular Das et al. (2014)
Bacillus megaterium Ag Extracellular Saravanan et al. (2011)
Pantoea agglomerans Se Intracellular Torres et al. (2012)
Bacillus licheniformis Ag Extracellular Shivaji et al. (2011)
Proteus mirabilis Ag Intra-/

extracellular
Samadi et al. (2009)

Pseudomonas fluorescens Au Extracellular Syed et al. (2016)
Pseudomonas stutzeri Ag Intracellular Klaus et al. (1999)
Morganella sp. Ag Extracellular Parikh et al. (2008)

(continued)
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bacteria and the particular metallic salt is important since these two parameters form 
the basis of nanoparticle synthesis and can influence particle yield (Roh et al. 2001; 
Nair and Pradeep 2002; Yong et al. 2002). Studies by He et al. (2008) using bacte-
rium Rhodopseudomonas capsulata have shown that particle size and  morphology 
can be influenced by both metallic salt concentration and medium pH. At pH 6, 
dilute concentrations of AuCl4 tended to produce spherical Au nanoparticles rang-
ing in size from 10 to 20 nm. Upon increasing the salt concentration, this reaction 
tended to produce Au nanowires at pH 6 (He et al. 2008). Also, when the pH was 
changed to 4, dilute salt concentrations tended to produce both spheres and trian-
gular nanometer scale plates (Husseiny et al. 2007). The studies clearly indicated 
that controlling medium pH directly influenced nanoparticle morphology  during 
formation. Table 3.1 summarizes the major bacterial species that have been used to 
synthesize a variety of nanoparticles along with extracellular or intracellular 
methods.

3.6  Conclusion

Bio-based approaches are still in the development stages, and stability and aggrega-
tion of the biosynthesized NPs, control of crystal growth, shape, size, and size dis-
tribution are the most important experienced problems. Furthermore, biologically 

Bacteria Nanoparticles
Synthesis 
method References

Lactobacillus strains Ag and Au Intracellular Nair and Pradeep (2002)
Plectonema boryanum Ag Intracellular Lengke et al. (2007)
Escherichia coli CdS Intracellular Sweeney et al. (2004)
Clostridium 
thermoaceticum

CdS Intra-/
extracellular

Cunningham and Lundie 
(1993)

Acinetobacter spp. Fe2O3 Extracellular Bharde et al. (2005)
Shewanella algae Au Intra-/

extracellular
Thakkar et al. (2010)

Rhodopseudomonas 
capsulata

Au Extracellular He et al. 2007

Escherichia coli Au Intracellular Du et al. (2007)
Thermomonospora sp. Au Extracellular Ahmad et al. (2003c)
Rhodococcus sp. Au Intracellular Ahmad et al. (2003b)
Klebsiella pneumoniae Ag Extracellular Shahverdi et al. (2007b)
Pseudomonas aeruginosa Au Extracellular Husseiny et al. (2007)
Shewanella oneidensis U (IV) Extracellular Marshall et al. (2006)
Lactobacillus acidophilus Se – Visha et al. (2015)
Pseudomonas alcaliphila Se – Zhang et al. (2011)
Morganella sp. Metallic Cu Extracellular Saif Hasan et al. (2008)
Pseudomonas sp. Ag Extracellular Yadav et al. (2015)
Ochrobactrum sp. Ag Extracellular Thomas et al. (2014)

Table 3.1 (continued)

3 Biological Synthesis of Nanoparticles by Different Groups of Bacteria

http://www.sciencedirect.com/science/article/pii/S0927776511003808


78

synthesized NPs in comparison with chemically synthesized ones are more polydis-
perse. The properties of NPs can be controlled by optimization of important param-
eters which control the growth condition of organisms, cellular activities, and 
enzymatic processes (optimization of growth and reaction conditions).Mechanistic 
aspects have not been clearly and deeply described and discussed. Thus, more elab-
orated studies are needed to know the exact mechanisms of reaction and identify the 
enzymes and proteins which involve nanoparticle biosynthesis. The large-scale syn-
thesis of NPs using bacteria is interesting because it does not need any hazardous, 
toxic, and expensive chemical materials for synthesis and stabilization processes. 
It seems that by optimizing their action conditions and selecting the best bacteria, 
these natural nanofactories can be used in the synthesis of stable NPs with well- 
defined sizes, morphologies, and compositions.
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4.1  Introduction

Nanotechnology is one of the most rapidly growing sectors of multidisciplinary 
 sciences during the last four decades. It is based on exploiting new chemical and 
physical properties of matter depending on having their particle sizes within the 
nanoscale. These properties are extremely different owing to their small sizes and 
large ratios of surface area to volume. Nanobiotechnology, is a sector of nanotech-
nology with growing interest because of its enormous benefit (Khan et al. 2017a, b). 
This technology deals with synthesizing and preparing nanoparticles (NPs) using 
biological sources, i.e., bacteria, fungi, plant, etc., and testing their properties on 
biological systems. Biologically prepared NPs have different advantages over other 
chemically synthesized NPs. They are characterized by their eco-friendly, cost-
effective, and easily scalable production processes (Prasad 2014; Prasad et al. 2016; 
Borthakur et al. 2017). Biologically synthesized NPs have found many important 
applications in pharmaceutical industries (Ahmad et al. 2003). Traditionally, NPs 
have been used as antimicrobial and anticancer agents (Nithya and Rangunathan 
2012). Recently, NPs have gained more interest in new fields and applications, such 
as drug delivery and medical imaging systems (Schrofel et al. 2014), gene and can-
cer therapy (Can 2011), antiviral agents (Elechiguerra et al. 2005), and coatings for 
medical instruments and tools (Li et al. 2006) tissue engineering and bone replace-
ments (Xing et al. 2010). Besides medically oriented applications, the use of NPs 
has spread to applications in water purification systems, environmental pollution 
control (Dankovich and Gray 2011), the electronics industry, agriculture, and bio-
sensors (Shulka et al. 2012; Prasad et al. 2014, 2017).

Mushrooms are macrofungal biological systems that have been traditionally 
consumed for food and medicinal purposes. They contain carbohydrates, proteins, 
fats, fibers, minerals, and vitamins (Owaid et al. 2017a, b, c, d, e). Moreover, they 
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contain polyphenols, terpenoids, and lectins, and are also famous for their wide 
range of biological activity (Bernardshaw et al. 2005). As macrofungi, they can 
tolerate higher concentrations of metals used for NP synthesis. Additionally, their 
metabolic machinery depends on secreting various extracellular enzymes that can 
be used in the biosynthesis of NPs (Parikh et al. 2011; Prasad 2016, 2017; Prasad 
et al. 2018). Accordingly, NPs that are synthesized by mushrooms have been found 
in many applications in various fields. AgNPs prepared by Agaricus bisporus have 
been extensively used for their antibacterial, antifungal, antioxidant, and drug 
delivery applications (Sudhakar et al. 2014: Dhanasekaran et al. 2013: Majumder 
2017). Gold NPs (AuNPs) have been prepared from P. bisporus and the yellow oys-
ter mushroom Pleurotus cornucopiae var. citrinopileatus and have been used for 
cancer cells as well as HIV treatment (Owaid et al. 2017a, b, c, d, e). Furthermore, 
the milky mushroom, Calocybe indica, has been used for the preparation of 
AgNPs, which have been found to exert a potential effect on the development of 
apoptotic cell death in MDA-MB-231 human breast cancer cells (Gurunathan et al. 
2015). Recently, nano-protein extracts synthesized by Ganoderma lucidum and 
Pleurotus ostreatus mushrooms showed an inhibitory potential against acute and 
chronic inflammation and exhibited a great potential for application in a variety 
of orthopedic illnesses (Zhang et al. 2017). Moreover, polysaccharides extracted 
from Dictyophora indusiata have been used in the coating and bio-functionaliza-
tion of selenium nanoparticles (SeNPs) to improve their semiconducting/metallic 
properties, and hence, their application in cancer diagnostic and healing therapy 
(Liao et al. 2015). Additionally, application of curcumin, a potential pharmaceuti-
cal therapeutic agent, has been limited because of its insolubility in aqueous solu-
tions. Glucans extracted from the medicinal mushrooms Hericium erinaceus and 
G. lucidum have been used for curcumin encapsulation, increasing their potential 
as a drug delivery system with controlled drug release (Le et al. 2016).

4.2  Biosynthesis and Characterization of Metal 
Nanoparticles Using Mushrooms

Review of the discursive literature on NP research presents three emerging themes: 
(1) synthesis and assembly of metal particles of well-defined size and geometry; (2) 
structure and surface chemistry effects on single electron charging; and (3) size, 
shape, and surface chemistry effects on particle optical properties (Fedlheim and 
Foss 2001). In the biosynthesis of metal NPs by eukaryotes such as fungi, one or 
more enzymes or metabolites are produced to reduce its metallic solid NPs through 
the catalytic effect (Oksanen et al. 2000). However, the synthesis to generate the 
NPs occurred at a much slower rate; therefore, it must be corrected to compete with 
other methods.

In the microbial synthesis of NPs, the target ions from the environment were 
taken by the microorganism and synthesized into the element metals by the enzymes 
generated from the cellular activities (Mishra et al. 2015). Furthermore, the presence 
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of polysaccharide/oligosaccharide in the broth could be responsible for the reduction 
of metal ions to the corresponding metal NPs. It is also possible that proteins/
enzymes play a role in the reduction of metal ions by the oxidation of benzaldehyde 
(aldehyde groups) to carboxylic acids. Anthony et al. (2014) had suggested that the 
carbonyl group of amino acid residue and peptides of proteins might have a strong 
ability to bind with the metal, and led to the formation of a layer on the AgNPs. This 
layer prevents the agglomeration of the particles, and thus stabilizes the NPs in the 
medium.

Depending on the location in which the NPs are formed, NP synthesis is catego-
rized into intracellular and extracellular processes (Tiquia-Arashiro and Rodrigues 
2016). The intracellular process involves the transportation of ions into the micro-
bial cells, whereas the extracellular process leads the synthesized NPs to accumu-
late on the surface of the cell wall of the microorganisms. Various factors have 
greatly influenced biological production in both intracellular and extracellular syn-
thesis, such as the types of the metal NPs used, growth temperature, synthesis time, 
extraction methods, and percentage of synthesized versus percentage removed from 
the sample ratio (Pantidos and Horsfall 2014; Prasad et  al. 2016). According to 
Kumar and Ghosh (2016), synthesis via the extracellular mode offers great advan-
tages over intracellular synthesis from an application point of view. The synthesis of 
NPs using fungi is typically a bottom-up strategy (Fig. 4.1), where the major reac-
tions involved are the reduction and oxidation of the substrate to increase the 
 colloidal structures (Kashyap et al. 2013). During biosynthesis, the fungal myce-
lium, which is treated with a metal salt solution, produces enzymes in addition to 
metabolites as a response to their survival. Therefore, the catalytic effect due to the 
enzymatic activity of metabolites resulted in a reduction of toxic metal ions from 
non-toxic metallic solid NPs.

Top-down strategy Bottom-up strategy

Bulk

Transformation strategy

Powder

Transformation to smaller fragments

Synthesized 
nanoparticles

Exfoliation of multilayers to monolayers

Precursor containing 
molecules

Ionization by energy

Formation of ions, radicals and electrons

Condensation and formation of clusters

Condensation and formation
of clusters

Fig. 4.1 Two strategies for the synthesis of nanoparticles. (Adapted from Aleksandra and 
Magdalena (2017))
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The other strategy is top-down, of which the reduction of materials is completed 
from large scale to no scale dimension using cutting, polishing, and etching tech-
niques, excluding scaling down to the atomic level. Kashyap et al. (2013) agreed that 
the bottom-up strategy is preferable for obtaining the level of nanostructures, such as 
nanorods or nanosheets, which can maximize the homogeneity of the chemical con-
tent. In addition, this method also provides fewer defective NPs compared with the 
top-down approach. Meanwhile, a bottom-up strategy, such as preservation technique, 
maceration or heating the reaction mixture, are time-consuming and laborious.

Once the NPs are synthesized, precise particle characterization is necessary before 
application, especially with the purpose of human welfare, in nanomedicines, or in 
the health care industry. The ultimate goal of developing a safer, more effective, and 
stabilized method is achieved via a successful measurement method during the 
characterization process. No standard method exists for the characterization of NPs; 
however, the formation and characterization of NPs were always confirmed by 
UV-vis spectroscopy, X-ray diffraction (XRD), Fourier transform infrared spectros-
copy (FTIR), scanning electron microscopy (SEM), atomic force microscopy (AFM), 
etc. (Kumar and Ghosh 2016). Excitation of blueshift in UV-vis spectroscopy reveals 
the formation of NPs. Meanwhile, transmission electron microscopy (TEM), XRD, 
and SEM were used to study the morphology,  distribution, crystallinity, and size of 
the NPs. FTIR spectra were recorded to  identify the functional groups involved in 
the synthesis of NPs. More information gathered in the characterization process 
enhances the bioavailability of therapeutic agents (Zhang et al. 2016). Table 4.1 rep-
resents the cumulative studies of the recent characterization of different mushrooms 
using various fundamental approaches in metal NP research.

4.2.1  UV-Visible Absorption Spectrum

The UV-visible absorption spectrum (UV-vis) was considered a novel technique for the 
characterization of NPs, and provides information on morphology, size, and stabiliza-
tion of metal NPs (Kanmani and Lim 2013). During analysis, absorbance between 200 
and 700 nm is authenticated to the sample to depict the formation of metal NPs during 
the characterization process, based on the analysis of localized surface plasmon reso-
nance (SPR) peak. The position and width of the SPR absorption peak depend on the 
size and agglomeration of the NPs. As the absorbance shifts to longer wavelengths and 
the SPR peak broadens, the size of the NPs increases whereas the distance between 
particles decreases owing to aggregation (Zuber et al. 2016). The increase in bandgap 
can be experimentally shown by the blue shift in the absorption spectrum or else visual-
ized through the color change of the samples. For absorption peaks that exhibited rays, 
the blue shift showed strong intensity, which is known to arise from the quantum con-
finement effect as the particle size becomes comparable with or smaller than the Bohr 
radius of excitation (Suganya and Mahalingam 2017). Although the color change is 
due to the excitation of free electrons present in NPs (Manzoor-ul-haq et al. 2014), the 
stabilization of the color intensity of the cell filtrate with metal NPs demonstrated the 
good distribution of the particles in the solution, with no obvious aggregation.
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4.2.2  Scanning Electron Microscopy and Transmission 
Electron Microscopy

The size and shapes of the metal NPs are affected by various factors, including pH, 
temperature, incubation time, reductant concentration, and the method of prepara-
tion (Sriramulu and Sumathi 2017). A special technique is needed to provide an 
insight into the structure, size, and morphology of the biogenic NPs (Jhansi et al. 
2017). SEM and TEM are widely known to accomplish this task. As shown by 
Al-Bahrani et al. (2017), SEM and TEM analysis are the most reliable methods of 
defining the size and numbers of the NPs affected by various temperatures. Other 
image analysis techniques are selected area diffraction (SAED), which describes the 
polycrystalline nature of the metal NPs (Suganya and Mahalingam 2017).

4.2.3  Fourier Transform Infrared Spectroscopy

The measurement of NPs using Fourier transform infrared (FTIR) spectroscopy is a 
function to identify the possible biomolecules that are responsible for the stabiliza-
tion of the synthesized metal NPs such as AgNPs in the solution (Lateef and Adeeyo 
2015). This method also highlights the interactions occurring between organic mol-
ecules and metal NPs during bioreduction (Al-Bahrani 2017). The strong peaks 
shown in FTIR spectroscopy confirm the presence of some functional groups such 
as carbonyl groups, esters, amines, aldehydes, and alkanes, which are responsible 
for the synthesis of NPs (Narasimha et al. 2011a, b). Different classes of functional 
groups such as amines, carboxylic acid,, aldehydes, and alkanes are mainly found 
in plants and microorganisms during the synthesis of metal NPs (Sriramulu and 
Sumathi 2017).

4.2.4  X-ray Diffraction

The “structure-driven properties” using X-ray diffraction (XRD) crystallography is a 
widely accepted technique for analyzing NPs of native metals and a fortiori the prop-
erties of the latter. Giannini et al. (2016) reported that XRD and Bragg diffraction can 
quantitatively investigate the morphological and structural information of nanomate-
rials: (1) analyzing the crystal’s atomic structure (positions/symmetry of the atoms in 
the unit cell, unit size, size/shape of the nanocrystalline domain); (2) crystalline mix-
ture (identification of crystalline phases and determination of weight fractions); and 
(3) nanoscale assembly (position/symmetry of the NPs/nanocrystals in the assembly 
and extension of the assembly). Recently, this technique has created noteworthy 
commercial interest in nanostructured research owing to its electrical conductivity, 
high strength, structure, electron affinity, and versatility.
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4.2.5  Debye–Scherrer

The term Debye–Scherrer is erroneously named after the originators, Debye, Scherrer, 
and Hull; it is used in X-ray diffraction and crystallography to determine the size of 
crystal particles in the form of powder. The Debye–Scherrer equation relates the size 
of sub-micrometer particles, or crystallites in a solid to the broadening of a peak in a 
diffraction pattern. The average crystallite size is calculated using the Debye–Scherrer 
formula, i.e., D = K λ/ β Cosθ, where K is the constant (K = 0.9), λ is the wavelength 
of the X-ray (λ = 1.54060 A0), β is the width of the XRD peak at half height, and θ is 
the Bragg diffraction angle (Suganya and Mahalingam 2017). The results of this 
equation may describe the formation of metal NPs, which are strongly dependent on 
the species of mushrooms, method of extraction, the concentration of extract, and the 
conditions of incubation (such as light and temperature) (Owaid et al. 2017b).

4.2.6  Dynamic Light Scattering

Dynamic light scattering (DLS) was previously known as photon correlation 
spectroscopy and quasi-elastic light scattering in the older literature. This technique 
is useful for the determination of size distribution profile and particle size by mea-
suring the random changes in the intensity of light scattered from the suspension or 
solution (Amini et al. 2017).

4.3  Advantages of Mushroom as a Biofactory 
for Biosynthesis in Nanoparticles Compared 
with the Biosynthesis of Other Microorganisms

Green nanotechnology using a mushroom as a bio-manufacturing unit results in the 
discovery of lighter, stronger, cleaner, less expensive, sustainable, and more precise 
products compared with other microbes. It is a gateway to the synthesis of NPs of 
variable size, shape, chemical composition, and controlled dispersal without the 
presence of toxic chemicals. Biosynthesis of metals such as using AgNPs with 
microbes is considered to be environmentally friendly and is becoming more popular 
because of the choice of the solvent medium, reducing agent, and a non-toxic mate-
rial for the stabilization of the NPs (Bhattacharjee et al. 2017; Aziz et al. 2015, 2016). 
Compared with plants and other organisms, metallic NPs via fungi (mushrooms) 
are more stable and nontoxic (Sriramulu and Sumathi 2017; Prasad 2016, 2017; 
Prasad et al. 2018).

Mushrooms can be used as a source for the production of larger amounts of NPs 
because of its capability of producing high volumes of protein that directly increase 
NP formation (Aleksandra and Magdalena 2017). For large-scale production, fungi 
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or mushrooms become ideal biocatalysts owing to their resistance to flow pres-
sure, agitation, and harsh conditions in chambers such as bioreactors (Aleksandra 
and Magdalena 2017). The exploitation of this organism in a bioreactor exudes 
extracellular reductive proteins, which are useful in subsequent process steps, 
and the cell itself can be manipulated in the manifold ways of nanoscience and 
nanotechnology. Furthermore, mushroom extract is very rich in proteins, amino 
acids,  polysaccharides, and vitamins, which act as the reducing, stabilizing, and 
capping agents to the process of NPs compared with other biosynthesis routes 
already reported (Philip 2009). Recent studies have strengthened the link between 
the mushroom biosynthesis of metal NPs and antimicrobial activities. The syn-
thesis of AgNPs with the biomolecules present in the microbial cells exudes the 
inhibition of growth and multiplication of many bacteria such as Bacillus cereus, 
Staphylococcus aureus, Citrobacter koseri, Salmonella typhi, Pseudomonas aeru-
ginosa, Escherichia coli, Klebsiella pneumonia, Vibrio parahaemolyticus, and the 
fungus Candida albicans. It is believed that that AgNPs produce reactive oxygen 
species (ROS) and free radicals, which cause apoptosis, leading to cell death, which 
eventually prevents their replication (Siddiqi et  al. 2018). These unique, unusual 
physiochemical properties and biological activities extend the application of AgNPs 
to a wide area, including antiviral, anti-inflammatory, and cancer therapy (Owaid 
et al. 2017a, b, c, d, e).

Although research has shown that particularly with regard to monodispersity, 
NPs with well-defined dimensions can be obtained using fungi (Yadav et al. 2017), 
there is still some debate about the effect of NPs varying from mushroom to mush-
room, and its mechanism is not well known; thus, there is more about the condition 
to be discovered (Manzoor-ul-haq et  al. 2014). However, with an established 
research field, a roadmap for research in this area will continue to grow.

4.3.1  Metal Nanoparticle Biosynthesis by Mushrooms

4.3.1.1  Characteristics of Mushrooms as a Biomanufacturing Unit 
in Nanotechnology

Biosynthesis of metallic NPs has been established by utilizing edible and medicinal 
mushrooms as a biomanufacturing unit. They have great potential and advantages 
over a conventional approach using chemicals. This method is also known to be 
eco- friendly, cost-effective, easily scaled up, single-step, and no requirement for 
high energy, pressure, temperature, and toxic chemicals (Khan et  al. 2017a, b). 
Mushrooms are categorized as eukaryotic microorganisms with rigid cell walls and 
are nonphototrophic. They have advantages with regard to the green synthesis of 
NPs, especially their ability to secrete enzymes extracellularly and with easy isolation 
(Prasad et al. 2015). The use of organisms such as mushrooms as a bio- manufacturing 
unit in nanotechnology is a smart approach, as they secrete many enzymes and are 
also easy to manage (Poudel et al. 2017). It is known that mushrooms are able to 
produce NPs extracellularly or intracellularly. The rate of synthesis, especially of 
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AgNPs, is much more rapid compared with chemical synthesis. Some species grow 
fast and therefore culturing becomes easier (Castro-Longoria et al. 2011). The use 
of fungi in the form of mushroom extract has attracted much attention regarding 
research into the biological production of metallic NPs owing to their tolerance and 
their capability to accumulate metal (Blackwell 2011). Table 4.2 provides the list of 
NPs synthesized by different types of mushrooms.

Another interesting aspect is their high metal binding to the surface of the cell 
wall and intracellular metal uptake capacities (Gupta et al. 2015). In addition, they 
acquire one or more metal tolerance strategies, including extracellular metal seques-
tration and precipitation, suppressed influx, enhanced metal efflux, intracellular 
sequestration, and complexation (Oladipo et al. 2018). Furthermore, they have the 
ability to produce metal NPs and nanostructures by reducing enzymes and the pro-
cedure of biomimetic mineralization (Duran et al. 2005). The mycelial mesh used 
for NP synthesis can bear flow pressure, agitation, and other conditions in bioreac-
tors compared with bacteria (Saglam et al. 2016). It can be easily handled in down-
stream processing as the reductive proteins secreted are well known (Prasad 2016). 
Another characteristic is that mushrooms exhibit tolerance to a range of toxicants 
and heavy metals in in vitro conditions (Oladipo et al. 2018). Their cell wall is a 
dynamic structure that protects the cell from changes in osmotic pressure due to 
other environmental stresses (Bowman and Free 2006). With this, mushrooms will 
be able to produce NPs under conditions of high metal concentrations.

Table 4.2 The list of nanoparticles synthesized by different mushrooms

NP type Mushroom name References

Silver Agaricus bisporus Al-Hamadani and Kareem (2017)
Ganoderma lucidum Sriramulu and Sumathi (2017)
Ganoderma applanatum Jogaiah et al. (2017)
Helvella lacunosa Manzoor-ul-haq et al. (2014)
Pleurotus ostreatus Al-Bahrani et al. (2017)
Pleurotus citrinopileatus Maurya et al. (2016)
Schizophyllum commune Arun et al. (2014)
Tricholoma matsutake Anthony et al. (2014)
Volvariella volvacea Singha et al. (2017)

Gold Flammulina velutipes Narayanan et al. (2015)
Inonotus obliquus Lee et al. (2015)
Pleurotus cornucopiae var. 
citrinopileatus

Owaid et al. (2017a, b, c, d, e)

Pleurotus sapidus Sarkar et al. (2013)
Pleurotus florida Bhat et al. (2013)
Tremella fuciformis Tang et al. (2018)

Zinc sulfide Agaricus bisporus Senapati et al. (2015)
Pleurotus florida Suganya and Mahalingam (2017)
Pleurotus ostreatus Senapati and Sarkar (2014)

Iron Pleurotus sp. Mazumdar and Haloi (2011)
Selenium Catathelasma ventricosum Liu et al. (2018)
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4.3.1.2  Extracellular and Intracellular Biosynthesis of Metal 
Nanoparticles

The clear mechanism of NP synthesis using mushrooms is somehow not well 
known. However, the formation of NPs is believed to be responsible for the 
enzyme reductase, which exists in the culture filtrate intermingled with metal ions 
(Phanjom and Ahmed 2017). In general, there are three steps involved in the mecha-
nisms for extracellular synthesis of NPs, which are the nitrate reductase process, 
electron shuttle quinones, or both (Alghuthaymi et al. 2015). Molnár et al. (2018) 
suggested that the synthesis of NPs might consist of two simultaneous processes, 
which are the reduction of Au(III)- into Au(0)-producing nuclei followed by the 
growth of particles and the stabilization by capping ligands of the NPs produced. 
The protecting ligand prevents further growth and the coagulation of particles owing 
to electrostatic or steric stabilization (Molnár et al. 2018).

Nitrate reductase was suggested to initiate NP formation by many fungi, includ-
ing mushrooms. Chan and Mashitah (2012) reported that the reduction of Ag ions 
was probably caused by the presence of diketone compound. Several enzymes, 
such as α-NADPH-dependent reductases, nitrate-dependent reductases, and an 
extracellular shuttle quinone, were associated with AgNP synthesis (Alghuthaymi 
et al. 2015). It was also reported that the synthesis of NPs may be due to the trans-
fer of electrons from free amino acids to metal ions (Birla et al. 2013). The ninhy-
drin test was done to confirm the presence of free amino acids in heat-denatured 
fungal filtrate, which was perhaps responsible for the synthesis of NPs.

The enzymes found in the extract could play a role in the reduction of metal 
ions by the oxidation of benzaldehyde (aldehyde groups) to carboxylic acids 
(Mandal et al. 2006). A recent report shows that a polysaccharide called glucan iso-
lated from the edible mushroom Pleurotus florida acts as both a reducing and a sta-
bilizing agent (Sen et al. 2013a). A similar study using the pine mushroom extract 
Tricholoma matsutake suggested the possibility of the reduction of metal ions to the 
corresponding NPs because of the presence of polysaccharide (Anthony et al. 2014). 
Bhat et  al. (2011) proposed that flavins (flavoproteins) existing in the mushroom 
extract are responsible for the reduction process of Ag ions into AgNPs.

Limited studies have been carried out on the intracellular synthesis of NPs using 
mushroom species. The proposed mechanisms during intracellular synthesis involve 
the binding of heavy metals to the fungal cell wall by proteins or enzymes, which pro-
duce electrostatic interactions that lead to the transfer of electrons and the reduction of 
metal ions (Khan et al. 2017a, b). Fungal cell wall and cell wall sugars are likely to play 
an important role in the absorption and reduction of metal ions (Alghuthaymi et al. 
2015). The intracellular synthesis of NPs can be explained using a stepwise mecha-
nism. In the preliminary step of bioreduction, the trapping of metal ions takes place at 
the fungal cell surface. This is probably due to the electrostatic interaction of the posi-
tively charged groups in enzymes present on the cell wall mycelia. In the next step, the 
metal ions are probably reduced by the enzymes within the cell wall, which leads to the 
aggregation of metal ions and formation of NPs. Glucose-containing medium can also 
act as a reducing agent and can reduce Au(III) to Au(0).
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4.3.1.3  Factors Affecting Fungal Synthesis of Metallics Application

The challenges frequently encountered in the biosynthesis of NPs are the control of 
the shape and size of the NPs in addition to achieving the monodispersity in the 
solution phase. There are several factors affecting the fungal synthesis of metals by 
mushrooms, e.g., media type, pH, temperature, incubation time, and biomass 
concentration.

Type of Medium

Biosynthesis of NPs can be varied depending on the type of media used. Saxena 
et al. (2016) showed that potato dextrose broth (PDB) was the best for maximal 
protein concentration among other media studied, such as Sabouraud dextrose 
agar (SDA), protease production (PP) media, Czapek Dox (CZAPEK), Richard’s 
medium (RM), and glucose yeast extract peptone (GYP). Birla et al. (2013) has 
studied ten different types of media for synthesis of NPs by Fusarium oxyspo-
rum, including CZAPEK, GYP, gluten glucose broth, lipase assay medium, malt 
glucose yeast peptone broth, PDB, Richard’s broth, SDA, and sucrose peptone 
yeast broth. They found that the highest protein concentration was produced in PP 
medium. Another study by Saxena et al. (2016) described that the fungal biomass 
Sclerotinia sclerotiorum grown in PDB has shown enhanced AgNP synthesis fol-
lowed by SDA, RM, CZAPEK, PP, and GYP. Another study reported the use of 
PDB broth and modified CZAPEK medium for the production of AuNPs (Molnár 
et al. 2018). They found that the PDB medium could act as a reducing agent and 
form stable AuNPs without the inoculation of fungi, whereas no NPs were observed 
on the modified CZAPEK medium. PDB is a complex medium, containing bio-
molecules ranging from small molecules such as sugars and amino acids to poly-
mers such as potato- starch, which can act as both a reducing and a capping agent, 
whereas no capping agent was present in CZAPEK medium (Molnár et al. 2018).

pH

The impact of the pH value of the reaction solution was also found to play an impor-
tant role in the biosynthesis of NPs by mushrooms. The pH of the solution deter-
mines the rate, shape, and size of the synthesized NPs, which is due to the formation 
of nucleation centers, which increases with the increase in pH value of the solution 
(Vijayaraghavan and Ashokkumar 2017). The reduction of metallic ion to metal 
NPs increases as the nucleation center increases. The pH of the solution was reported 
to be an important factor affecting the morphology of the NPs obtained. Another 
study using the fungus Neurospora crassa shows that the optimal pH for the produc-
tion of small AgNPs is pH 3. However, by using pH 10, the particles are able to 
maintain the same size range after storage of 10  months (Quester et  al. 2016). 
Maximum synthesis of AgNPs by Fusarium oxysporum were obtained under highly 
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alkaline conditions of pH 9 and 11. Another study also reported the high synthesis 
of AgNPs by the same species under alkaline conditions of pH 8 (Khan and Jameel 
2016a, b). At neutral pH, there were fewer NPs being synthesized compared with 
the alkaline condition. No flocculation was observed at alkaline pH whereas aggre-
gates were formed at acidic pH, which indicates that NPs were monodispersed and 
stable at alkaline pH (Birla et al. 2013). A fungus named Penicillium fellutanum 
produced AgNPs rapidly at pH 8.0 (Khan and Jameel 2016a, b). However, in the 
synthesis of AuNPs by Trichoderma viride, the size of the NPs was reduced as pH 
increased. Repulsion between negatively charged ions and the carboxylic group of 
extract was reduced at lower pH, resulting in uncontrolled nucleation of seeds and 
formation of larger particles (Starnes et  al. 2010). The formation of AgNPs was 
inhibited when below pH 6 and stopped completely below pH 5 (Ghareib et al. 2016). 
The study also reported an enhancement effect of particle formation as pH was 
increased up to pH 9. A similar study also reported using Aspergillus oryzae where 
alkaline conditions are necessary for the reduction of metal ions, and maximum syn-
thesis happened at pH  10 with a reduction of time and no synthesis observed at 
pH 4–pH 5 (Phanjom and Ahmed 2017). NPs that synthesized under alkaline condi-
tions promoted competition between protons and metal ions for a negatively charged 
binding site (Sintubin et al. 2009).

Temperature

Temperature is another crucial factor that influences the rate, size, and shape of NPs 
produced by mushrooms. Small particles within the range 2–9 nm were obtained at 
a low temperature of 4 °C and the size range increased from 2–22 nm when synthe-
sized at 25 °C (Quester et al. 2016). A similar study was also conducted by Sani 
et al. (2011) showing that at a temperature of 25 °C, the majority of AgNPs were 
smaller and larger ones were observed at a higher temperature of 30 °C. The rate of 
NP formation is related to the incubation temperature and an increase in tempera-
ture allowed particles to grow at faster rate. The size of individual particles and rate 
of synthesis increased with an increase in temperature up to 60  °C (Birla et  al. 
2013). They found that the maximum protein was excreted at this temperature 
owing to heat shock. The study conducted for the synthesis of AuNPs by Trichoderma 
viride shows that lower temperature produces smaller particles (Kumari et al. 2016). 
Another study reported that complete reduction of AgNPs by Cunninghamella pha-
eospora was 4 min faster at 100 °C compared with a temperature of 30 °C, where 
particles were produced after about a day of reaction (Ghareib et  al. 2016). The 
rapid production of NPs is an important parameter for scaling up on a commercial 
scale, which may lead to cost-effective production. In a further study using 
Aspergillus oryzae, the rapid synthesis of AgNPs observed within less time when 
the temperature increased from 30 to 90 °C. However, the size of the synthesized 
particles decreased with an increase in reaction time and were more uniform in 
spherical sizes. Yet another study revealed that the maximal synthesis of AgNPs by 
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Fusarium oxysporum was at 40 °C (Khan and Jameel 2016a, b). Enzymatic activity 
of nitrate reductases was maximal at this temperature, resulting in increased production 
of NPs. Synthesis of NPs using Arthroderma fulvum showed an optimal temperature 
at 55 °C and synthesis of NPs was inhibited at temperatures beyond 65 °C (Xue 
et al. 2016). A report using Cladosporium sphaerospermum revealed a sharp narrow 
UV spectra peak at a lower wavelength region (412 nm at 70 °C) indicating forma-
tion of smaller NPs and higher wavelength regions (440 nm at 30 °C) indicating 
formation of larger particles (Abdel et al. 2016). These findings are in agreement 
that the reactants are consumed rapidly as the temperature increased, leading to the 
development of smaller NPs.

Biomass Concentration

It is well understood that the enzymes produced by organisms are the major factor 
in the biosynthesis of NPs. An increasing amount of AgNP synthesis by Fusarium 
oxysporum was observed when the quantity of biomass increased from 0.2 g to 
6.0 g (Birla et al. 2013). Another study using the same fungi species reported syn-
thesis of maximal NPs at a high biomass of 20 g (Khan and Jameel 2016a, b). 
The amount of biomass plays a key role in the synthesis or complete reduction 
of Ag+ to Ag0. A similar result was obtained for the biosynthesis of AgNPs by 
using different types of fungi where the amount NP synthesis increased with an 
increase in biomass quantity from 0.5 to 10 g (Saxena et al. 2016). A further study 
using Trichoderma viride for the synthesis of AuNPs showed that the size of par-
ticles increased when the biomass concentration increased (Kumari et al. 2016). 
Yet another study reported that fungi Sclerotinia sclerotiorum showed an increased 
synthesis of NPs when the biomass increased from 0.5 to 10 g (Saxena et al. 2016). 
A higher biomass concentration probably increased the catalytic activity, which 
caused a faster reaction. It was also reported that Trichoderma longibrachiatum 
was able to synthesize NPs at an optimal biomass concentration of 10 g when the 
biomass was varied between 1 and 20 g (Elamawi et al. 2018). This was most prob-
ably due to the presence of a higher number of enzymes than the NPs ion for the 
reaction to take place.

Incubation Time

The length of incubation time shows an effect toward the amount of NPs synthe-
sized. It was reported that the fungal suspension of Chrysosporium tropicum and 
Fusarium oxysporum produced an increasing amount of NPs with increased of 
incubation time from day 1 to day 5. Another study reported the continuous synthe-
sis of AgNPs up to 1 week and thereafter no production was observed after 1 month 
of incubation (Abdel et al. 2016). It was reported that the formation time for AgNPs 
by Arthroderma fulvum happened after about 5-min incubation and more NPs were 
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produced as incubation time increased to 10  h (Xue et  al. 2016). Another study 
found that the production of AgNPs by Aspergillus terreus was optimal at an incu-
bation period of 55 h for the interaction of proteins with aqueous Ag metal ions 
(Khan and Jameel 2016a, b). The stability of the synthesized AgNPs was affected if 
the incubation period was beyond 55 h. Nigrospora sphaerica started to synthesize 
AgNPs after an incubation time of 72 h (Muhsin and Hachim 2014). A further study 
reporting the synthesis of AgNPs by Aspergillus terreus showed formation of 
AgNPs after 12 h of incubation (Balakumaran et al. 2016). In the case of AuNPs, a 
previous study reported that the fungal species of Aspergillus terreus was able to 
synthesize AuNPs at a faster rate (Balakumaran et  al. 2016) compared with the 
study using Aspergillus fumigatus and Aspergillus flavus (Gupta and Bector 2013). 
Different types of fungi have different rates of synthesis; therefore, the selection of 
fast-rate NP producers is important for use in industry.

4.4  Medical Application of Metal Nanoparticles Produced 
by the Mushroom

Edible mushrooms have long been known to have medicinal properties. Many 
bioactive substances with immunomodulating effects have been isolated and fur-
ther research was conducted. The bioactive substances present in the mushroom 
include polysaccharides (high and low molecular polysaccharides), glycoproteins, 
triterpenoids, and fungal immunomodulator (Valverde et al. 2015; Sonawane et al. 
2014). The whole mushroom, its fruiting bodies, mycelium, and culture filtrate, has 
been demonstrated to be beneficial owing to its proactive polysaccharides and its 
ability to contribute toward antibacterial, antiviral, anticancer, antioxidant, hema-
tological, and antitumor effects. By definition, nanotechnology is the engineering 
of functional systems at the molecular scale and NPs are the domain for essential 
elements of nanotechnology. The unique features of NPs such as size, morphol-
ogy, and size- dependent properties of NPs (Khan et  al. 2017a, b; Hoshyar et  al. 
2016) may lead to its applications in biomedicine, healthcare, chemicals, textile 
industries, medical diagnostics, drug and gene delivery, artificial implants, tissue 
engineering, biochemical sensors, medical imaging, and computing (Valverde et al. 
2015; Sonawane et al. 2014; Prasad et al. 2016). Biosynthesis is provided with a 
platform for important properties of metal NPs with the use of the mushroom as a 
biofactory. In fact, the use of edible mushrooms in NP synthesis plays a promising 
role in large-scale metal NP production, due to advantages such as shorter produc-
tion time, biocompatibility, cost-effectiveness, and simple and industrial scale with 
a high yield. Currently, metal NPs are synthesized from various species of edible 
mushroom and their biological activity studied. Results from this study (antioxidant 
activity, antifungal, anticancer, antiproliferative) will be further used to produce 
novel therapeutic, imaging, and biomedical applications.
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4.4.1  Antioxidant Activity

The ability of edible mushrooms to prevent oxidative damage to cellular deoxyri-
bonucleic acid has been evaluated and reported (Sánchez 2017). Antioxidants play 
a role in the treatment of hypertension and ischemic heart disease (Pellegrino 2016; 
Leopold 2015). There is also information on the function of flavonoid, a potent 
antioxidant, in an analgesic action mainly targeting prostaglandins (Kumar 2011). 
Therefore, interest in metal NPs has increased in therapeutics used to prevent oxida-
tive damage, thus considered to reduce the apoptotic pathway (Arvizo et al. 2012). 
Therefore, the antioxidant potential of NPs such as Au and Ag has been investi-
gated and reported by several researchers (Table  4.3). The well-known methods 
of investigating antioxidant properties of edible mushroom are di(phenyl)-(2,4,6- 
trinitrophenyl)iminoazanium (DPPH), ROS, and 2,2′-azino-bis(3-ethylbenzothi-
azoline-6-sulphonic acid (ABTS). With regard to antioxidant study, a researcher 
reported that the biosynthesis AuNPs and AgNPs was shown to be significantly 
higher in antioxidant activities. The present review demonstrates an eco-friendly 
and low-cost method for the biosynthesis of AuNPs and AgNPs using basidiomyce-
tes mushroom fungal strains Agaricus bisporus, Ganoderma lucidum, Ganoderma 

Table 4.3 Antioxidant activities of metal nanoparticle synthesis by several species of mushroom

Mushroom NPs
Method 
used Phytochemical study

Antioxidant 
activity References

Agaricus 
bisporus

Ag DPPH 
assay

Phenolic, flavonoid 75% ± 0.24 Sriramulu and 
Sumathi (2017)

Ganoderma 
lucidum

Ag DPPH 
assay

Phenolic, flavonoid 60% ± 0.17 Sriramulu and 
Sumathi (2017)

Ganoderma 
sessiliforme

Ag DPPH 
assay

Flavonoids, phenolics, 
protein, tannins, sugar

40–90% Mohanta et al. 
(2018)

Ganoderma 
lucidum

Ag DPPH 
assay

Phenolic, flavonoid, 
polysaccharides

82.59% Poudel et al. 
(2017)

Pleurotus 
eous,

Ag DPPH 
assay

Flavonoids, phenolics 76.79% Madhanraj et al. 
(2017)

Pleurotus 
pulmonarius

Au DPPH 
assay

Flavonoids, phenolics 76.79% Madhanraj et al. 
(2017)

Ganoderma 
applanatum

Ag DPPH 
assay

Phenolic, protocatechuic 
acid, catechin, apigenin, 
ferulic acid

98.73% ± 3.45 Jogaiah et al. 
(2018)

Inonotus 
obliquus

Au ABTS 
assay

Phenols, amines 60–70% Lee et al. (2015)

Agaricus 
bisporus

Chi DPPH 
assay

Terpenoid, alkaloid
Steroid, carbohydrates, 
tannins, proteins, 
flavonoids

27.28% Dhamodharan and 
Mirunalini (2013)

DPPH di(phenyl)-(2,4,6-trinitrophenyl)iminoazanium, ABTS 2,2’-azino-bis(3- ethylbenzothiazoline- 
 6-sulphonic acid, Chi chitosan
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sessiliforme, Pleurotus eous, Pleurotus pulmonarius, Ganoderma applanatum, and 
Inonotus obliquus and antioxidant activities (Table 4.3).

It has been reported that antioxidant activity (DPPH radical scavenging activity) 
of G. sessiliforme extract recommends the plausible commitment of antioxidant 
molecules from the mushroom concentrate to the biosynthesis of AgNPs. The pro-
duction of phenolics and flavonoids in G. sessiliforme promotes high antioxida-
tive proficiency and these mixes are viewed as effective free-radical scavengers. 
Furthermore, because such phytochemicals (flavonoids, phenolics, protein, tannins, 
and sugar) are the main molecules in charge of stabilizing the AgNPs, the NPs are 
likewise anticipated to have antioxidant potential, which can be extremely help-
ful for biomedicine. Moreover, antioxidant activity is emphatically ascribed to the 
presence of flavonoids and phenolic mixes in the concentrates of plants or mush-
rooms. Phenolic compounds are considered to generate significant antioxidant and 
antidiabetic activity. There is increased interest in antioxidants, especially in those 
planned to keep the assumed injurious impacts of free radicals in the human body 
and to maintain the deterioration of fats and different constituents of foodstuffs 
(Madhanraj et al. 2017).

4.4.2  Antibacterial Activity

In recent years, microbial infection and contamination are some of the major prob-
lem in healthcare and agriculture sectors worldwide. Microbial contaminations are 
responsible for most common clinical diseases around the world, conveying huge 
dangers to the general well-being of humans. Presently, the antimicrobial agents in 
the market are ammonium salt, metal salt arrangements, and antibiotics (Jennings 
et al. 2015). Unfortunately, the poor efficiency and misapplication of these agents 
have led to the development of multidrug resistance (MDR) of pathogenic bacteria, 
yeast, and fungal strains. The major contaminations that have happened because of 
MDR strains of Acinetobacter baumannii, Klebsiella sp., and Pseudomonas sp. are 
increasing at an alarming signal (Manzoor-ul-haq et al. 2015a, b). Contaminations 
caused by these strains are harder to prevent and cure. In this way, it is critical to dis-
cover novel antimicrobial specialists with low toxic qualities and high productivity 
or elective treatments to solve these issues. Since the 1920s, when AgNPs were offi-
cially approved by the FDA to be used in wound therapy as an antibacterial agent, the 
exploration of metal NPs in the antibacterial field has increased rapidly. Nowadays, 
numerous kinds of MNPs have been synthesized and demonstrated to have signifi-
cant antimicrobial activity (Table 4.4). Various methods have been applied to evalu-
ate the antimicrobial activity of MNPs, of which the agar well diffusion method is 
the most widely used to measure the antimicrobial activity of MNPs against different 
bacteria and fungi because of its easy, quick and intuitive properties.

Therefore, through NPs, we need to develop new antimicrobial agents with char-
acteristics such as antimicrobial potency, lower toxicity, and compatibility. NPs 
have been considered a potential alternative because of their electrostatic attraction 
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between the positive charge (NPs) and negative charge (microbial cells), and surface 
to volume ratio. The reported antimicrobial properties of NPs were divided into two 
categories: antibacterial and antifungal. Ag- and AuNPs are the favorite NPs and 
have unique properties. They have great potential in antimicrobial activity (inhibi-
tion zone against pathogenic bacteria or fungi), in the stability of the chemicals, and 
in high thermal and electrical conductivity. Applications of metal NPs have been 
considered to have the potential to inhibit microorganisms in different products, 
including soaps, plastics, food, biomedical apparatus, and textiles using mushroom 
species such as A. bisporus, G. lucidum, Trametes ljubarskyi, Ganoderma enigmati-
cum, Pleurotus citrinopileatus, Cordyceps sinensis, and Microporus xanthopus. 
Use of the consolidation of AgNPs into or on the surface of items such as cleaning 
splashes, skin creams, ATM buttons, and clothing influences it to accomplish anti-
bacterial properties (Sudhakar et al. 2014) The most important use of AgNPs is in 
topical balms to prevent contagion against burns and open injuries. The synthesis of 
AgNPs showed a good inhibitory activity against pathogenic bacteria species such 
as E. coli, S. aureus, P. aeruginosa, B. subtilis, Klebsiella sp., Pseudomonas sp., 
Acinetobacter sp., Shigella, and Proteus sp. (Table 4.4).

The spherical shapes of NPs were extended in measurement from 10  nm to 
50 nm and indicated a brilliant antimicrobial action against S. aureus and E. coli 
(Sriramulu and Sumathi 2017). The free Ag particle has two particular antimicrobial 
instruments. The first includes denaturation of the disulfide obligations of bacterial 
proteins, which shapes the basic components of the bacterial structure and ends up 
incoherent to the synergist impact of the Ag particle. The second includes oxidation, 
where ionized Ag produces responsive oxygen that connects around the cell, pre-
venting proliferation, and causing cell passage (Gurunathan et al. 2009; El-Sonbaty 
2013). Therefore, AgNPs have the capability to serve as another option to antibiot-
ics to control the MDR contamination.

The antibacterial activity of cotton fabrics with and without AgNPs was assessed 
and investigated by Paul et  al. (2015). The cotton fabrics incorporating AgNPs 
exhibited strong antibacterial activity against three pathogens (Proteus sp., 
Streptococcus aureus, and Pseudomonas sp.). The results showed the percentage of 
bacterial colonies present in antibacterial treatment. Thus, it is shown that a dressing 
material incorporating AgNPs can be utilized commercially as a sterile fabric for 
wounds and infections.

The antibacterial activity was performed on gram-positive and gram-negative 
microbes by using the disk diffusion method. The diameter of the inhibition zone 
was measured and the results were recorded in millimeters (mm). The positive 
charge on Au particles is basic for its antimicrobial function through electrostatic 
attractions between the negatively charged cell layer of microorganism and the 
positively charged NPs (Dakal et al. 2016; Wang et al. 2017). Another system is 
that the AuNPs produce gaps in the bacterial cell wall by expanding the penetrabil-
ity of the cell wall, bringing about the spillage of the cell substance, which leads to 
cell demise.

It is additionally conceivable that Ag-NPs not only interact with the surface of 
the membrane, it can also penetrate the thick wall of the Gram-positive bacteria 
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(Poudel et al. 2017). This guarantees that a huge surface region of the molecule is in 
contact with the bacterial cell surface, which is relied upon to improve the degree of 
bacterial exclusion (Poudel et al. 2017). A more probable cause of the synergistic 
effect may be due to the drug delivery of AgNPs to the cell. To the best of author’s 
knowledge, cell membrane consists of phospholipids and glycoprotein, which are 
hydrophobic. Gentamicin and streptomycin are hydrophilic, but AgNPs are hydro-
phobic. Thereby, AgNPs, unlike antibiotics, can easily pass through cellular mem-
brane. It can be concluded that AgNPs that bond with antibiotics can be easily 
delivered to the cell (Hwang et al. 2012). Table 4.5 shows the application of metal 
synthesis by the fungus.

4.4.3  Antifungal Activity

Recently, the resistance of fungal pathogens to antifungal drugs has received world-
wide recognition. Thus, there is a growing demand for new antifungal compounds. 
Natural products from fungi are considered an important source of novel antifungals. 
This is because fungal species are abundant and diverse, rich in secondary metabo-
lites, and there are improvements in their genetic breeding and fermentation pro-
cesses (Deyá and Bellotti 2017). The antimicrobial activities of fungi living in 
distinctive environments are being investigated to discover new antifungal com-
pounds. Few examinations have detailed the intense antifungal action of AgNPs 
against pathogenic growth, and the vast majority have been centered around the 
impact of AgNPs on Candida species. Candida albicans is a commensal yeast spe-
cies that coexists with humans in distinct niches, such as the oral cavity, mucous 
membranes, the vagina, and the gastrointestinal tract. Being an opportunistic yeast, 
it can become pathogenic as the host’s immune system weakens. PSC-AgNPs with a 
normal molecule size of 11.68 nm repressed the development of the pathogenic yeast 
C. albicans. Qualities for least inhibitory focus and lowest fungicidal concentrations 
were at 250 and 500 mg L−1 respectively. TEM pictures discovered that the molecu-
lar size of PSC-AgNPs was 16.8 nm, with the qualities of zeta potential and polydis-
persity record being −8.54 mV and 0.137 respectively (Musa et al. 2017).

Silver NPs within an IC80 range of 5–28 mg ml−1 indicated very good antifungal 
activity against Candida species. AgNPs showed a comparative action with ampho-
tericin B toward all strains tried with IC80 estimations of 5–8 mg ml−1. However, it 
had more potent activity than fluconazole, with IC80 values of 13–33. Yet, the latter 

Table 4.5 Application of metal synthesis by the fungus

Applications Material

Antibacterial coating  
of the implantable device

Hard valves, dental implants, the catheter, vascular grafts, 
orthopedic, hernia meshes, dental material

Wound dressing Diabetic foot ulcer, trauma, burns, chronic skin ulcers
Bone cement Use to fix joint prostheses
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compound showed less effective activity than amphotericin B, with IC80 values of 
5–7 mg ml−1 for C. tropicalis and C. glabrata (Yehia and Al-Sheikh 2017).

In an antifungal activity test carried out by Chan and Mat Don (2012), showed 
that A. niger was not susceptible to AgNPs. Nonetheless, the AgNPs demonstrated 
great antifungal impact against C. albicans and the outcome was comparable with 
discoveries by Sadhasivam et  al. (2010). The colloidal AgNPs synthesized from 
mushroom extracts demonstrated maximum inhibition on the development of the 
fungal strain Aspergillus niger (Table 4.6). Maximum zone of inhibition of 2.1 cm 
was documented by Narasimha et al. (2013).

4.4.4  Anticancer

Malignancy or cancer is the most significant cause of mortality on the planet. 
Several cancers react to chemotherapy at first, but later create resistance. Accessible 
chemopreventive agents and chemotherapeutic operators cause bothersome symp-
toms; thus, building up a biocompatible and practical technique for the treatment 
of malignancy is vital. Cytotoxic specialists utilized for cancer treatment are costly 

Table 4.6 Antifungal activity of metal NP synthesis by several species of mushroom

Mushroom sp. NPs Shapes
Size 
(nm)

Pathogenic 
microorganism

Inhibition zone 
(mm) References

Ganoderma 
applanatum

Ag Spherical 20–25 Botrytis cinerea Data not shown Jogaiah et al. 
(2018)

Pleurotus 
sajor-caju

Ag Cubic 
crystalline 
structure

16.8 Candida albicans 11.68 Musa et al. 
(2017)

Agaricus 
bisporus

Au Spherical 10–50 Aspergillus flavus 1–3 Eskandari- 
Nojedehi 
et al. (2017)

Reishi 
mushroom

Cd – – Aspergillus niger Not reported Raziya et al. 
(2016)

Pleurotus 
ostreatus

Ag – 4–15 Candida albicans IC80 scope of 
5–28 mg ml−1

Yehia and 
Al-Sheikh 
(2014)

Schizophyllum 
commune

Ag Spherical 54–99 Trichophyton 
simii,
Trichophyton 
mentagrophytes,
Trichophyton 
rubrum

27
26
21

Arun et al. 
(2014)

Agaricus 
bisporus

Ag – – Aspergillus niger 2.1 cm = 21 mm Narasimha 
et al. (2013)

Schizophyllum 
commune

Ag – 50–80 Aspergillus niger, 
Candida albicans

Not susceptible
1.9 mm

Chan and 
Mat Don 
(2012)
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and known to instigate certain reactions; Thus, the search for novel tumor therapies 
from natural products has been studied and exhibited strong activity against several 
cancer cell lines (Gurunathan et al. 2013).

Nanotechnology includes the utilization of structures, characterization, design, 
gadgets, production, and system on the nanometer scale. Regular difficulties relat-
ing to existing malignancy medicines are confinement of the treatment to tumor 
sites, drug resistance of tumors, and short medication flow times. Significant incon-
venience, for example, cardiac issues and low white-platelet count. There are a few 
modes of delivery of NPs to tumors, for example, liposome-mediated drug delivery 
(doxorubicin and daunorubicin), biodegradable and biocompatible polymeric NPs 
[polycaprolactone (PCL) and poly (lactic-co-glycolic corrosive) (PLGA)], and den-
drimers [(poly-l-lysine)- octa(3-aminopropyl) silsesquioxane] surface-modified 
with cyclo(RGDFK).

Currently, cancer kills roughly seven million individuals worldwide on a yearly 
basis. Cytotoxic impact corresponds conversely to the size of the bioactive com-
pound AgNPs. Recent work likewise investigated the potential anticancer activ-
ity of biologically incorporated AgNPs in an in vitro tumor cell line (MCF-7) and 
 demonstrated that there may be a successful option for the treatment of tumors 
(Mohanta et al. 2018; Suganya et al. 2016; Ismail et al. 2015; Yehia and Al-Sheikh 
2014; Wu et  al. 2012). The cytotoxicity effects demonstrated that the AgNP has 
potential anticancer activity in breast tumor cell lines, recommending that AgNPs 
may be a conceivable elective promoter for the treatment of human breast cancer 
(Mohanta et al. 2018).

Silver NPs showed a dose-dependent anti-proliferative impact against MCF-7 
cells. Expanding the concentration of AgNPs initiated better inhibition of cell prolif-
eration of 78%. Generally, AgNPs from Pleurotus ostreatus extracts were found to 
repress the proliferation of MCF-7 cells. The introduction of MCF-7 cells to AgNPs 
for 24 h lead to an increase in the variable from 5% to 78% at a concentration within 
the range 10–640 mg ml−1 (Yehia and Al-Sheikh 2014).

In addition, some research was directed at AgNP biosynthesis, utilizing Pleurotus 
ostreatus extracts and exploring the anticancer activity against human liver (HepG2) 
and breast (MCF-7) adenocarcinoma tumor cell lines. In conclusion, AgNPs 
arranged by Pleurotus ostreatus extracts demonstrated antitumor cytotoxicity 
against HepG2 and MCF-7 by means of caspase-subordinate apoptosis, related to 
the enhancement of p53 and the downregulation of Bcl-2. The anticancer activity of 
AgNPs on HepG2 and MCF-7 cancer cell lines was assessed using the 3-(4,5- dime
thylthiazol- 2-yl)-2,5-diphenyltetrazolium bromide method. AgNPs prepared by 
Pleurotus ostreatus edible mushroom extracts also showed antitumor cytotoxicity 
against HepG2 and MCF-7 via caspase-dependent apoptosis, associated with the 
activation of p53 and the downregulation of Bcl-2 (Ismail et al. 2015).

The antiproliferative action of AuNPs was assessed in vitro against the MCF-7 
human breast cancer cell line (HTB-22) and NCI-N87 human stomach disease cell 
line (CRL-5822) at various concentrations (10, 50, and 100 ml). This uncovered an 
immediate dosage reaction relationship. At a concentration of 100 ml, the inhibitory 

H. A. El Enshasy et al.

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl


115

impact was seen in MCF-7 (61.2%) and NCI-N87 (95.6%). The minimum inhibitory 
impact on MCF-7 (8.6%) and NCI-N87 (36.1%) was seen at a concentration of 
10 ml. G. lucidum polysaccharide NPs indicated significant antitumor effectiveness, 
having both cytotoxic effects on tumor cells and development consequences for 
spleen cells, which make them promising candidates in the clinical setting. 
Generally, the cytotoxicity of AgNPs and (AuNPs) against cancerous cells tends to 
increase their concentration. However, AgNPs derived from mushrooms showed 
significant cytotoxicity against MDA-MB-231 cell lines at a comparatively low 
concentration (6 mg/ml) (Gurunathan et al. 2013).

The present investigation, by Ranjith Santhosh Kumar et al. (2017), reported that 
AuNPs synthesized and conjugated with doxorubicin can be synthesized by a basic 
technique using G. lucidum mushroom extract. All characterization procedures 
reveal that G. lucidum AuNPs are spherical in shape and 2–100 nm in size. The 
adequacy of the conjugation of mycosynthesized AuNPs with doxorubicin demon-
strated the importance of the anticancer drug and its activity against the human 
breast cancer (MCF-7) doxorubicin-resistant cell line and as an anticancer drug has 
been resolved (Table 4.7).

Table 4.7 Summary of the anticancer properties of metal nanoparticle synthesis by mushrooms

Mushroom sp. Polysaccharides NPs Cancer type References

Ganoderma 
lucidum

Aqueous extract Au Human breast cancer cells 
(MCF-7)

Ranjith 
Santhosh Kumar 
et al. (2017)

Agaricus 
bisporus

Lectins ND Human breast cancer Majumder 
(2017)

Ganoderma 
sessiliforme

Flavonoids, tannins, 
phenolic, compounds

Ag Breast adenosarcoma cells 
(MCF-7 and MDA-MB231)

Mohanta et al. 
(2018)

Ganoderma 
lucidum

Pectin Au Human breast 
adenocarcinoma cells 
(MCF-7/MDA-MB-231)

Suganya et al. 
(2016)

Inonotus 
obliquus

Aqueous extract Au MCF-1 human breast cancer 
cell line and NCI-N87 human 
stomach cancer cell line

Lee et al. (2015)

Lentinus edodes Lentinan Se Human cervix carcinoma cells 
(HeLa)

Jia et al. (2015)

Pleurotus 
ostreatus

Culture supernatant Ag MCF-7 cell line (breast 
carcinoma)

Yehia and 
Al-Sheikh 
(2014)

Pleurotus 
tuber-regium

Polysaccharide–
protein complexes

Se Human breast carcinoma 
(MCF-7)

Wu et al. (2012)

Pleurotus 
ostreatus

Aqueous extract Ag Human liver HepG2 and 
breast cancer (MCF-7) 
adenocarcinoma cell lines

Ismail et al. 
(2015)

Schizophyllum 
commune

Aqueous extract Ag Human epidermoid larynx 
carcinoma (HEP-2) cell

Arun et al. 
(2014)
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4.4.5  Antidiabetic Application

Diabetes mellitus is a common illness that depicts a gathering of metabolic disor-
ders characterized by hyperglycemia. It influences around 415 million individuals 
aged 20–79 years in the year 2015, and this number is anticipated to increase to 642 
million by 2040 (Liu et al. 2018). In the current work, reported by Liu et al. 2018, 
as the essential characteristics of diabetes mellitus, hyperglycemia increases the 
oxidative stress through the overproduction of ROS, which prompts unevenness 
between free radicals and the antioxidant defense system of the cells. The creation 
of ROS in diabetes, which causes diabetic injury to liver, kidneys, and other organs, 
has been accounted for. In addition, superoxide dismutase, catalase, and glutathione 
peroxidase are viewed as the most imperative resistance systems against ROS with 
regard to oxidative harm. They also reported on the synthesis and antidiabetic activ-
ity of SeNPs in the presence of polysaccharides from Catathelasma ventricosum 
(CVPs). Moreover, the antidiabetic activity of CVPs-SeNPs was assessed by strep-
tozocin-induced diabetic mice. The acquired outcomes demonstrated that, ideal 
blend states of CVPs- SeNPs were: ultrasound time 60 min with concentration at of 
Vc 0.04 M, response time 2 h, and pH 7.0. Under these conditions, the mean diam-
eter of the incorporated CVPs-SeNPs was 49.73 nm. TEM of CVPs-SeNPs arranged 
under ideal conditions demonstrated individual and spherical nanostructure. CVPs-
SeNPs (molecule size of around 50 nm) could be stable for roughly 3 months at 
4 °C, but for only 1 month at 25 °C. The outcomes of serum profiles and antioxidant 
activity protein levels discovered that the CVPs-SeNPs had a potential antidiabetic 
impact. Also, CVPs- SeNPs indicated fundamentally higher antidiabetic activity 
(p < 0.05) than other selenium arrangements, for example, SeNPs, selenocysteine, 
sodium selenite (Liu et al. 2018).

4.4.6  Antiviral

Antiviral properties of Ag nanomaterials have been exhibited by the binding of 
AgNPs with glycoprotein, which are shown in the viral envelope and this method 
restrains the infectivity of HIV-1 infection. The size of these NPs ranges between 
1 and 10 nm (Khan et al. 2017a, b). Narasimha (2013) reported that the viricidal 
properties of AgNPs synthesized from Agaricus bisporus have the capability to 
prevent viral strain bacteriophage. By expanding the focus of NPs from 20 ppm to 
160 ppm the viricidal properties expanded with the sign of the plaque number on 
the medium. Concentration of NPs from 20 μl to 120 μl reduced plaque develop-
ment, and at 140–160 ppm absolutely suppressed viral development in the host 
bacterial strain.

H. A. El Enshasy et al.
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4.4.7  Other Nonmedical Applications

4.4.7.1  Photocatalytic Activity/Degradation of Textile Dye

Textile dye contains higher organic compounds that can enter into the soil and 
water, which can cause environmental pollution and eutrophication. Direct blue, 
with an empirical formula of C40H28N7NaO13S4, is one example of a textile dye. It is 
a water-soluble anionic azo dye. The aggregation of water bodies (supplements and 
nutrients) and textile colors causes eutrophication, lessens the reoxygenation limit, 
and causes extreme harm to aquatic microorganisms. Currently, researchers are 
focusing on the photocatalytic degradation of dyes using metallic NPs. Sriramulu 
and Sumathi (2017) reported that the photocatalytic activity of AgNPs has been car-
ried out by performing degradation of direct blue 71 (10 ppm) under UV light irra-
diation. The edible mushroom synthesis of ferritin NPs (10 ml of the mushroom 
extract was added to 90 ml of 1-mM Ag nitrate solution) showed greater degrada-
tion efficiency of approximately 97% in 60 min.

The use of silver, gold, and copper NPs for the degradation of water pollutants 
such as dyes and phenols were previously reported. Studies carried out by Narayanan 
et al. (2015) showed the synthesis of biologically immobilized AuNPs by utilizing the 
mushroom Flammulina velutipes, and investigated its heterogeneous catalytic poten-
tial in the decrease in methylene blue (MB) and 4-nitrophenol (4NP) in the presence 
of sodium borohydride (NaBH4). These biomatrix-gold NPs were used as a hetero-
geneous catalyst in the reduction of organic pollutants such as methylene blue and 
4-nitrophenol. The study on this immobilization of metal NPs can be extrapolated to 
other diverse groups of mushrooms, providing insight into the utilization of mush-
rooms as a potential candidate for bioremediation, and also as a bioorganic polymer 
for assembly/matrix of metal and/or metal oxides for various applications.

Sen et al. (2013b) reported the potential use of Pleurotus florida, cultivar Assam 
Florida, as a biofactory for AuNPs that were synthesized by reducing chloroauric acid 
with a glucan. The glucan acted as a reducing and stabilizing agent. The size scatter-
ing of AuNPs changed with the different concentrations of chloroauric acid and may 
be stable for up to 2 months in aqueous solution. The synthesized AuNPs- glucan bio-
conjugates showed brilliant catalytic properties in the lessening the harmful toxin 
4-nitrophenol to 4-aminophenol. Utilization of these AuNPs-glucan bioconjugates in 
the chemoselective lessening of some different nitro-compounds such as isophthalic 
acids and isomers of nitrobenzoic acids may be applicable in the future. Henceforth, 
the extensive-scale production of NPs by utilizing this glucan and the use of the 
catalytic properties of AuNPs-glucan bioconjugates in industries are probable.

4.4.7.2  Bionanofertilizers

Suganya and Mahalingam (2017) reported the synthesis of extracellular zinc  sulfide 
nanoparticles (ZnSNPs) by Pleurotus florida in spherical structures with particle size 
ranging from 10 to 20 nm. The seed germination test clearly reveals that ZnS NPs 
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have a definite impact on seed germination and the early development of green gram 
under controlled conditions. In conclusion, the mushroom extract of Pleurotus florida 
is turned into a savvy and eco-friendly material for the green synthesis of ZnS NPs. 
Furthermore, the biologically synthesized ZnSNPs were appropriate as plant nutrients, 
which supports better germination and early development in green gram (Vigna 
radiata). Thus, this intercession opens up new a gateway for biofertilizer businesses 
to create “bionanofertilizers” for enhanced crop production and overseeing future 
requests for supply in the agricultural sector (Suganya and Mahalingam 2017).

4.5  Conclusions and Future Prospects

Mushrooms have been employed for many years as a source of food and a wide 
range of bioactive metabolites of high medicinal value. In addition, recent research 
has clearly shown the great potential of mushrooms for use as a biofactory for the 
production of metal nanoparticles. The metal NPs produced have shown prom-
ising application in the field of medicine. The main advantages of mushrooms 
over other biofactories are safety and the high yield. However, further studies are 
still needed to understand in depth the mechanisms of nanoparticle formation by 
mushrooms for both extracellular and intracellular pathways. The two main chal-
lenges for the development of drug-based nanoparticles using mushroom cells 
still require further research: first, the optimization of the production process on a 
large scale for the development of a validated industrial platform using mushroom 
cells; second, risk assessment for the development of nanoparticles when applied 
to medical formulations.
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5.1  Introduction

Nanotechnology is an emerging field in science which involves the manipulation of 
matter on atomic, molecular and super-molecular scale. It is a field of synthesis, 
characterization, exploration and application of nanosized (1–100  nm) materials 
(Anisa et al. 2003). Nanotechnologies are now widely considered to have the poten-
tial to bring benefits in areas such as bio-nanoparticle synthesis, water processing, 
drug development and the production of stronger and lighter materials. In the past 
15 years, nanoscience research has been focused on developing easy, clean, simple, 
cost-effective and eco-friendly methods for nanoparticle synthesis. The use of 
microorganisms for the nanoparticle production filled this gap, and this method is 
called biosynthesis. It is a biochemical process in which biological agents reduce 
the dissolved metal ions into nano-metals. The biosynthesis is a green approach and 
is simple, single step and eco-friendly. The various biological agents like bacteria, 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-13296-5_5&domain=pdf
https://doi.org/10.1007/978-3-030-16383-9_5
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fungi, plant tissues, etc. are used for metal nanoparticle biosynthesis (Prasad et al. 
2016, 2018a, b; Prasad 2014).

Various physicochemical methods have explored for the development of nanopar-
ticles, but most of these methods have the limitation in the synthesis of controlled 
sized and shaped nanoparticles. Hence, a biological process with the ability to do 
the same is going to be a stirring outlook (Kapil et al. 2015). The most explained 
approaches for metal nanoparticle synthesis are “bottom-up” approach and the 
“top- down” approach. In the bottom-up approach, larger complex materials with 
specific molecular structure are synthesized from small molecular level starting 
materials. In the top-down approach, nanoparticles are synthesized from larger 
complex materials and then assembled (Pattekari et  al. 2011). Biosynthesis of 
nanoparticle comes under bottom-up approach where nanoparticles are formed by 
the oxidation and reduction of metals. Microbial and plant enzymes play the catalyst 
role in controlling this biosynthesis (Prabhu and Poulose 2012).

5.2  General Events in Nanobiosynthesis

Biosynthesis involves the use of enzymes produced from bacteria, fungi and phyto-
chemicals obtained from plants (Fig. 5.1). For the production of metal nanoparticles, 
the cells are grown in culture media containing metal ions as inducers. The microbial 
cells are able to produce metal nanoparticles under optimum culture conditions 
including temperature, pH, mixing and kinetics. The metal nanoparticles harvested 
from the media are then processed to get it purified and powdered. The newly synthe-
sized nano-metals are ready for use after proper physicochemical characterization.

Fig. 5.1 An overview of nanobiosynthesis

T. Aswani et al.
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5.3  Milestones in the Nanobiosynthesis

Many successful trials have been reported on the production of nanoparticles from 
microorganisms including bacteria, actinomycetes, fungi, algae, yeast and cyano-
bacteria and also from plants (Prasad et al. 2018a, b). A number of bacterial spe-
cies were proved to produce metal nanoparticles in media. Bacterial species like 
Salmonella sp. and Bacillus sp. are widely used to synthesize silver nanoparticles. 
Similarly Pseudomonas sp. and Geobacillus sp. were known for the production of 
gold nanoparticles (Ghorbani 2013; Das et al. 2014; Rajasree and Suman 2012).

Looking on to fungi, various strains of Fusarium sp. were used for the production 
of silver and gold nanoparticles (Gaikwad et al. 2013; Thakker et al. 2013). Apart 
from this, Penicillium sp. and Aspergillus sp. are also playing as prominent candi-
dates for nanoparticle synthesis. Other species like P. waksmanii and A. sydowii were 
undoubtedly proved for the production of silver and gold nanoparticles, respectively 
(Honary et al. 2013; Vala 2014). Some common marine macroalgae such as Ulva sp., 
Sargassum sp. and Colpomenia sp. are being used exclusively for the synthesis of 
silver nanoparticle (El-Rafie et  al. 2013, Azizi et  al. 2013). Parallel to microbial 
systems, various parts of plants are also used for the production of different metal 
nanoparticles. Leaf extract of olive plant and Momordica charantia for silver and 
gold nanoparticles were studied by Khalil et al. (2013) and Pandey et al. (2012) cor-
respondingly. The uses of Asparagus racemosus for the synthesis of nano-platinum 
and nano-palladium were thoroughly studied (Raut et al. 2013). Similarly, Cassia 
auriculata plant part extract can be effectively used for the synthesis of zinc oxide 
nanoparticles (Vidya et al. 2013).

5.4  Actinomycetes: Bio-factories of Nanoparticles

Actinomycetes are Gram-positive fungi-like bacteria with high G-C content and 
have the suitability to synthesize nano-metal particles (Fig.  5.2). This production 
capability is mainly depending on the presence of reducing bioactive compounds.

A number of studies are available that show the potency of actinomycetes for 
nanoparticle synthesis, which includes the production of nanogold, nanosilver, etc. 
(Fig.  5.3). The findings of Alani et  al. (2012), Balagurunathan et  al. (2011) and 
Waghmare et al. (2011) suggest the uses of Streptomyces sp. for nanosilver, nano-
gold and nano-zinc synthesis.

Actinomycete-mediated nanoparticle synthesis is either intracellular or extracel-
lular (Table  5.1). The nano-metal synthesis is mainly occurring extracellularly 
(Shah et al. 2012; Waghmare et al. 2014). If nanoparticles are synthesized intracel-
lularly, either the metallic ion molecules will get reduced on the surface of mycelia 
along with cytoplasmic membrane, or they may trap the ions on the mycelial surface 
through electrostatic interactions between the positively charged ions and nega-
tively charged carboxylate groups in enzymes that are usually found in the mycelial 
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cell wall. In the case of silver nanoparticle production, silver ions reduced to silver 
nuclei, this reduction process is catalysed with the help of enzymes present on the 
cell walls. This process successively matures by further reduction reactions, and 
they gathered among the nuclei (Ahmad et al. 2003b; Sunitha et al. 2014; Sintubin 
et al. 2009; Prasad et al. 2016).

The possible mechanism of extracellular production involves reduction of nitrate 
to nitrite by nitrate reductase enzyme present in the nitrogen cycle (Fig. 5.4). This 
NADH-dependent nitrate reductase enzyme is a significant cause in the biologic 
synthesis of silver nanoparticles. Nitrate reductase is believed to be responsible for 
the bio-reduction of silver ions to metallic silver nanoparticles (Durán et al. 2005; 
Karthik et al. 2014; Prasad et al. 2016)

Fig. 5.3 Network model representation of bioactive nanoparticle from actinomycetes (by 
Cytoscape 3.6.1)

Fig. 5.2 (a) Streptomyces sp. on starch casein agar plate showing sporulating white color aerial 
mycelia; (b) under light microscope with 40× magnification

T. Aswani et al.
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The mechanism of gold nanoparticle synthesis is similar to nanosilver synthesis. 
This method comprises the reduction of gold ions from aqueous AuCl4−. Bio- reduction 
of gold ions starts by electron transfer from NADH. The key enzyme in this pro-
cess is NADH-dependent reductase, and it acts as an electron carrier. The gold ions 
obtained electrons are reduced to gold (Au0) and then to gold nanoparticles.

5.5  Biomedical Applications of Actinomycete-Derived 
Nanoparticles

Nanomedicine is a growing research field with remarkable for the development of 
disease diagnosis and treatment in both human and animals. Bio-nanoparticles are 
used as fluorescent biological labels, gene and drug delivery agents and have vari-
ous other applications including tissue engineering, medical imaging (MRI scan-
ning) and phagokinetic studies. Researchers are now exploring these applications in 
fields of targeted drug delivery, cancer treatment, gene therapy, antimicrobial activ-
ity studies, development of biosensors and MRI. Metal nanoparticles synthesized 
by actinomycetes showed a wide range of antimicrobial activities against different 
types of bacteria and fungi including multidrug-resistant microorganisms.

The antimicrobial activity of silver nanoparticles produced by actinomycetes 
has found a variety of biomedical applications (Table  5.2). It has antibacterial 

Fig. 5.4 Extracellular synthesis of silver nanoparticles in Streptomyces sp. LK3
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activity against a broad spectrum of bacterial species including Enterococcus fae-
calis, Staphylococcus aureus, Escherichia coli, S. aureus, Klebsiella pneumoniae, 
Pseudomonas aeruginosa, Proteus mirabilis, Bacillus subtilis, Proteus vulgaris, 
Salmonella typhimurium and Micrococcus luteus (Subashini and Kannabiran 2013; 
Chauhan et  al. 2013; Sukanya et  al. 2013; Selvakumar et  al. 2012; Sunitha et  al. 
2013, 2014; Manivasagan et al. 2013; Prakasham et al. 2012; Sadhasivam et al. 2010; 
Sundarmoorthi et al. 2011). Apart from antibacterial activities, these silver nanoparti-
cles show antifungal, antidermatophytic and antiparasitic activities. Antifungal activ-
ity mainly covers the bioactivity against genus Candida (C. albicans, C.  tropicalis 
and C. krusei), Aspergillus (A. fumigatus, A. flavus, A. brasiliensis, A. terreus and 
A. niger) and Saccharomyces cerevisiae. Antidermatophytic activity mainly targets 
dermatophytes like Trichophyton (T. tonsurans and T. rubrum), Ganoderma sp. and 
Scedosporium sp. They have strong antiparasitic activity against Haemaphysalis 
bispinosa and Rhipicephalus microplus (Karthik et  al. 2014; Manivasagan et  al. 
2013; Sadhasivam et al. 2010; Sanjenbam et al. 2014; Vidyasagar et al. 2012).

5.6  Mechanism of Antimicrobial Action of Nanoparticles

The antimicrobial activity of actinomycete-based nanosilver particles against 
multidrug- resistant bacterial strains has been thoroughly investigated. Some studies 
report the synergistic effect of actinomycete-derived nanosilver with commercially 
available antibiotics. This synergism increases the rate of inhibition against Gram- 
positive bacteria, Gram-negative bacteria and fungi. The bioactivity of these silver 
nanoparticles has a correlation with the size and shape of nanoparticles. Triangular- 
shaped silver nanoparticles exhibit strongest bactericidal activity even in their low-
est concentration against E. coli when related with rod- and spherical-shaped 
nanoparticles. The smaller nanoparticles have better toxicity on bacterial pathogens; 
this may be due to the better diffusion capacity of smaller particle compared to 
larger ones which proves relativeness of toxicity with the size of nanoparticles 
(Chauhan et al. 2013; Manivasagan et al. 2013; Shirley et al. 2010; Pal et al. 2007; 
Sharma et al. 2009; Mohan et al. 2007; Panacek et al. 2006).

A very little information is available on the mechanism of antibacterial activities 
of metal nanoparticles. The three suggested mechanisms of antibacterial action are 
mainly based on the activity of silver nanoparticle (Fig. 5.5).

In the first mechanism, the metal nanoparticles bind with the cell membrane, and 
the binding causes disturbance to the membrane affecting its power functions, such 
as permeability and respiration. Silver nanoparticles are believed to cause depletion 
of intracellular ATP by rupturing plasma membrane or by blocking respiration in 
association with oxygen and sulfhydryl groups on the cell wall to form R-S-S-R 
bonds. This leads to cell death by the release of cell contents out of the cell due 
to membrane damage. The interaction of silver nanoparticles with cell membrane 
depends on the availability of the surface. Smaller nanoparticles will have stronger 
bactericidal effect by binding with the large surface area of the bacterial cell membrane 

5 Actinomycetes: Its Realm in Nanotechnology
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(Pal et al. 2007; Shang et al. 2014; Sivalingham et al. 2012; Chauhan et al. 2013; 
Manivasagan et al. 2013; Aziz et al. 2014, 2015, 2016, 2019; Prasad et al. 2016). 
The second mechanism involves the penetration of silver nanoparticles into the 
bacterial cell membrane, interacts with phosphorus-containing and sulphur-con-
taining compounds, such as DNA, and causes damages inside it (Chauhan et al. 
2013; Prasad and Swamy 2013). The third mechanism explains the release of sil-
ver ions by silver nanoparticles which may contribute to the bactericidal activity. 
It is believed that after interacting with silver nanoparticles, the cellular proteins 
become inactivated and DNA loses its replication ability. The higher concentra-
tion of silver nanoparticles has the ability to interact with DNA, RNA and other 
cytoplasmic components (Manivasagan et al. 2013).

5.7  Conclusion

Actinomycetes are a diverse group of bacteria and extensively used by scientists for 
different types of researches. They are able to produce various kinds of bioactive 
compounds which have great therapeutic values. Recently it was discovered that 
actinomycetes are capable of producing nanoparticles which have antimicrobial 
activities, and that was a milestone in the area of therapeutics. Thereby nanotech-
nology offers an excellent way of utilizing the abilities of actinomycetes for the 
eco-friendly production of nanoparticles, and it also aims to enhance their utility in 
preventing microbial infections.

Fig. 5.5 Antimicrobial activity of metal nanoparticles

T. Aswani et al.
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6.1  Introduction

Presently, infectious diseases are one of the leading causes of morbidity and mortal-
ity globally. The morbidity and mortality have decreased in the last decade owing to 
the use of antimicrobial agents. This drug resistance in communities and hospitals 
may be caused by both Gram-negative and Gram-positive bacteria, which may have 
developed resistance to antibiotics, thereby resulting in severe infections (Khan 
et  al. 2011). These antimicrobial agents lead to the development of resistance 
against micro-organisms; thereby rendering most drugs ineffective in clinical prac-
tice. The development of newer antibiotics or the modification of existing drugs 
may resolve microbial resistance against drugs. On the other hand, newer antimicro-
bial agents may be entrapped rapidly and killed; therefore, microbes or pathogens 
may not able to develop resistance (Lu et al. 2009).

The most important challenge in infectious diseases and the emergence of bacte-
rial strains is to demand newer antibiotics for prolonged effectiveness in addition to 
longer term solutions to resolve this most challenging and expected issue. In this 
context, nanotechnology resolves such issues by using antimicrobial nanomaterials 
against micro-organisms that may not be able to develop resistance. Various studies 
have suggested that metal-based nanomaterials, such as silver (Ag), copper (Cu), 
zinc (Zn), and gold (Au) have antimicrobial properties that are able to control infec-
tious diseases efficiently (Kumar et al. 2011a, b). These antimicrobial nanomaterials 
have various advantages: economic viability, insignificant toxicity, and overcoming 
resistance in comparison with commercially available antibiotics (Lara et al. 2011). 
In addition, several nano-sized materials are used as a carrier for the delivery of 
antibiotic drugs in an effective manner. These nanocarriers also have several advan-
tages, such as enhanced accumulation and pharmacokinetics, and reduced side 
effects of antimicrobial drugs (Salem et al. 2015). On the other hand, nanomaterials 
are retained for much longer in the body than antibiotics, which may be beneficial 
to achieve therapeutic efficacy. Moreover, the biocompatibility of the nanomateri-
als, especially for long-term exposure, must be considered with their therapeutic 
efficacy. This chapter focuses on the different types of nanomaterials used for 
controlling microbial infectious diseases with an emphasis on drug resistance 
(Avella et al. 2005; Ashkarran et al. 2012).
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6.2  Emerging Roles of Nanomaterials for Infection Control

Presently, engineered nanomaterials are continuously increasing on the basis of 
functionality and structure in both organic and inorganic nanomaterials, permitting 
changes in their electrical, mechanical, catalytic, and optical activity (Geiser et al. 
2005). The synthesis of nanomaterials is mainly based on the production of small 
nanoparticles (NPs) from bulky materials. Nanomaterials exhibit antimicrobial 
activity that enhances effectiveness against micro-organisms in addition to the safe 
administration of antibiotic drugs. Several antimicrobial agents are used in clinical 
practice (Cha et al. 2013; Applerot et al. 2012), as these nanomaterials may not have 
any direct or adverse effects. However, long-term exposure of the materials to cells 
may cause some cytotoxicity, which remains a concern (Devi and Joshi 2012). 
Moreover, these antimicrobial nanomaterials are involved in various biological path-
ways of the micro-organism; therefore, it is difficult to develop resistance against 
nanomaterials. These nanomaterials have advantages over commercially available 
antibiotics such as economic viability, a long shelf-life, safety for long-term storage, 
and prolonged effectiveness. Moreover, some of the nanomaterials require high-
temperature treatment for sterilization and at high temperatures commercially avail-
able antibiotic drugs are deactivated (Allahverdiyev et al. 2014). On the other hand, 
nanomaterials-based antibiotics delivery has various benefits, such as controlled 
release, uniform distribution of drugs to targeted sites, high solubility, enhanced 
patient compliance, and improved cellular internalization. Therefore, nanomaterials 
used in various applications, for example, drug delivery, agriculture, environmental 
remediation, energy, pharmaceutical removal, immunization, sensors, and wound 
dressing (Prasad 2014; Prasad et al. 2014, 2016, 2017a, b, c, d, 2018).

6.3  Antimicrobial Nanomaterials

The classification of nanomaterials includes four main types on the basis of dimen-
sion: (1) zero dimension (0D), the 0D nanomaterials, mainly quantum dots, hollow 
spheres, nano lenses, core-shell quantum dots, and heterogenous particles, are syn-
thesized by using several physical and chemical processes (Bakry et al. 2007); (2) 
one dimension (1D), the 1D nanomaterials, mainly nanotubes, are of continuously 
increasing interest because of their applicability toward end applications, i.e., 
energy, nanoelectronics, nanodevice, and nanocomposite materials; (3) two dimen-
sions (2D), the 2D nanomaterials such as nanosheets, nanoplates, nanowalls, and 
nanodisks with a unique shape have gained significant attention from researchers 
because of their low-dimensional characteristics and wider applicability in the 
development of nanoreactors, nanocontainers, photocatalysts, and template synthe-
sis for other nanomaterials (Sun et al. 2018; Tao et al. 2017); and (4) three dimen-
sions (3D), the 3D nanomaterials such as cylindrical micelles, vesicles, polymeric 
clusters, and spherical micelles that have a large specific surface area. The 3D 
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nanomaterials extensively used in various applications are mainly catalysts, batteries, 
and electrode materials. The 3D nanomaterials have high reactive sites for adsorp-
tion that enhances the transport of molecules (Gajjar et al. 2009; Pan et al. 2010; 
Qiu et al. 2012; Egger et al. 2009; Feris et al. 2009). Figure 6.1 shows the schematic 
representation of the different nanomaterials on the basis of dimension. In this chap-
ter, we briefly discuss metal- and carbon-based nanomaterials within the context of 
antimicrobial activity (Baker-Austin et al. 2006).

6.3.1  Metal Nanoparticles

Various synthesis processes such as photochemical, electrochemical, green synthesis, 
chemical batch deposition, chemical, and radiolytic have been used for the synthesis 
of metal NPs. Generally, synthesis of metal NPs from chemical processes is mainly 
based on the reduction of metal ions by using reducing agents (Krishna et al. 2015). 
Moreover, radioactivity and X-rays are processes also effectively used in the syn-
thesis of metal NPs. The gamma radiation energy is deposited within the solution, 
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forming radiolytic radicals. These radiolytic radicals are extremely reactive and 
undergo redox reaction with appropriate molecules. The suitable scavenger is used 
for oxidizing radicals for the formation of a reducing environment. The solution 
also contains metal ion precursors that convert into zerovalent metals. The radio-
lytic process is easier for controlling the size and shape of the NPs than chemical 
reduction processes (Baek and An 2011; Bolla et al. 2011).

Several metal NPs such as Cu, Ag, Zn, Au, Al, Fe, and their oxides were exten-
sively used in antimicrobial activity or against infectious diseases that easily con-
trol infection against pathogens (Chauhan et  al. 2016; Mustafa et  al. 2011; 
Friedman et al. 2011; Fabrega et al. 2009; Santo et al. 2008, Guzman et al. 2012; 
Jones et al. 2008; You et al. 2011). The antimicrobial activity of these metal NPs 
was mainly because of their small or nano-sized structures. Metal NPs have differ-
ent chemical characteristics compared with bulk materials because the nano-sized 
structures have more reactive sites, thereby easily reacting with micro-organisms 
(Huang et al. 2008). The nano-sized metal NPs have high reactivity and cytotoxic-
ity compared with bulky materials. Moreover, unique characteristics such as large 
surface area, shape, and reactive sites are also important for providing a suitable 
alternative to antibiotic drugs (Lellouche et al. 2012; Aziz et al. 2016). However, 
the main  mechanism of metal NPs against micro-organisms is still not clear. 
Therefore, various studies have been performed so far to understand the exact 
mechanism of metal NPs against micro-organisms. On the other hand, most of the 
studies suggested that metal and its oxides have antimicrobial activity via the 
generation of reactive oxygen species (ROS) because of their shape and release of 
metal ions. These metal ions (only trace amounts) are also required for various 
biological pathways, including DNA transcription, DNA replication, and central 
metabolism (Leid et al. 2011; Swamy and Prasad 2012; Prasad and Swamy 2013). 
The excess levels of these metal ions are damaging the cells of living organisms. 
Conversely, analysis of the antibacterial activity on the basis of both Gram-
negative and Gram-positive bacteria is necessary because many metal NPs have 
strong activity against Gram-positive bacteria and are less effective against Gram-
negative bacteria and vice versa (Huh and Kwon 2011; Allahverdiyev et al. 2014; 
Aziz et al. 2015, 2016). Therefore, various facets should be considered when car-
rying out a comparative study of metal and bacterial species: (1) bulky materials 
are not used at a nanoscale level; (2) various antibacterial processes have varying 
results; (3) the peptidoglycan layer plays an important role against the activity of 
NPs; and (4) pH, the shape of the NPs, and carrier may change the activity. In 
general, a thick peptidoglycan layer of Gram- positive bacteria compared with 
Gram-negative bacteria prohibits the penetration of metal NPs into the bacterial 
cells (Bouwmeester et al. 2009; Thill et al. 2006; Suri et al. 2007). Therefore, the 
antimicrobial efficiency of the NPs may be related to the interaction of bacterial cell 
walls in the case of Gram-positive bacterial strains, whereas the penetration of the 
NPs depends on the size, surface charge, and functionality of the nanomaterials in 
Gram-negative bacteria.
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6.3.2  Carbon-Based Nanomaterials

Carbon-based nanomaterials such as carbon nanotubes (CNTs), carbon nanofibers 
(CNFs), graphene, fullerenes, and their derivatives have been used in various appli-
cations, mainly drug delivery, agriculture, medicine, electronics, mechanics, optics, 
and environmental remediation. CNTs have become the most extensively used car-
bon-based nanomaterials (Sankararamakrishnan et al. 2016; Sankararamakrishnan 
and Chauhan 2014; Fendler 2001, Talreja and Kumar 2018; Kumar et  al. 2019). 
CNTs are commonly synthesized by a chemical vapor deposition process. They 
have a cylindrical sp2-carbon structure and tunable physical properties such as 
diameter, length, surface functionality, chirality, and single- or multiple-walled 
structure. CNTs have great mechanical strength; thereby, they are utilized as rein-
forcing materials for various polymeric composites. CNTs are also used as bio-
imaging owing to their unique optical characteristics. Cherukuri et  al. observed 
CNTs in phagocytic cells in mice by using near-infrared fluorescence. Liu et al. also 
observed CNTs in several tissues after intravenous delivery into mice by using 
Raman spectroscopy. In addition, CNTs are used in drug delivery systems because 
they easily interact with several biomolecules such as protein and DNA. Several 
studies have suggested that CNTs easily interact with DNA molecules, which indi-
cates the potential ability of CNTs for gene delivery (Guzman et al. 2012; Poveda 
and Gupta 2016; Afreen et al. 2018).

Metal NPs (Cu, Zn, Fe, Ag, and Ni)-dispersed CNFs are relatively new carbon 
based nanomaterials. CNFs are widely used in various end applications such as 
water treatment, plant protection, drug delivery, agriculture, medicine, and wound 
dressing (Bhadauriya et al. 2018; Ashfaq et al. 2018; Kumar et al. 2018; Talreja 
et al. 2016; Talreja et al. 2014; Saraswat et al. 2012; Kumar et al. 2011a, b). CNFs 
have the remarkable ability to adsorb pollutants from water, and gases because of 
their large surface area. CNFs are also used in various sensor applications, including 
phytohormones, heavy metals, and biomolecules. Ashfaq et al. developed Cu-CNF 
(nano-antibiotics) and encapsulated with polyvinyl alcohol and cellulose acetate 
phthalate-based composite for a nano-antibiotics delivery system. The study sug-
gested that Cu acted as an antibacterial agent and the wound dressing materials 
produced have potential ability for safe use in wound healing (Ashfaq et al. 2014). 
Ashfaq et al. (2016) developed asymmetrically dispersed bi-metallic CNFs for anti-
biotics materials. The study focused on the initial and prolonged effectiveness of the 
materials; the data suggested that the robust release of Zn and controlled release of 
Cu metal ions enhanced the biocompatibility and the effectiveness of the 
materials.

Graphene is the newest carbon-based nanomaterial and possesses similar optical, 
thermal, and electrical properties. The two-dimensional structure of the graphene 
makes it a more suitable candidate for electronic characteristics (Chen et al. 2006). 
Graphene and its oxide are produced using the chemical vapor deposition process 
and oxidation graphitic powder under acidic conditions. Various biomedical appli-
cations, including cell-labeling agents, drug delivery, and biomaterials (scaffold) 
have been synthesized by using or reinforcing graphene/graphene oxide (Huh and 
Kwon 2011; Donaldson et al. 2004).
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Fullerenes are the third allotropic form of carbon and consist of 20 hexagonal and 
12 pentagonal rings. Fullerenes are antioxidants, reacting readily and generating 
ROS at a high rate, and, subsequently, cell damage or death. Fullerenes are also used 
in catalysts, water treatment, biohazard protection, portable power, and medicine 
(Feng et al. 2014; Fang et al. 2007).

The carbon-based nanomaterials are widely used as antibacterial agents or to con-
trol infections. The interaction of carbon-based nanomaterials with pathogens may 
be dependent on the surface functional group, composition, nature of microbes, and 
environments (where carbon-based nanomaterials interact with cells or biomole-
cules). Usually, antibacterial activity of the carbon-based nanomaterials involves a 
combination of both a physical and a chemical process (Hajipour et al. 2012). In the 
physical process, carbon-based nanomaterials may cause morphological changes or 
structural damage to the cellular membrane of the micro-organism, subsequently 
leading to cell death, whereas in the chemical process, carbon-based nanomaterials 
interact with the surface of micro-organisms, which may lead to the generation of 
reactive oxygen stress, subsequently resulting in the death of the micro-organism. 
Moreover, significant production and their use increase the risk of exposure for 
humans; therefore, the biocompatibility of these carbon-based nanomaterials remains 
a concern. On the other hand, carbon-based nanomaterials are efficiently used in 
bioimaging, drug delivery, antibacterial agents, diagnosis of diseases, and therapy 
(Huh and Kwon 2011).

Several researchers have focused their studies on the translocation of carbon- 
based nanomaterials within living things, including humans, animals, and agricul-
ture. Carbon-based nanomaterials readily enter living things by using various routes, 
including digestion, injection, inhalation, and translocation within the organs and 
tissues by using the circulatory system. Several studies have suggested that carbon- 
based nanomaterials employ antagonistic effects on the physiological function of the 
cardiovascular system, immune system, and respiratory system (Ramos et al. 2018). 
However, the cytotoxicity effects of the carbon-based nanomaterials depend on its 
bioavailability, which is determined by the interaction of carbon-based nanomateri-
als with cells or biomolecules. Therefore, the interaction of nanomaterials with cells 
or biomolecules may be necessary to understand the biocompatibility or biosafety 
concerns in living organisms (Huh and Kwon 2011; Simon-Deckers et al. 2009).

Despite several positive aspects of carbon-based nanomaterials in biomedical 
applications, safety is remains a concern. However, some studies have suggested that 
the enhanced toxicity of CNTs is due to their agglomeration, cellular uptake, and 
induced oxidative stress. On the other hand, the biocompatibility of carbon- based 
nanomaterials depends on the presence or release of metal contents from them (Weiss 
et al. 2006). The cytotoxicity of the carbon-based nanomaterials varies depending on 
the different cell lines. Several studies have also suggested that the cytotoxicity of the 
carbon-based nanomaterials might be minimized by attaching a functional group to 
the surface of the carbon-based nanomaterials and by using a surfactant to avoid 
agglomeration of the nanomaterials. Ashfaq et al. (2013) suggested that CNFs have 
relatively less toxicity than other carbon-based nanomaterials including CNTs. 
Ashfaq et al. also suggested that the cytotoxicity of the carbon-based nanomaterials 
might be due to the presence of metal NPs (Ashfaq et al. 2013, 2016, 2017a, b).
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In general, these nanomaterials and their biological applications, especially 
antimicrobial applications, may be recognized, which clearly indicates the promis-
ing future of nanomaterials in health applications. On the other hand, these nanoma-
terials, either alone or incorporated into different materials, may enhance the 
efficiency of the materials for various applications (Yadav and Kumar 2008). These 
nanomaterials also have various advantages over commercially available antibiotic 
drugs, as discussed earlier in this chapter.

6.4  Role of Nanomaterials Against Micro-Organisms

The antimicrobial activity of the drugs mainly depends on the chemical composition, 
which inhibits or suppresses the growth of pathogens, or kills the pathogen without 
affecting the normal cells. Recently, most of the commercially available antimicrobial 
drugs modified with natural compounds such as β-lactams and also pure natural prod-
ucts such as aminoglycosides have been frequently used clinically. However, the 
wider use of these antibiotic drugs is one of the reasons for developing resistance to 
antimicrobial drugs (Jarboe et al. 2008; Brown et al. 1988). Antimicrobial drug resis-
tance is a serious issue nowadays. In this context, the synthesis of nanomaterials has 
emerged as a novel alternative strategy for controlling bacterial infection. Several anti-
microbial nanomaterials and nano-sized carriers are widely used for controlling infec-
tion against pathogens. The nanomaterials enhance antibacterial activity in comparison 
with the commercially available antibiotic drugs owing to a larger surface area (Huh 
and Kwon 2011; Jain 2008; Aziz et al. 2014, 2015, 2016).

The antimicrobial activity of Ag is well-known and has been used in many biologi-
cal applications such as dental work, catheters, wound dressing, and control of infec-
tions. Currently, Ag is used in wound dressing materials because of the emergence of 
microbial drug resistance and relative limited effectiveness of the commercially avail-
able drugs (Impellitteri et al. 2009; Liu et al. 2009). Ag-based NPs are the most effi-
cient antimicrobial agents among all metals and oxide-based NPs efficiently kill all 
micro-organisms such as viruses, fungi, and bacteria (Juan et al. 2010; Echegoyen and 
Nerín 2013). The AgNPs targeting the cell division and respiratory chain that leads to 
the generation of ROS, and eventually to the death of the cell (Morones et al. 2005). 
Moreover, the release of Ag ions facilitates antibacterial activity. The antimicrobial 
activity of Ag is dependent on shape and size. Additionally, combination therapy, such 
as NPs with antibiotics, may facilitate antimicrobial activity owing to the synergetic 
effects (Choi and Hu 2008; Ajitha et al. 2014; Aziz et al. 2016).

Zinc is also well-known to have antibacterial activity, stability under harsh 
conditions, and insignificant toxicity against human or animal cells. ZnNPs have 
advantages over AgNPs such as biocompatibility, cost-effectiveness, UV blocking 
ability, and white appearance (Heinlaan et al. 2008). The antimicrobial mechanism 
of ZnNPs is still under study. Researchers believe that ZnNPs destruct the protein 
and lipids of bacterial cellular membrane. Moreover, photocatalytic production of 
hydrogen peroxide and release of Zn ions are also responsible for antimicrobial 
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activity (Sinha et al. 2011). Similar to Ag and Zn, Cu is also extensively used as an 
antimicrobial agent. Cu is a co-factor in many enzymatic reactions in living micro- 
organisms. The high level of Cu ions may produce ROS, which disrupts the synthe-
sis of DNA and amino acid (Ashfaq et al. 2016, 2017a, b; Ruparelia et al. 2008). 
Titanium dioxide (TiO2)-based nanomaterials are extensively used as semiconduc-
tors and photocatalytic antimicrobial agents. The antimicrobial activity of TiO2 is 
based on the thickness of the cellular membrane of the pathogen (Musee et al. 2011; 
Baek and An 2011). The mode of action of TiO2-based nanomaterials is mainly the 
generation of ROS, primarily peroxide and free hydroxyl radicals. The hydroxyl 
radicals target the cell wall of the pathogen, which leads to cell death (Chen et al. 
2008; Maness et al. 1999).

Like metal NPs, carbon-based nanomaterials such as CNTs, CNFs, graphene, 
and fullerene are also used as antimicrobial agents. Several studies have suggested 
that CNTs have antimicrobial activity against Gram-positive and Gram-negative 
bacteria, rupturing the cellular membranes of the bacteria and generating ROS, con-
sequently leading to cell death. Moreover, aggregation, stabilization, and bioavail-
ability of the CNTs are considered for effective control of infection (Donsì et al. 
2010). Additionally, several studies have suggested that the metal NPs incorporating 
CNTs might improve the antibacterial efficiency (Hajipour et al. 2012). Transitional 
metal NPs-dispersed CNFs have superior antibacterial effects in comparison with 
the CNTs. The CNFs have advantages over CNTs or graphene or fullerenes because 
CNFs have metal NPs and the release of metal NPs is slow. The slow release of 
metal NPs from CNFs makes them suitable candidates for various biological appli-
cations. In general, Ag has excellent antimicrobial properties among all metal- and 
oxide-based NPs (Hammel et al. 2004). However, toxicity to human or animal cells 
and higher costs have limited their applicability. On the other hand, of all carbon- 
based nanomaterials, CNFs have excellent antibacterial activity without having any 
adverse effects on human or animal cells. The antibacterial activity is mainly due to 
the metal NPs present in the carbon-based nanomaterials (Jiang et al. 2009).

In general, the antimicrobial activity of nanomaterials mainly depends on two 
factors: (1) physico-chemical properties such as size, shape, and surface area of the 
nanomaterials, and (2) bacteria types such as Gram-positive or Gram-negative.

6.5  Mechanism of Nanomaterials for Controlling Infection

The antimicrobial agents used in treatment control the infection against the patho-
gen. Presently, around more than 100 antimicrobial agents are available on the mar-
ket. However, the mechanism of these antimicrobial agents differs because of their 
chemical composition, structure, and their affinity for certain target sites within the 
pathogens. Most of the antimicrobial agents, such as cephalosporin, bacitracin, 
penicillin, and vancomycin, target the cell wall, which inhibits the synthesis of the 
cell wall. Cationic peptides such as colistin also inhibit the functioning of the cell 
wall. Membranes are important barriers; a small disruption or leakage from the 
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cellular membrane usually leads to cell death. On the other hand, some antimicrobial 
agents, such as rifampin, quinolones, and metronidazole, inhibit the synthesis of 
nucleic acid. Other antibiotics, e.g., trimethoprim and sulfonamides, target the folic 
acid pathways. Such antimicrobial agents disrupt these pathways. The folic acid 
pathways are important for the synthesis of DNA (Landini et al. 2010).

On the other hand, nanomaterials inhibit or kill wide ranges of pathogens depend-
ing upon the size, surface charges, and chemical composition. The nanomaterials 
interact with cellular membrane of the micro-organism, which changes their perme-
ability, and transport activity; therefore, particles penetrate within the cells, leading 
subsequently to disruption of the cellular membrane, resulting in cell death (Aziz 
et al. 2019). Moreover, interaction of metal NPs with sulfur-containing proteins pres-
ent in the cell wall of the pathogen may cause cellular disruption due to electrostatic 
force, bringing about changes in the integrity of the lipid bilayer and cellular perme-
ability. The increase in cellular permeability leads to the leakage of cells. Additionally, 
the cell wall thickness of the micro-organism is an important factor for the interac-
tion of the nanomaterials, as Gram-negative bacteria are more susceptible to dam-
aging the cellular membrane in comparison with Gram-positive bacteria, because 
of the difference in the peptidoglycan layer (Mollasalehi and Yazdanparast 2013). 
A schematic illustration of the mode of action of antimicrobial agents and nanoma-
terials against pathogens is shown in Fig. 6.2.

Fig. 6.2 Schematic illustration of the mode of action of antimicrobial agents and nanomaterials 
against pathogens
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Another aspect of the mode of action of nanomaterials is based on the generation 
of ROS such as hydrogen peroxide, hydroxyl radicals, singlet oxygen, and superox-
ide ions. The ROS may be undergoing mitochondrial oxidative phosphorylation, as 
phosphorylation and dephosphorylation are essential for the cellular activity and 
growth of micro-organisms. Therefore, the phosphotyrosine profile may be useful in 
understanding the interaction of nanomaterials with both Gram-positive and 
 Gram- negative bacteria (Pramanik et  al. 2012). Figure  6.3 shows the schematic 
illustration of the mode of action of nanomaterials against pathogens.

In general, the antimicrobial mechanism against pathogen as follows: generation 
of ROS via photocatalysis; (2) disruption of the cellular membrane of the pathogen; 
(3) disruption of electron transport; (4) inhibition of enzymes; and (5) inhibition of 
the synthesis of DNA.

6.6  Nanomaterials Against the Environment and Ecosystems

Significant progress has been made in the development of nanomaterials because of 
their applicability in various fields such as cosmetics, food packaging, drug delivery, 
therapeutics, biosensors, diagnostics, agriculture, and medicine (Prasad et al. 2014, 
2017a, b, c, d, 2018). The nanomaterials also have antibacterial and odor-fighting 
abilities owing to their similar size compared with biological macromolecules, and 
therefore are extensively used in wound dressing, detergents, and antimicrobial 

Fig. 6.3 Schematic illustration of the mode of action of nanomaterials against pathogens

6 Impact of Nanomaterials on the Microbial System



152

coating. The nanotechnology-based consumer product are continuously bringing 
to the market around three or four products every week, because of the wide appli-
cability of the nanomaterials. Therefore, the living organism’s exposure to nanoma-
terials will also increase continuously. Despite the tremendous success and various 
positive aspects of nanomaterials, long-term exposure-related toxicity remains a con-
cern. This toxicity to humans and the environment is one of the most critical issues 
associated with nanomaterials. Moreover, various researchers continue to investigate 
to attempt to understand the possible adverse effects of exposure of humans and the 
environment to nanomaterials. Additionally, any substance could be toxic at a high 
level (Neethirajan and Jayas 2011).

The wide use of nanomaterials in the biological field, including medical science 
and various commercial products, that may lead to leakage in addition to the accu-
mulation of nanomaterials in the environment. The controlling of infection from 
pathogens by nanomaterials is advantageous. However, these nanomaterials may be 
released from metal ions into the environment (Nasr 2015). The leakage of metal 
ions or NPs into the environment is one of the grave threats to beneficial micro- 
organisms in eco-systems and in public health. Various micro-organisms do benefit 
the environment, ecosystem, subsequently, humans. These micro-organisms play an 
important role in bioremediation, nitrogen fixation, and element cycling for plant 
growth. Therefore, researchers continue to examine the adverse effects of nanomate-
rials on the environment, ecosystem, and human health (Oberdorster 2004; Prasad 
and Aranda 2018).

6.7  Conclusion and Future Prospects

Antibiotics have been used since ancient times for controlling infection against 
pathogens. The developing resistance to antimicrobial drugs is one of the most seri-
ous issues in fighting infectious diseases. To overcome this issue, researchers have 
developed antibiotics combined with natural compounds to achieve synergetic anti-
bacterial effects. However, this success is limited and although microbial resistance 
has been overcome temporarily, the situation remains similar. In this context, nano-
materials are emerging tools for controlling infections without the development of 
resistance. Nanomaterials have been used as effective antimicrobial agents for vari-
ous biological applications, mainly wound dressing, medical devices, nanolotion, 
and nanogels, which control against infections with different modes of action. These 
nanomaterial-based products have the potential ability to overcome drug resistance. 
Several nanomaterials have also been used as carriers for antibiotic drugs, with 
promising efficiency against pathogens. Interestingly, combined treatment of nano-
materials with drugs or two different nanomaterials may facilitate antimicrobial 
activity and overcome drug resistance. The extensive use of nanomaterials may 
release their ions into the environment, which may kill some useful micro- organisms. 
However, very few studies have so far addressed the complication of long-term expo-
sure to nanomaterials of the environment, ecosystem, and human health. Most of the 
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literature suggests that nanomaterials might be effective against pathogens, safer, 
economically viable, and targeted therapy for controlling infectious diseases.
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7.1  Introduction

Microbial bioprocessing for the sustainable production of nanomaterials holds great 
promise. It is a clean, nontoxic, eco-friendly and cost-effective process that is 
emerging as a safe biogenic route in the field of nanobiotechnology. It is pertinent 
that physico-chemical methods for nanomaterial production are capital-intensive, 
inefficient with regard to materials and energy balance, and may require/produce 
toxic chemicals. Microbial production of nanomaterials is a type of bottom-up 
approach where formations of nanomaterials occur by the oxidation or reduction of 
a metal, and the agents mainly responsible for such processes are the different 
enzymes secreted by microbial systems. Versatile nanoparticles (NPs) possess 
unique and biocompatible properties that have encouraged scientists to explore 
biogenic routes of NP production from different types of microbes, in particular 
bacteria and fungi (Prasad et al. 2016; Aziz et al. 2016, 2019; Elgorban et al. 2016; 
Vago et al. 2015; Neveen-Mohamed 2014), and algae (Ebrahiminezhad et al. 2016; 
Kumar et al. 2014; Aziz et al. 2014, 2015).

Nanoparticles have unique physico-chemical features such as a definite size, a sur-
face area to mass ratio, chemical stability with high reactivity and functionalized 
structure with desired biocompatibilities (Kong et  al. 2017). Microbial NPs have 
gained attention because of the simplicity of its mode of action, ease of surface modi-
fications, a plethora of applications, such as data storage, antimicrobial, sensing, sus-
tainable agriculture, environment, especially in biotechnology as a nanocarrier for 
enzyme immobilizations and for drug delivery (Golchin et  al. 2018; Prasad 2016, 
2017; Prasad et al. 2016, 2018a, b; Verma 2018; Verma et al. 2016; Verma and Barrow 
2015; Dykman and Khlebtsov 2017; Verma 2017a, b, c; Kumar et al. 2014; Verma 
et al. 2013a, b, c, d; Verma et al. 2012). Functionalized microbial NPs can effectively 
penetrate across obstacles through small capillaries into individual cells, thereby pre-
senting huge probabilities for specific drug delivery to the disease site. Microbial NPs 
have tremendous potential to deliver multiple drug molecules, recombinant proteins, 
vaccines, or nucleotides to their target sites effectively (Pelaz et al. 2017).

This chapter provides an overview of microorganism-mediated biogenic synthesis 
of extracellular/intracellular NPs under ambient conditions. Recent applications of 
computational techniques to understand the role of capping agents binding to microbial 
NPs are discussed. The possibility of scaling up the study with respect to fungal gold 
(Au) NPs is discussed in particular, to envision the scope of large-scale production in 
an industrial setting. Various applications of microbial NPs, including antimicrobial, 
specific delivery (bioactives, drugs), and sensing, are also critically discussed.

7.2  Biosynthesis of Extracellular/Intracellular Nanoparticles 
from Microbes: Mechanism and Capping Agents

Recently, many research studies have been published on the synthesis of NPs 
through various microorganisms. Amongst various microorganisms, the most 
notable microorganisms employed for the synthesis of various NPs such as Au, 
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silver (Ag), and iron (Fe), etc., are the bacteria and fungi. Microorganisms are 
considered cost-effective and eco-friendly nanofactories for the production of NPs. 
Because of their intrinsic potential, they produce NPs, which are intra- and/or extra-
cellular in nature (Asmathunisha and Kathiresan 2013; Prasad et al. 2016).

7.2.1  Mechanism

Formation of gold nanoparticles (AuNPs) can occur in either the intracellular or the 
extracellular space. Extracellular AuNP formation is commonly reported for fungi 
when Au3+ ions are trapped and reduced by proteins in the cell wall. The average 
size of synthesized AuNPs is approximately 15  nm. The reduction of Au3+ ions 
occurs through the cell membrane and cytoplasmic region (Das et al. 2012a). It is 
suggested that these regions might be responsible for reduction of Au3+ to Au0 
because of the presence of electron dense particles in these regions, i.e., cell wall 
and cytoplasmic regions (Das et al. 2012b).

There are two main precursors of AuNPs in the biosynthetic process: HAuCl4, 
which dissociates to Au3+ ions (Khan et al. 2013), and AuCl, which dissociates to 
Au+ (Zeng et al. 2010). However, it is not clear whether the diffusion of the Au3+ 
ions through the membrane occurs via active bioaccumulation or passive biosorption. 
It may be due to the toxicity of Au3+ ions, which increases the porosity of the cellular 
membrane. The enzymatic reduction mechanism of Au3+ is the same for intracellular 
and extracellular AuNPs (Gupta and Bector 2013). It has been observed that NADH- 
dependent reductases are involved in the bioreduction process while working on 
AuNP biosynthesis by the soluble protein extract of the fungus Fusarium oxysporum 
(Mukherjee et al. 2002). However, the role of the specific protein(s) involved in Au 
reduction has not yet been identified.

Some fungi, namely Candida albicans, produce phytochelatins, an oligopeptide 
chain of glutathione, cysteine, and glycine that is involved in the biosynthesis of 
AuNPs. Phytochelatins are formed in the pathogenic fungus with the aid of the 
transpeptidation reaction of dipeptides from a glutathione molecule.

7.2.2  Capping Agents

Microorganisms use extracellular proteins as capping agents to minimize AuNP 
aggregation and thus stabilize the nanocrystal because small NPs are unstable. As 
fungi secrete a variety of enzymes and proteins, there are specific organic molecules 
that act as capping agents. Three capping proteins with a molecular weight of about 
100, 25, and 19  kDa from AuNPs synthesized by Fusarium oxysporum were 
identified as plasma membrane ATPase, 3-glucan binding protein, and glyceralde-
hyde-3-phosphate dehydrogenase (Zhang et al. 2011).

Capping agents are used to minimize NP aggregation, thus stabilizing the 
nanocrystal, and resulting in the production of NPs with a narrow size and shape 
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distribution that may further be applicable for biomedical and industrial purposes. 
Many surfactants have also been reported and used as capping agents to alter the 
desired shape and size of the NPs, but these are difficult to remove and do not easily 
degrade. Thus, the commercial surfactants are hazardous to the environment (Liu 
et al. 2005; Gittins et al. 2000). Keeping in mind the limitation possessed by these 
chemicals, there is an urgent need to use environmentally friendly capping agents 
and design green biochemicals on a commercial scale for NP synthesis. There are 
various molecules that could act as capping agents, but there are some green cap-
ping agents with their potential role.

7.2.2.1  Biomolecules

Microbes secrete various biomolecules; these molecules of microbial origin 
improve the homogeneous preparation of NPs by adhering to green chemistry 
rules. Amino acids act as efficient reducing and capping agents to synthesize NPs. 
Different types of amino acids were used as capping agents and the same were 
employed for the synthesis of AuNPs (4–7 nm in size) using tetra auric acid. Of the 
20 amino acids, L-histidine was adopted, which was found to reduce tetra auric 
acid (AuCl4) to AuNPs. The concentration of L-histidine was found to affect the 
size of the NPs and their aggregates. Moreover, the amino and carboxy groups 
present in the amino acids caused the reduction of AuCl4 and coating of the NP 
surface (Maruyama et al. 2015).

7.2.2.2  Polysaccharides

Polysaccharides act as capping agents in NP synthesis as they are low-cost, hydro-
philic, stable, safe, biodegradable, and nontoxic. In NP synthesis, water is used as 
a solvent, in place of toxic solvents (Duan et al. 2015; Akhlaghi et al. 2013). A 
polysaccharide such as dextran, a polymer of glucose molecules, is hydrophilic, 
biocompatible, nontoxic, and used for coating many metal NPs (Virkutyte and 
Varma 2011). The components of natural honey act as a source of both reducing 
and protecting agents to synthesize spherical AuNPs of 15 nm in size in water. 
Fructose present in the honey is supposed to act as a reducing agent, whereas 
proteins are responsible for the stabilization of the NPs (Philip 2009). AgNPs are 
synthesized within the size range of 2–14 nm using aminocellulose as a reducing 
and capping agent. The amino cellulose stabilizes aqueous colloidal solutions of 
NPs and shows significant antibacterial action against all bacterial isolates (Cheng 
et al. 2013).
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7.3  Understanding the Role of Capping Agents  
or Biomolecules Binding to Nanoparticles 
via Computational Techniques

With the upcoming new field parameters such as supercomputing and computational 
fields, we can compile the interaction of molecules. Different techniques are being 
employed to study interactions, namely, density functional theory (DFT), molecular 
dynamics simulations, docking, etc. The interaction of biomolecules using a phase 
display approach identifies the physical link between peptide and substrate interac-
tions. These interactions provide the controlled placement and assembly of mole-
cules, thereby broadening the scope of NP synthesis (Whaley et al. 2000).

Amino acid residues present in the biomolecules show facet-specific binding 
for the formation of Au nanoplates and helps in the fabrication of nanostructures 
(Shao et  al. 2004). This mechanism has been further explored using molecular 
dynamics simulation with the application of an intermolecular potential CHARMM- 
METAL.  The adsorption strength correlates with the degree of coordination of 
polarizable atoms, i.e., O, N, and C to different epitaxial sites. It has been observed 
that the size and geometry of NPs determine the adsorption energy and show 
significant attraction to the metal surface (Feng et al. 2011). Facet-specific interaction 
of biomolecules with inorganic materials was also investigated using the DFT 
method. It is further demonstrated that the specific surface recognition of an amino 
acid side chain occurs because of the combination of various processes such as 
electron exchange, dispersion, and partial charge transfer showed great binding 
affinity (Ramakrishnan et al. 2015). The results showed that electrostatic interactions 
are responsible for the binding of biomolecules, i.e., amino acid residues. The short- 
term elevation of reaction temperature provides fast and high adsorption affinity of 
oligonucleotides on the surface of AuNPs and it was observed that the binding 
ability depends on the length of the oligonucleotide and its nucleotide composition 
(Epanchintseva et al. 2017).

7.4  Case Study of Scaling Up with Respect to Fungal 
Biosynthesis of Gold Nanoparticles

Microbes are found to be small nanofactories, and microorganism synthesis of NPs 
has united biotechnology, biological science, and technology in a brand-new field of 
nanobiotechnology (Fariq et al. 2017; Abdel-Aziz et al. 2018). Microbes are used 
everywhere in the world for the biological synthesis of NPs because they grow fast, 
are simple to cultivate, and can grow at numerous temperatures, pH values, and 
pressure (Rai and Duran 2011). Microbes use their intrinsic potential to synthe-
size NPs of inorganic material by an intracellular and extracellular reduction 
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mechanism (Fig.  7.1). Some enzymatic activities of microbes turn metal ions, 
which are trapped by microorganisms, into the elemental form (Li et  al. 2011). 
Heavy metal ions can be reduced by bacteria to produce NPs. Large-scale sustain-
able production and less frequent use of toxic chemicals are some of the advantages 
of bacteria-based NP synthesis, but less control over size, shape, and distribution of 
NPs and laborious culturing processes are some of the disadvantages. Fungi also 
possess various intracellular and extracellular enzymes capable of producing mono-
dispersed NPs with well-defined geometries and sizes (Fig. 7.2). Stable and easy 
biological NP synthesis can be achieved by mycosynthesis. Because of the rela-
tively larger biomass, the yield of NPs is high in fungi compared with bacteria. 
Fungi exhibit a great capacity to bind metal salts to their cell wall, which leads to a 
higher uptake of metal and provides greater tolerance of metals, eventually resulting 
in massive NP productions (Fig. 7.3). Three possible mechanisms have been pro-
posed to explain the mycosynthesis of metal NPs: nitrate reductase action; electron 
shuttle quinones; or both. Fungi have been reported to produce NPs with diverse 
sizes and shapes. The studies on fungi can be easily extrapolated to others. Fungal 
production of NPs, is achieved at the extracellular and at the intracellular level.

Industrial production of homologous and heterologous proteins is achieved using 
a high concentration of the fungal secretome. For example, the entomopathogenic 
fungus Beauveria bassiana has been reported for the expression of a functionally 
active class I fungal hydrophobin (Kirkland and Keyhani 2011). The tripeptide glu-
tathione, which is a well-known reducing agent, is involved in metal reduction, and 
in yeasts and fungi it participates in cadmium sulfide (CdS) biosynthesis. Recombinant 

Fig. 7.1 Biosynthesis of gold nanoparticles (NPs) using fungi
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Fig. 7.2 Fungal are the ideal nanofactories for NP production

Fig. 7.3 Factors responsible for the stable fungal production of capped NPs

expression of glutathione in E. coli for CdSNP production has been reported by Chen 
et al. (2009). Use of Verticillium sp. for the synthesis of AuNPs was the first case 
where eukaryotic organisms were used for NP synthesis (Mukherjee et al. 2001). 
Extracellular and intracellular synthesis of NPs was reported on the cytoplasmic 
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membrane and on the surface of the fungal mycelia. Intracellular generation of 
AuNPs has been demonstrated by typical purple color formation of the mycelia 
mass. Transmission electron microscopy (TEM) analysis showed that particles of 
well-defined geometry such as triangular, hexagonal or spherical shapes, were 
formed on the cell wall and quasi-hexagonal morphology was formed on the cyto-
plasmic membrane. Verticillium fungi can grow and replicate even after exposure to 
metal ions; therefore, fungi can be used commercially for the production of NPs. 
Fungal secretome has been studied very little until now, and knowledge of it is still 
at an early stage. In the case of fungi, the role that extracellular proteins and enzymes 
play in Au reduction and AuNP capping is advantageous for the large and relatively 
unexplored fungal secretome. Fungal biomass has a high concentration of cationic 
biosorption sites; thus, they have been used to remove metal cations from water 
(Das 2010). Biosorption on fungal biomass is higher than on bacteria, particularly 
at low pH. For example, under nonviable conditions, various  Gram- negative bac-
teria can immobilize Au3+ at about 0.35 mM g−1 dry cells at pH 3 (Tsuruta 2004). 
At pH 2.5, Aspergillus sp. can immobilize about 1 mM g−1 dry cells (Kuyucak and 
Volesky 1988). Various fungal species, such as Verticillium sp., Verticillium luteoal-
bum, Colletotrichum sp., Fusarium oxysporum, Trichothecium sp., Fusarium semi-
tectum, Alternata niger, Helminthosporium solani, Trichoderma viride, Rhizopus 
oryzae, Aureobasidium pullulans, Penicillium brevicompactum, Cylindrocladium 
floridanum, Mucor hiemalis, Candida albicans, etc., have been exploited for the 
biosynthesis of NPs (Zhang et al. 2011; Kumar et al. 2011; Das et al. 2009; Xie et al. 
2007; Gericke and Pinches 2006; Shankar et  al. 2003; Mukherjee et  al. 2002; 
Mukherjee et al. 2001; Aziz et al. 2016).

Mukherjee et al. (2002) incubated fungal extract with 10−3 M AuCl4 in the dark 
and were able to produce AuNPs of various morphologies. Bhambure et al. (2009) 
used Aspergillus niger to biosynthesize extracellular AuNPs and treatment of the 
fungal supernatant with aqueous Au+ ions produced NPs with an average particle 
size of 12.79  nm. Castro-Longoria et  al. (2011) also demonstrated that fungus 
Neurospora crassa strains N150 can synthesize Ag, Au, and bimetallic NPs. N. 
crassa was indicated to be a potential nanofactory for metallic NP synthesis. Several 
advantages of using this fungus are that it is a nonpathogenic organism, has a fast 
growth rate, induces rapid reduction of metallic ions, stabilizes NPs, and carries out 
facile and economical biomass handling. In another study, on the assumption that all 
the Au in a solution is reduced to form NPs, the authors suggested that the 
approximate mole concentration of the synthesized NPs might be given (Link et al. 
1999). Du et al. (2011) estimated the concentration of synthesized AuNPs measuring 
45 nm within the range 10−9 to10−10 M in accordance with TEM analysis and the 
density of bulk face-centered cubic Au.

Das et  al. (2012a, b) employed the protein extract of Rhizopus oryzae for the 
biogenic production of NPs by using reducing chloroauric acid (HAuCl4). A plant 
pathogenic fungus named Fusarium oxysporum produced extracellular AuNPs 
(Thakker et al. 2013). Another plant pathogenic fungus named Nigrospora oryzae 
produced AuNPs with anthelmintic efficacy (Kar et  al. 2014). Vago et  al. (2015) 
demonstrated one-step biosynthesis of AuNPs by mesophilic filamentous fungi. 
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Magdi and Bhushan (2015) produced extracellular AuNPs by Penicillium chrysoge-
num using Au chloride ion solution (HAuCl4∙3H2O). NPs were characterized to 
determine the composition, shape, structure, and particle size. Dhanasekar et  al. 
(2015) demonstrated the use of cell-free filtrate of filamentous fungus Alternaria sp. 
for the synthesis of isotropic and anisotropic AuNPs for the first time.

Pei et  al. (2017) used new fungus Mariannaea sp. HJ cells (cell-AuNPs) and 
cell-free extracts (extract-AuNPs) for biosynthesis of AuNPs. Bioprocessing of 
AuNP synthesis was optimized for initial Au ion concentrations and pH. The authors 
reported that initial Au ion concentrations of 2 mM under a neutral pH of 7 were 
optimized for both cells and their extract. Cell-AuNPs of various shapes, including 
spherical, hexagonal, and irregular shapes were produced, with an average size of 
37.4 nm, whereas the extracts-AuNPs with an average size of 11.7 nm were almost 
spherical- and pseudo-spherical-shaped.

It can be inferred from the recent studies discussed above that fungi are ideal 
microorganisms that can have the potential for use in an industrial setting for 
large- scale production.

7.5  Applications of Microbial Nanoparticles

Microbial NPs are being used in different sectors ranging from biomedical to the 
food industry. NPs possess a plethora of applications and act as antimicrobial agents, 
anticancer agents, drug delivery agents, and sensing agents, etc.

7.5.1  Antimicrobial Agents

Applications in the field of medicine include formulations of many potential antimi-
crobial agents that are effective against human pathogens, including multidrug-
resistant bacteria (Ingle et  al. 2008). Multidrug-resistant strains of bacteria have 
become a serious public health problem (Wright 2005). The emerging resistance of 
bacteria and the high cost of advanced antimicrobial drugs have encouraged scien-
tists to search for effective, economically viable, and broadly applicable drugs 
(Jones et al. 2004). Therefore, the development of novel antimicrobial compounds 
or modification of the available ones to combat resistant pathogens is urgently 
needed. AgNPs produced by microorganisms are good candidates for a new genera-
tion of antimicrobial materials (Rai et al. 2009). This study focused on the biogenic 
synthesis of metal NPs by acidophilic actinobacteria strain HGG16n and evaluation 
of their antimicrobial activity. The physico-chemical characteristics of the biosyn-
thesized AgNPs were also determined.

Microbial infections represent serious threats to human health. In addition, 
extensive usage of antimicrobial agents such as antibiotics render the antimicrobial- 
resistant microbes ineffective (Raghunath and Perumal 2017). In such scenarios, 
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applications of microbial NPs show strong antimicrobial cells and are safe to 
humans (Sirelkhatim et al. 2015; Syed et al. 2010; Ren et al. 2009; Kim et al. 2007) 
NPs may act against microbial infections by inducing oxidative stress in addition to 
non-oxidative mechanisms in the targeted microbes that act against them, providing 
a substitute for antibiotics and subsequently multiple drug resistance (Das et  al. 
2017; Wang et al. 2017).

Microbial production of AgNPs was achieved by using Streptacidiphilus durha-
mensis. NPs showed highest antimicrobial activity against pathogenic Gram- 
positive and Gram-negative bacteria, such as Pseudomonas aeruginosa, 
Staphylococcus aureus, Proteus mirabilis, Escherichia coli, Klebsiella pneumoniae, 
and Bacillus subtilis (Buszewski et  al. 2018). Copper, tungsten carbide, and Ag 
showed strong antimicrobial effects against Gram-positive (S. aureus) and Gram- 
negative (P. aeruginosa) bacteria (Bankier et al. 2018).

7.5.2  Anticancer Agents

Biogenic synthesis of Ag NPs was achieved using microalgal secretory carbohy-
drates (Ebrahiminezhad et al. 2016). The synthesized NPs showed anticarcinogenic 
properties as novel anticancer and antimicrobial agents.

Nanoparticle-bound enzymes with peroxidase activity have dual application; 
first, the detection (selective quantitation and colorimetric analysis) of cancer cells, 
and second, cancer therapy by activating oxidative stress. Both the detection and 
therapeutic processes are selective to cancer cells, indicating the high specificity 
and robustness of the hybrid NP conjugate, proving it to be a promising candidate 
for clinical cancer diagnostics and treatment and their targeted drug delivery 
approach (Nasrabadi et al. 2016).

Nanoparticle-immobilized serratiopeptidase conjugate was developed to improve 
therapeutic benefit (Venkatpurwar and Pokharkar 2010). Conjugate was 
characterized by using UV-visible spectroscopy, TEM, X-ray diffractometry, and 
Fourier transform infrared spectroscopy. In vitro enzymatic activity and in  vivo 
anti-inflammatory activity of the synthesized serratiopeptidase capped gold NPs 
complex confirmed the retention of biological activity. The tri-functional role of 
serratiopeptidase was reported, such as reduction, stabilization, and therapeutic 
activity, which demonstrated the viable nanocarrier for oral administration with 
improved therapeutic benefit (Venkatpurwar and Pokharkar 2010).

Recently, the green synthesis of biogenic NPs from microbial sources has become 
an emerging field owing to their safer, eco-friendly, simple, fast, energy- efficient, 
low-cost, and less toxic nature. Interestingly, NPs play a key role in the diagnosis of 
tumors at the initial stage by allowing cellular visualization (Barabadi et al. 2017).

Nanoparticles are the ideal nanocarrier for the delivery of anticancer agents, 
showing anticarcinogenic properties. Recently, the anticancer activity of biogenic 
AuNPs synthesized by using marine bacteria Enterococcus sp. was demonstrated 
against cancerous cell lines derived from lung (A549) and liver (HepG2) cells 
(Rajeshkumar 2016).
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7.5.3  Drug Delivery Agents

Microbial NPs possess unique properties and biocompatibility, and are considered 
to be the most efficient nanocarriers for drug delivery (Xin et al. 2017; Pelaz et al. 
2017). Nanomaterials possess unique properties because of the nanosized and 
quantum effects (Kong et al. 2017).

Nanoparticles have been employed to target cancer cells (Baskar et al. 2018). 
AuNPs were covalently bound to the fungal enzyme asparaginase. Molecular char-
acterization of the NP-bound biocatalyst was done using Fourier transform infrared 
spectroscopy and proton nuclear magnetic resonance spectroscopy techniques. The 
cytotoxicity studies of lung and ovarian cancerous cells demonstrated very promis-
ing results for lung cancer cells compared with ovarian cancer cells. A therapeutic 
enzyme named superoxide dismutase was immobilized onto NPs that demonstrated 
antioxidant properties against free radicals (Golchin et al. 2018). NP-immobilized 
serratiopeptidase enzyme was employed for oral drug delivery and demonstrated 
efficient anti-inflammatory activity (Venkatpurwar and Pokharkar 2010).

Tao et al. (2015) investigated silica-coated NPs, which exhibited both oxidase- 
and peroxidase-mimicking activities and imparted reactive oxygen species (ROS) 
reactions. Antibacterial properties were demonstrated against both Gram-negative 
and Gram-positive bacteria. Biocompatibility of NPs, with ease of their biological 
and chemical nature, mimic the function of some enzymes, including super oxide 
dismutase (SOD), esterase, peroxidase, glucose oxidase, for various therapeutic 
applications such as tissue regeneration (Golchin et al. 2018).

Nanoparticle-based targeted drug deliveries have considerable ability to over-
come the limitations of traditional therapeutics (Xin et al. 2017; Daraee et al. 2016). 
For example, many drugs are manifestly stuck owing to their inability to cross the 
blood–brain barrier. The ability of NPs to deliver across this barrier is enormously 
promising because NPs can cross several biological barriers for sustained delivery 
of therapeutic agents for difficult-to-treat diseases such as brain tumors (Bosio et al. 
2016; Nazir et al. 2014; Hainfeld et al. 2013).

Serratiopeptidase (STP), a proteolytic endopeptidase bioenzyme is recognized as 
one of the most important therapeutic enzymes, having anti-inflammatory activity 
(Salamone and Wodzinski 1997). Traditionally, therapeutic enzyme delivery has 
been limited because of their poor uptake and vulnerability to degradation inside the 
gastrointestinal tract. For efficient drug delivery, today, NPs such as the AuNP com-
plex have immense potential from the therapeutic perspective of biomedicine for-
mulation. In this, the prerequisite is the nanocarrier, which plays an important role 
in the bioavailability of the pharmaceutical active compound and efficiently 
improves absorption across the gastrointestinal mucosa (Dykman and Khlebtsov 
2017). Maji et  al. (2015) developed a new nanostructured hybrid as a mimetic 
enzyme for in vitro detection and therapeutic treatment of cancer cells. In vitro stud-
ies demonstrated enhanced cytotoxicity to HeLa cells. However, it was safe for 
normal cells; the treatment caused no damage, proving the selective killing effect of 
the NPs on cancer cells.
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It is inferred from the recent studies discussed above of the application of NPs 
that a nanocarrier-based approach such as NP-immobilized enzymes represents an 
important modality within therapeutic and diagnostic biomedical applications, 
including cancer, cardiovascular diseases, and neurological diseases.

7.5.4  Sensing Agents

Owing to the indiscriminate use of pesticides, the agricultural sector is highly con-
taminated by the excessive misuse of pesticides (Ghormade et al. 2011). In this 
area, nanosensors can detect on-site soil monitoring of real-time concentrations of 
pesticide residues and confirm the health of the soil for agricultural usage 
(Periasamy et al. 2009; Prasad et al. 2014, 2017). Nanosensors play a vital role in 
the real-time monitoring of pesticide concentrations in the agricultural sector. 
Zhang et al. (2015) developed nanosensors for the detection of organophosphorus 
and non- organophosphorus pesticides with a higher sensitivity limit within the 
range 0.5 μM to 1 μM.  Da Silva et  al. (2014) developed nanosensors using an 
atomic force microscopy tip for detection of the acetolactate synthase-inhibitor 
herbicides metsulfuron-methyl and imazaquin. Nanosensors were developed by 
coating an atomic force microscopy tip with acetyl co-enzyme A carboxylase 
(Amarante et al. 2014; Franca et al. 2011). Molecular modeling techniques were 
employed to measure the interaction at the molecular level. Gan et al. (2010) devel-
oped nanosensors for the detection of the organophosphorus pesticide at the limit 
of 50 pgl−1. Ramanathan et al. (2009) developed nanosensors with the detection 
limit of 34 μM for paraoxon.

The food industry is facing challenges with the increasing incidence of food 
contamination by pathogenic microorganisms (Verma 2017b). Nanosensors have 
become the prerequisite of quality assurance in food industry. They play a crucial 
role in the early detection of contaminants in food samples that can avoid future loss 
to the food industry. NP-immobilized enzymes are being used to check the quality 
of food samples (Perez-Lopez and Merkoci 2011). Nanosensors were developed for 
biomolecule detection in food samples by immobilizing enzymes to check sugar 
molecules such as glucose, lactose, and fructose in food (Ozdemir et  al. 2010). 
Nanosensors are being used in many applications in the food industry. For example, 
Pal et al. (2014) developed nanosensors for choline detection in milk samples within 
the range 0.5 μM to 2 mM; Devi et al. (2012) for the detection of the contamination 
of fish meat with xanthine residues at a limit of 0.1 μM; Miranda et al. (2011) for 
the early detection of microbial contamination; and Li et al. (2011) for aflatoxin B1 
detection at a limit of 1.6 nM.
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7.6  Conclusion and Future Prospects

Biosynthesis of NPs using microorganisms offers multifarious advantages. However, 
to economize NP production on a commercial scale, factors such as the time- 
consuming production process and the cost-intensive downstreaming process need 
to be addressed so that cost-effective methods of production can be developed.

This write-up concludes that the production of microbial NPs is the most sought- 
after bioprocessing technology, which has the possibility for scaling up NP 
production. Microbial production of NPs demonstrates a sustainable approach for 
the large-scale production of NPs.

The chapter concludes with discussions on the current limitations and prospects 
of the biogenic production of NPs.
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“Life did not take over the world by combat, but by 
networking.”

—Lynn Margulis (1938–2011), Microcosmos: Four Billion 
Years of Microbial Evolution

“It necessarily follows that chance alone is at the source of 
every innovation, and of all creation in the biosphere. Pure 
chance, absolutely free but blind, at the very root of the 
stupendous edifice of evolution: this central concept of modern 
biology is no longer one among many other possible or even 
conceivable hypotheses. It is today the sole conceivable 
hypothesis, the only one that squares with observed and tested 
fact. And nothing warrants the supposition – or the hope – that 
on this score our position is ever likely to be revised. There is 
no scientific concept, in any of the sciences, more destructive of 
anthropocentrism than this one.”

—Jacques Monod (1910–1976), Chance and Necessity
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8.1  Introduction

Biomimicry has been defined as the search for technological innovations based on 
the exploration of nature, and constitutes a new integral branch of knowledge that in 
an antidisciplinary approach is looking for the integrality that favors bioinspiration 
to obtain high-impact products (Kennedy and James 2015). In this way the field of 
biological design comprises several stages, including biomimicry, biofabrication, 
and biohybrid systems (Raman and Bashir 2017). Likewise, biomimicry can be a 
source of technological transfer, a topic of interest for mega-diverse countries 
(Barthlott et al. 2016). In the same way, biofabrication, which uses living organisms 
in the production of both organic and inorganic materials, constitutes the applica-
tion of this type of reverse engineering of biomolecular systems (REBMS) (Groll 
et al. 2016; Dahoumane et al. 2017; Nagamune 2017). However, it is interesting to 
note that for an anti-discipline such as REBMS, the integration of the omic informa-
tion is necessary in a multi-omics model that we have called the “integrome,” to 
reproduce the entire functionality of the biological system under study (Quo et al. 
2012; Bueno 2018a). At this time, when it is imperative to integrate, to innovate, 
natural systems, in addition to ecosystems and their sustainability, the development 
of biological designs with which to solve current human problems is of fundamental 
importance (Kennedy et  al. 2015; Blok and Gremmen 2016). But these designs, 
which are far from imitating nature, must express the coherent interpretation of a 
functional model of solution; otherwise, it is the blind act of reproducing without 
knowing how to apply (Hunter 2017). For this reason, to fully understand a process 
that may be susceptible to biomimicry, this must be assumed from their symbiotic 
interactions and not as the simple use of a certain metabolic function (Lin et al. 
2017), i.e., bio-inspiration has more links to coevolutionary interactions than bio- 
utilization; thus, the two terms should not be confused (Lin et al. 2015).

In this order of ideas, microorganisms have become a great example of biomim-
icry because of their great capacity for resilience in the face of environmental 
changes (Stone et  al. 2016). This resilience is determined by the communication 
networks present, such as the case of quorum sensing (QS) in the life cycle of bacte-
ria (Niu et al. 2013). Likewise, microbial metabolism has been considered a source 
of new products, such as microbial fuel cells (MFCs), which produce electricity by 
the reduction of metal ions, the transfer of electrons, and biofilms that function as 
conduction structures (Calignano et  al. 2015; You et  al. 2017; Shah et  al. 2019; 
Siegert et al. 2019). Additionally, the morphogenesis of microbial biofilms has been 
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a study model for the development of new structures (Rinaldi 2007). On the other 
hand, a fascinating approach is the use of the technology of genetically engineered 
microbial whole-cell biosensors (GEMWCBs) for use as chemosensors in environ-
mental monitoring (He et al. 2016), in addition to the search for and identification of 
new antibiotics (Kobras et al. 2017).

The aim of this chapter is to provide tools for discovering integral solutions 
through biomimicry and microbial bionics, not to create a new discipline, but on the 
contrary, to transcend the simple content in the transformation of the supra- specialized 
task of research, which affects innovation and the change of paradigms.

8.2  Biodesign

The following must be absolutely clear: to duplicate nature, the functioning of a 
biological system must be understood entirely, and to this end it is important to 
abandon all reductionism and determinism and to assume the study of complex 
systems (Mazzocchi 2008), for which it is required not to fragment the system and 
analyze it in its entirety as functionality, because it is explained and applied when 
observing it in interaction and communication (Van Regenmortel 2004). An exam-
ple of this fact is bacterial chemotaxis, regulated by signal transduction systems 
(Wuichet et al. 2007), and the largest sample of social cooperation, survival, and 
ecological success, as biofilms are (Flemming et al. 2016). This great capacity for 
persistence has been applied in models of microbial biocementation that exploit the 
phenomenon of microbiologically induced calcite precipitation to obtain new con-
struction materials (Abo-El-Enein et  al. 2013; Ng et  al. 2012) that have a great 
impact on soil engineering and geotechnics (Mujah et  al. 2017). In this way, 
Biobrick® has used this field to heal cracks in buildings with appreciable results 
(Deniz and Keskin-Gundogdu 2018). Another interesting application is the produc-
tion of bioenergy based on methane from the anaerobic digestion of biomass by 
fungi, which reproduces the process that occurs in the intestine of herbivores 
(Haitjema et al. 2014).

One step beyond the understanding of a biological system is its synthesis or 
improvement, which is the main premise of the rise of synthetic biology for the devel-
opment of new biotherapeutics, biomaterials, biosensors, and solutions in bioenergy, 
and in bioremediation (Densmore and Hassoun 2012). It is also necessary to imple-
ment computational models to predict the behavior of multicellular populations inte-
grating transcription, intercellular signaling, and cellular biophysics to understand the 
functioning of the complex systems that have been the subject of the design (Rudge 
et al. 2012). With the advent of the possibility of using genetic circuits for the develop-
ment of microorganisms with biotechnological applications, the use of algorithms for 
the design and projection of initiatives in nanobionics has become important (Misirli 
et al. 2011; Jang et al. 2012), these metadata from the integrome in interaction with the 
environmentome are crucial for the development of products from the biomimicry of 
natural resources and their systems (Bueno 2018b).
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8.3  Molecular Biomimicry

The description of the genes encoding the metabolic pathways that produce bioac-
tive molecules in microorganisms opens up possibilities for the design and use of 
microbial factories that allow a large amount of metabolites to be obtained from the 
degradation of biomass (Weber and Kim 2016). For this reason, the search for bio-
synthetic gene clusters (BGCs) has stimulated research into natural products as a 
source of chemically diverse compounds from ecological niches as varied as the 
human microbiome and extremophiles (Wilson et al. 2017). Owing to the identifica-
tion of the BGCs from organisms with a wide chemical diversity in combination 
with the new techniques of synthetic biology, it is possible to develop new microbial 
factories for bioactive secondary metabolites; in this way, biofactories using yeasts 
as a source of new metabolites from biomass are an impactful biotechnological 
application, integrating the bioprospecting of biodiversity with genetic engineering 
(Smanski et al. 2016; Guzmán-Trampe et al. 2017). Likewise, metagenomics, which 
correlates genomes with metabolomes using bioinformatics tools, is an important 
approach to the study and description of promising BGCs (Harvey et al. 2015). 
The search for new BGCs provides an opportunity to develop extensive bioprospect-
ing projects with which to implement a small molecule biotechnology industry, and 
is the reason why the protection, use, valuation, and due recognition of biodiversity 
is part of the contemporary scientific agenda (Naman et al. 2017).

Additionally, each BGC from microbial sources can be consigned and compared 
in databases such as antiSMASH, which is useful for exploring the biosynthetic 
potential of isolated microorganisms (Blin et  al. 2016). An equally important 
approach is the stimulation of silent or cryptic gene clusters to look for genes that 
are expressed by environmental factors for use in synthetic expression systems 
(Reen et al. 2015). These clusters of genes are part of the communication that occurs 
in microbial ecosystems, which has a great impact on the study of the biomimicry 
of complex biological systems (Netzker et al. 2015).

8.4  Green Synthesis in Nanotechnology

Currently, the manipulation of matter at the nanometer scale is the basis of nano-
technology and consolidates it as an industry of high innovation and impact. In this 
way, the search for nanofactories for inorganic nanoparticles (NPs; ZnO, ZnS, 
CdS), metallic NPs (Au, Ag, Cu, Al), magnetic NPs (Co, Fe, Ni), and carbon NPs 
(fullerenes, quantum dots, carbon nanotubes) becomes a necessity for an industry 
increasingly keen for biological systems that replace toxic synthesis platforms 
(Rafique et al. 2017). For that reason, biogenic methods have been developed using 
bacteria, fungi, and plant extracts to obtain nanomedicines, nanocarriers, and nano-
materials (Netala et al. 2015; Ramos et al. 2018; Prasad 2014, Prasad et al. 2016, 
2018a, b). In this order of ideas, several genera have shown the ability to produce 

J. Bueno



181

NPs, among them Morganella, Pseudomonas, Bacillus, Lactobacillus, Geobacillus, 
Escherichia, Vibrio, Salmonella, Klebsiella, Streptomyces, Rhodococcus, 
Cladosporium, Fusarium, Aspergillus, Penicillium, and Candida (Ebrahiminezhad 
et  al. 2016). This nanobiotechnological approach is an exciting bionanoscience 
where fungi are highly tolerant in the production and accumulation of NPs; thus, 
they are considered to be an advantageous model (Ottoni et al. 2017; Prasad 2016, 
2017; Abdel-Aziz et al. 2018; Prasad et al. 2018a). Microorganisms such as bacteria 
and fungi use biosorption and bioreduction mechanisms to perform NP biosynthesis 
(Johnson and Prabu 2015; Kitching et al. 2015; Prasad et al. 2016, 2018a; Cui et al. 
2017). This bioreduction process is employed by live microorganisms to reduce 
environmental toxicity (Ayangbenro & Babalola, 2017); likewise, DNA can assem-
ble nanostructures through electrostatic interactions and in situ reduction (Huang 
et  al. 2015). In addition, several enzymes have been identified to be involved in 
microbial reduction, e.g.: c-Type cytochromes, nitrate reductase, NADH-dependent 
reductases, and sulfite reductase (Huang et al. 2015). On the other hand, organisms 
such as actinomycetes perform this bioreduction mediated by specific proteins with 
masses between 10 and 80 kDa; also, yeasts use other routes such as detoxification 
mediated by glutathione (Hulkoti and Taranath 2014). However, it is very important 
to analyze the capacity of sociomicrobiological associations such as biofilms for the 
synthesis of NPs because of their great capacity for bioreduction and the possibility 
of making a more industrially scalable biosynthesis (Tanzil et al. 2016), thus it is a 
biological system to take into consideration in biomimicry.

8.5  Biofabrication

Biofabrication is a multidisciplinary technology that employs living biotemplates to 
obtain complex constructions (Ullah et al. 2017). In this order of ideas, microorgan-
isms are a great bioinspiration for the development of hybrid materials, devices, and 
nanorobots (Shi et  al. 2017). In addition, flagellar nanorobots, known as “nano- 
micro- swimmers” have been configured as synthetic molecular machines consisting 
of 20 atoms or less; likewise, magnetotactic bacteria have been used as natural 
nanorobots that exploit the magnetotaxis process (Ali et al. 2017; Shi et al. 2017).

Exploring this interesting field, the use of microbial biotemplates for the synthe-
sis of inorganic nano-/microstructures, with which it is possible to design nanoma-
terials with a defined geometry and thus obtain essential patterns for the development 
of devices, is therefore as microbial structures as the whole cell, the flagellum and 
the pili, in addition to the yeasts and the hyphae, have been used to build nanowires 
for biosensing (Selvakumar et al. 2014). The use of these scaffolds is very versatile 
and it is possible to obtain structures in three dimensions based on carbon, intercon-
nected by pores, which improves the transfer of ions in electrodes (Ozden et al. 2017). 
Equally, this model has been useful for designing NP microtubules in which the 
hyphae structures from filamentous fungi are used as template with added metallic 
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NPs with the end to obtain microtubular structures, an important effort in joining 
biological structures with inorganic nanomaterials (Kubo et al. 2016).

On the other hand, an important approach in biofabrication is the use of bioprinting, 
which consists of positioning living cells on a matrix, for the development of tissues, 
organs, and biosensors. Thus, the microorganisms Saccharomyces cerevisiae var. 
bayanus and Chlorella vulgaris have been printed on hydrogel for use and study (Taidi 
et al. 2016). Thereby, the production of living materials with the capacity to perform 
controlled metabolic functions using 3D bioprinting makes it possible to obtain medi-
cal devices and perform bioremediation processes (Schaffner et al. 2017).

In conclusion, the model of biofabrication based on microorganisms is a promis-
ing research topic that has the advantages of offering a biotemplate that is uniform 
in size and shape, with functional groups useful for cell surface interaction and 
porosity, which allows ion exchange (Ullah et al. 2017).

8.6  Biomimicry of Antimicrobial Peptides

Host defense peptides (HDPs) are antimicrobial compounds with defined chemical 
characteristics, such as being cationic, linear, and amphipathic, that produce disrup-
tion of the membranes in the target cells. For this reason, they can be used for the 
development of new antimicrobial and anticancer medicines (Ergene et al. 2018). 
Approximately 2700 of these peptides from different natural sources have been iden-
tified, providing a large number of scaffolds for synthesis models (Bondaryk et al. 
2017). In this way, the use of peptoids (Poly-N-substituted glycines) that mimic this 
type of peptide with a related isomeric structure has been evaluated as an important 
strategy in obtaining peptides with pharmacological activity (Mojsoska et al. 2015). 
These peptoids can be synthesized on an automated peptide synthesizer whose 
chemical functionality can be incorporated into the change of the primary amine 
(Huang et al. 2014). Also, it is possible to conjugate antimicrobial peptides with NPs 
to increase their microbicidal activity in biocidal products (Vitiello et al. 2018). With 
these new materials, novel nanofibers and surfaces with promising applications in 
burns and skin infections can be developed (de Castro and Franco 2015).

Additionally, peptoids as biomimetic polymers can be arranged in different struc-
tures as bilayers in the crystalline phase, which is useful in drug delivery (Ma et al. 
2017). Thus, natural cationic polymers are an interesting model in biomimicry for 
the use of cationic antimicrobial peptides in drug discovery (Phillips et al. 2017).

8.7  Synthetic Microbial Communities

Microorganisms have evolved together under interaction and communication to 
compete for space. In this way, microbes have developed biological systems to pro-
duce and disseminate antimicrobial compounds (Little et al. 2008). In these natural 
ecosystems, intercellular communication is determined by the production, release, 
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and exchange of several molecules, including peptides, small molecules, and natural 
products (Johns et al. 2016). Thereby, synthetic microbial communities can be gen-
erated to replicate microbial interaction patterns to develop biotechnological appli-
cations, because this microbial consortium has a greater capacity to perform 
metabolic conversions than other systems (Boyle and Silver 2012; Großkopf and 
Soyer 2014). These engineered microbial consortia can be applied for bioremedia-
tion, biofuel production, and MFC design (Hays et al. 2015). However, it is impor-
tant to consider that to design these synthetic microbial communities it is necessary 
to obtain synthetic microbial ecosystems that replicate functionality first, to achieve 
resilience, diversity, and spatial organization (De Roy et al. 2014). Also, the assem-
bly platform for microbial populations acquires a fundamental importance, in deter-
mining the optimal environmental conditions. The most frequently used techniques 
for creating controlled environmental parameters are cell immobilization and 
microfluidics (Goers et al. 2014).

This multi-omics model with the ability to predict the patterns of cooperation 
and competition among microbial populations, in addition to determining their 
symbiotic relationships, has grown in recent years as a fundamental application in 
biotechnology that can lead to the improvement of processes for obtaining and 
developing new products (Bosi et al. 2017).

8.8  Bio-nano-things

As important as the design and development of new bioactive compounds, and the 
improvement of bioprocesses, is the possibility of engineering devices from biochem-
ical molecules and biological systems (Chude-Okonkwo et  al. 2015). These bio-
nanodevices, as part of the field of biomolecular engineering, and because of their 
small size, allow the development of hybrid nanomachines that combine nanomateri-
als with biological molecules useful for therapy and diagnosis (Nagamune 2017). This 
is how this chemical functionalization of materials can be made possible by combin-
ing the knowledge of the biological activity of molecules with electronic devices 
capable of transducing the signal in a message or required effect (Kulkarni et  al. 
2014). Also, these devices can be integrated with living organisms, as in the case of 
plants, to monitor the surrounding ecosystems (El-Din and Manjaiah 2017). In this 
way, the search for bioactive molecules (DNA, RNA, and proteins) from microbial 
sources capable of coupling with the nanointerface (e.g., yeast cytochrome c, glucose 
oxidase, and laccase) becomes necessary to design more and diverse nano-things 
(nanowires, nanotubes, and NPs) (Bonanni et al. 2004; Audette et al. 2011).

8.8.1  Biosensors

Microbial biosensors are non-expensive alternatives of high efficiency for the detec-
tion of different analytes that can be used as bioreporters of the ecosystems 
(Cerminati et al. 2015). In addition, microorganisms work as excellent indicators of 
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serum and air quality, in addition to human diseases such as obesity and cancer 
(Turgeman 2015). These whole-cell biosensors can be constituted by bacteria, 
fungi, microalgae, and protozoa; among them, the fungus Saccharomyces cerevisiae 
has advantages for this type of device because it has physico-chemical tolerance and 
the ability to be genetically transformed to obtain GEMWCBs, although it has a cell 
wall that that is a barrier to entry and prevents proper signal transduction (Gutiérrez 
et al. 2015). Similarly, these biosensors can be linked to functional molecules for the 
detection of specific molecules to increase speed and sensitivity (Li et  al. 2018; 
Faraz et al. 2018). On the other hand, MFCs used to generate energy can also be 
efficient biosensors, because the microorganisms associated with electrodes can 
detect physico-chemical changes such as an alteration of the electronic transfer 
(Bereza-Malcolm and Franks 2015).

8.8.2  Molecular Communications and Nanonetworks

An exciting model is the development of communication systems that exchange 
information through molecular transmission and reception. In this way, molecular 
communication (MC) is a promising paradigm that can study nanonetworks in bac-
teria containing DNA plasmids with information (Felicetti et al. 2016). This informa-
tion is communicated using bacteria as a carrier and a node that passes the DNA 
molecule (Cobo and Akyildiz 2010). The behavior of these molecular interactions 
provide valuable data about intrabody biosensing and drug delivery (Unluturk et al. 
2016). Also, intrabody nanonetworks are present performing MC in living beings on 
a nanometric scale, which opens up the possibilities of new diagnostic and treatment 
techniques that seek to maintain the stability of nanonetworks (Akan et al. 2017). 
In this order of ideas, nano-communications can be of two types: electromagnetic 
and molecular. Equally, this communication network can interact with nanomaterials 
such as graphene and carbon nanotubes to implement nano-scale antennas and trans-
mitters (Abbasi et al. 2016). This is how these new biohybrid devices can be geneti-
cally designed to combine different functionalities with which to obtain a certain 
behavior (Cobo and Akyildiz 2010). In this transdisciplinary field of knowledge, 
biomimicry is a key tool for the development of innovations and biofilms and 
becomes a study model with extrapolatable results because of the great MC and 
exchange of genetic material using nanotubes and plasmids that exist within this 
biological system, mainly in polymicrobial biofilms (Hasan et al. 2015).

8.8.3  Microbial Organic Bioelectronics

Continuing with this order of ideas, the concept of organic bioelectronics makes an 
appearance. This field includes organic devices designed to perform the translation 
of signals from biological systems to electronic systems (Simon et  al. 2016), 

J. Bueno



185

Using these semiconductors, which contain organic polymers such as poly(3,4- 
ethylenedioxythiophene), it is possible to perform van der Waals interactions that 
more easily allow chemical modifications (Rivnay et al. 2013). Interestingly, these 
carbon polymer devices are useful for the development of novel in vitro assays that 
biomimetize the environmental conditions of an infection, which is useful for the 
discovery of new drugs; also, it can be used for the release of antimicrobial drugs to 
prevent the appearance of biofilms in hospital environments (Löffler et al. 2015a, b). 
In addition, microorganisms such as Shewanella oneidensis and Geobacter sp. can 
be adhered to this screening platform to monitor complex chemicals (Zhou et al. 
2017). The bioelectronic era opens up the way to a new series of clinical treatments, 
or “electroceuticals,” that can monitor and alter the cellular interface by releasing 
medicines sensitive to electrical impulses (Löffler et al. 2017).

8.8.4  Microbial Fuel Cells

Microbial fuel cells consist of an anode and a cathode separated by compartments 
embedded in a substrate (organic/inorganic) with suspended microorganisms. 
When catabolic processes are performed, these MFCs generate electricity 
(Rahimnejad et al. 2015; Shah et al. 2019). MFCs have various applications, such 
as power generator, biosensor, bioremediation, robotics, and bioproduction 
(Mathuriya and Yakhmi 2016). Thus, the microorganisms that surround the elec-
trodes in the MFCs accumulate as biofilms known as electrochemically active bio-
films (EABs). The use of EABs increases the energy power and catalytic 
capabilities, which improves performance (Babauta et al. 2012). In addition, these 
devices can be organized in a uniform way in a cellular automaton, which allows 
the development of computational devices based on the information obtained by 
each MFC. Maybe in the future this will allow the development of hybrid comput-
ing systems (Tsompanas et al. 2017).

8.8.5  Microfluidics

Microfluidic systems consist of fluid devices whose flow is nonturbulent and are 
10–100 μm in size; from this principle, useful techniques for chemical synthesis, 
high-efficiency biological tests, and the simulation of the functioning of organs 
known as microfluidics have been developed (Chiu et al. 2017). In addition, these 
techniques can synthesize NP libraries and evaluate in vitro biological activity that 
mimics in vivo conditions in a high-throughput manner, which is useful in drug 
screening (Ahn et al. 2018). In this way, microfluidic chips can offer in vitro mod-
els with greater predictive capacity in vivo than other assays developed to date, 
because they offer a platform for evaluation, reproducible, automatable, and to a 
greater extent, controllable (Esch et  al. 2015). This technology of microscale 
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devices allows microenvironments to be created in which mimicking the biological 
systems of tissues and organs can be coupled with obtaining bio-nano-things, thus 
developing models of microfluidic MC systems (Huh et al. 2012; Kuscu and Akan 
2018). Similarly, the fact that this type of technique can replace the use of preclini-
cal studies in experimental animals, because of its ability to reproduce organoids, 
multicellular spheroids, and bioprinted micro tissues, deserves special mention 
(Liu et al. 2017).

8.9 Conclusions and Perspectives

8.9.1  Megadiverse Countries and Biomimicry  
Production Systems

Because of what was previously outlined during the development of this chapter, it is 
necessary to debate how mega-diverse countries are going to make a fundamental 
source of this new technological shift in which nature enters as a model, and it is 
possible to glimpse once again a union between nature and technology (Dicks 2017). 
This is how a modern bioeconomy can claim the science of imitating life as a source 
of development in medicine, agriculture, and industry (Igor and Khaustova 2015). 
Also, it becomes important in a country with a large number of ecosystems and spe-
cies to reconcile the bionics, which studies biological systems from their control, 
with biomimicry, which seeks an ecological design for sustainability (Wahl 2006). 
Biomimicry within its parameters seeks nature as a model, measure, and mentor, but 
from a transdisciplinary approach that tends toward antidiscipline, that is, it does not 
specialize and becomes integral (McGregor 2013), as it is a priority that the interface 
between the physical and biological sciences disappears so that the living systems 
can be studied in depth (Iouguina et al. 2014). On the other hand, the strategy to be 
used for the introduction of a production system based on bionics/biomimicry should 
contemplate and be directed toward aspects of the evolution of the biological system, 
starting from a problem to be solved in addition to the functionality of systems (Lotfi 
2017). Consequently, to assume the functionality, any productive process that 
includes bionics/biomimicry should use the following levels – form, process, and 
interaction – to be able to implement the respective biological model (Jacobs 2014). 
We are facing an important interface where it is possible to interconnect communities 
and ecosystems for sustainable development, with a greater understanding of our 
biological world and our biodiversity. This is how to overcome supra-specialization 
becoming a priority and transcend the disciplines to break paradigms to get new 
knowledge of a relevant need.
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9.1  Background

In 1975, nanobiosensors (NBSs) take a new connotation when it is suggested that 
bacteria can be used as a biological element in a microbial electrode to measure 
alcohol concentration. The article marks the beginnings of research efforts in Japan 
and later in all countries of NBS’s applications in environmental, biotechnology and 
microbial nanobionics. Microorganisms (the term “microbe”) are microscopic plant 
or animals small organisms, invisible to the naked eye (but which can be seen by 
optical and electron microscopy), generally single-celled, with relatively simple 
internal structure.

They live in the soil, in the water, in the air and in the body of the plants or ani-
mals and may be saprophytic or pathogenic for the organism in which they develop. 
Microorganisms include a large and heterogeneous group of organisms with differ-
ent morphology, biological activity and systematic position: bacteria, archaea, 
microscopic fungi (molds and yeasts), microalgae (microscopic algae) and proto-
zoa. Viruses and infectious subviral agents (viroids, virins, virusoids and prions) are 
not considered as microorganisms by many microbiologists. Bacteria are the most 
numerous and include, in particular, as with other microorganisms, species with 
red, green, yellow, etc. pigment, which are protective against sunlight. Actinomycetes, 
though frequent in the soil, are rarely present on the leaves. Microfungi, especially 
yeasts, have an efficient dispersing mechanism from one leaf to the other, respec-
tively, the ballistospore. Numerous examples demonstrate that saprophytic microor-
ganisms on foliar surfaces can effectively control the development of plant 
pathogens. This effect can be achieved through competition in their early stages of 
action, by the synthesis of metabolites, which diminishes their virulence or stimu-
lates the resistance of the host. Some microorganisms synthesize phytoalexins, gib-
berellins, auxinic substances, etc.

Some endophyte fungi, such as Acremonium coenophialum, produce repellents 
that protect the host plant (Fescues arundinacea) by rejecting or limiting aphids’ 
feeding ability or causing digestive disturbances to herbivorous animals. Transmitted 
seeds of fungus flies find shelter and nutrients in the host plant, and these benefit by 
removing potential consumers (Safarpour et al. 2012).

The most important perspective for combating crop disease, vegetable plants, 
vines, etc., is the production of microbial preparations based on bacteria and fungi, 
a direction that requires isolation and selection studies of microorganisms with 
antagonistic effect, studies technology, toxicology and tests on bacteria and patho-
genic fungi. Bacterioses are diseases caused by phytopathogenic bacteria such as 
Xanthomonas campestris, Erwinia carotovora, P. lacrymans, A. tumefaciens, etc. 
The microbial nanobionic research on phytosanitary protection of the vine, vegeta-
ble plants and other crops is aimed at finding the means of obtaining the maximum 
harvest in conditions of active and dynamic conservation and potentiation of the 
exploited natural system. Studies on the integrated and rational combating of dis-
eases and pests of horticultural plants are developed by increasing the share of sani-
tary, biological and biotechnological phytoprotection for the purpose of eliminating 
toxic pesticides.
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There are various microorganisms used as microbial antagonists for bacteria 
including Bacillus subtilis, Bacillus cereus, Bacillus amyloliquefaciens, Bacillus 
licheniformis, Bacillus megaterium, etc. containing lipoproteins with antibiotic 
effect. Pseudomonas fluorescens and Pseudomonas syringae have a broad spectrum 
of biocontrol activity against several pathogens attacking mono- and dicotyledon-
ous plants. Bioproducts for agricultural use based on microorganisms are an impor-
tant orientation in microbial nanobionics due to the advantages they present, namely, 
reducing pollution of the aquatic and terrestrial environment, are well tolerated by 
living organisms and have no side effects on humans and animals in relation to 
chemical products (Yang et al. 2015).

Microorganisms are able to produce lipids (microorganisms containing more 
than 20–25% lipids are named oleaginous). Only valuable oils are obtained through 
biotechnological processes, because in the case of ordinary oils, the cost price is 
superior to similar products obtained by classical methods. Bacteria accumulate 
especially waxes and polyesters. Lipid accumulation capacity was associated with 
lipase citrate activity, enzyme from the ATP cycle involved in citrate acetyl CoA 
formation, correlated with the equation:

 citrate ATP CoA acetylCoA oxaloacetate ADP Pi.+ + → + + +  

Citrate lyase activity is a very important indicator of the ability of a microorganism 
to accumulate lipids, especially since citrate is not present in non-oleaginous yeasts 
nor in non-oleaginous strains of some species to which normally belong to oleagi-
nous strains such as Lipomyces starkeyi and L. lipofer. The biochemistry of lipid 
formation in microorganisms has been demonstrated by studies showing that oil 
yeasts do not differ from other yeasts in terms of glucose consumption, lipid turn-
over or acetyl–CoA carboxylase activity – the first enzyme in fatty acid biosynthe-
sis. Differences in regulation of citric acid cycle and acetyl–CoA production have 
been observed. Unlike other yeasts that are converting excess carbon source into 
reserve polysaccharides, the oleaginous yeasts metabolize the carbon source by 
synthesizing lipids (Jin et al. 2016).

Structurally, acetyl–CoA carboxylase is a complex enzyme, and three functional 
components were identified, namely, biotin carboxyl carrier protein (BCCP), biotin 
carboxylase and carboxyl transferase.

 Biotin BCCP HCO H ATP Carboxybiotin BCCP ADP Pi– –+ + + → + ++
3
−

 

 Carboxybiotin BCCP Acetyl CoA Biotin BCCP Malonyl CoA– – – –+ → +  

Thus, the enzyme catalyses the carboxylation of acetyl–CoA to synthesize malo-
nyl–CoA, the two-step reaction being dependent on the presence of ATP. Several 
mechanisms have been proposed for regulating the activity of the enzyme: activa-
tion by intermediates of the tricarboxylic acid cycle, inhibition by acyl–CoA esters 
with long-chain fatty acids or reversible phosphorylation. Allosteric activation of 
acetyl–CoA carboxylase by citrate is possible. Another regulatory mechanism has 
been proposed based on the observation that long-chain acyl–CoA esters inhibit 
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acetyl CoA carboxylase from various sources. However, the inhibitory action of 
these esters may be unspecific, due to their surfactant properties.

Malonyl–CoA, obtained from the acetyl–CoA carboxylase reaction, is used in 
the synthesis of long-chain saturated fatty acids through a series of reactions requir-
ing NADPH and acetyl–CoA catalysed by the fatty acid synthase complex (Jin et al. 
2016). The structure of the enzyme complex is different depending on the source of 
origin, but the sequence of reactions is similar for all organisms:

Acetyl transacylation (initiation reaction):

 MeCOSCoA HS enzyme MeCOS enzyme CoASH+ → +– –  

Malonyl transacylation:

 HO C CH COSCoA HS enzyme HO C CH COS enzyme CoASH2 2 2 2– – – –+ → +  

Condensation with b-ketoacyl synthase:

 

HO C CH COS enzyme MeCOS enzyme

HS enzyme CO MeCOCH S enz
2 2

2 2

– – –

– –

+
→ + + yyme  

Reduction of b-ketoacyl:

 MeCOCH S enzyme NADPH MeCHOHCH COS enzyme NADP2 2– –+ → + +

 

Dehydration of b-hydroxyacyl:

 MeCHOHCH COS enzyme H O MeCH CH COS enzyme2 2– – –→ + =  

Reduction of 2,3-trans-enoyl acyl

MeCH CH COS enzyme NAD P H MeCH CH COS enzyme NAD P= + ( ) → + ( )– – –2 2

Since the final product becomes a substrate where it reacts with another malonyl–S-
enzyme molecule, the concrete result of each reaction cycle is the introduction of two 
additional carbon atoms into the initial acetyl group. These additional carbon atoms 
are themselves obtained from acetyl–CoA substrate of acetyl CoA carboxylase 
(Jin et al. 2016). After seven iterations of the cycle, palmitoyl–CoA is synthesized 
with the following stoichiometry:

 

MeCOSCoA HO CCH COSCoA NADPH H

Me CH COSCoA CO

+ ( ) + +
→ ( ) +

+7 14 14

7
2 2

2 14 22 214 6/ CoASH NADP H+ +

 

The nature of the final products of the complex is largely determined by the 
β-ketoacyl synthase substrate specificity.

For example, propionyl–CoA may replace acetyl CoA in the initiation reac-
tion, resulting in the synthesis of uncharged fatty acids. Fatty acid synthases of 
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eukaryotic microorganisms are structurally and functionally organized into indis-
tinguishable complexes.

These type I synthases consist of multiple copies of only two multifunctional 
polypeptides. The presence of acyl transporter protein has been confirmed in type I 
synthases by the detection of 4–phosphopantetheine which is the acyl–acyl carrier 
protein. Citrate cleavage appears to be the rate-determining step in lipid biosynthe-
sis, being subject to feedback inhibition by fatty esters of acetyl CoA.

The transport of citrate outside the mitochondria is also inhibited by these com-
pounds, the two stages (the transport and cleavage of the citrate) being closely 
linked (Jin et al. 2016).

9.2  Microbial NBSs

Classes of microbial NBSs use the same principle of measuring metabolism activity 
in the presence of the analyte: using immobilized microorganisms from which the 
metabolism resulting products are measured has become commonly defined as 
microbial NBSs; measure the electrical activity of the metabolism of microorgan-
isms when consuming a “biofuel”, for example, glucose, having the generic name 
of bioelectrochemical cells. Being developed as a separate area of electrochemical 
cells which generate electricity, based on the consumption of biofuels, their ability 
to be true NBSs has been neglected (Jin et al. 2016).

We will treat these two classes separately by highlighting their performances and 
capabilities in terms of the requirements of being classified as NBSs. Microbial 
NBSs contain immobilized microorganisms and a much more diversified transduc-
tion chain. Generally, they are used for a single biochemical process.

Those microbial NBSs have the following advantages: lower sensitivity to inhibi-
tion or impurity of the analyte; higher tolerance for pH and temperature; longer life-
time than enzymatic electrodes; cheaper than enzymatic electrodes; high variability 
because they adapt easily to specific environmental conditions; cofactor indepen-
dence; physiological response to toxic products; and easy preparation because the 
cultivation of microorganisms is simple. Among the disadvantages of these devices 
are as follows: they have a longer response time than enzymatic electrodes; and 
reusing them in a new measurement takes longer time (Jin et al. 2016).

The pattern of microbial NBSs is identical to that of an enzyme NBSs. The scheme 
consists in immobilizing intact cells in intimate contact with a specific transducer 
that converts the products or the effects of metabolism into a biochemical signal. 
Microbial NBSs are practically applied in biochemical and microbiological indus-
trial processes in areas such as drug production, food industry, waste water treatment 
and energy production, where fermentation and electron transfer reactions play an 
important role. In the field of clinical laboratories – microbiology and parasitology – 
where culture media are used intensively, there is an important potential for 
implementation of microbial NBSs (Schenkmayerová et al. 2015).
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Most materials in culture media cannot be determined by spectrophotometric 
methods being optically inactive or nontransparent. A combination of cultivation 
media–immobilization substrates with a suitable coupling to a transducer is feasible 
with advantages over reducing investigation times and responding to a specific diag-
nosis. The continuous, rapid, sensitive monitoring and control of the variables already 
mentioned allow the evaluation of substrates and metabolites, the number of viable 
cells present in cultures and the types of microorganisms (Park et al. 2013).

9.2.1  Functioning Principle of Electrochemical 
Microbial NBSs

Microbial NBSs contain microorganisms immobilized in a membrane and an electro-
chemical device. Their classification is based on the type of respiratory activity mea-
sured or on the type of electrochemical, metabolic, optical activity. When the 
respiratory activity of microorganisms immobilized in a substrate is modified, it is 
detected by an oxygen electrode. By measuring respiratory activities or oxygen con-
sumption, substrate concentration is estimated. Other electrochemical methods are 
used for measurements of metabolic products. Electrochemical microbial NBSs show 
significant differences from enzymatic NBSs, being composed of living components 
that produce a physiological response, while enzymatic NBSs include alteration of the 
analyte. The microorganisms used in this case are aerobic. NBSs are introduced into 
an oxygen-saturated buffer. After addition to the substrate, the respiratory activity of 
the microorganisms increases, producing a decrease in oxygen concentration near 
the membrane. By using the oxygen electrode, the substrate concentration can be 
measured by detecting the decrease in oxygen concentration (Jin et al. 2016).

Aerobic and anaerobic microorganisms may be used. Most microbial NBSs are 
based on respiratory activity measurement and use the activity of aerobic microorgan-
isms. The transducer of this type of NBSs can be electrochemical (potentiometric, 
amperometric), photodetector, thermistor or ISFET. It is based on the optical phenom-
ena of microorganisms in metabolic processes: photoluminescence, electrolumines-
cence, chemiluminescence and specific optical activity (chirality-dependent 
polarization, refractive index, absorbance, etc.). The intensity of luminescence of bac-
teria (photobacteria) is dependent on metabolic activity. It is possible to build highly 
sensitive microbial NBSs by combining these photobacteria with a photodetector. 
Luminescence is strongly affected by changes in external conditions for bacteria, 
which can lead to accidental accumulation of intracellular concentrations of NAD(P)
H, FMN, H2, ATP and aldehydes (enzyme synthesis of aldehydes requires ATP 
cofactor). Using this principle, the food of these microorganisms (glucose and 
amino acids) and their inhibitors (toxins and heavy metals) can be detected. The 
intensity of luminescence is a more sensitive parameter for metabolic activity than 
for heat generation. Moreover, the metabolic response of cells can cause lumines-
cence in the bacteria (Zhang et al. 2015).
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9.2.1.1  Microbial Thermistor

Placement of immobilized microorganisms is immediately near a thermistor that 
measures the heat absorbed or released by microorganisms in metabolic processes. 
The microbial thermistor has the following characteristics: it is based on the general 
principle of enthalpy exchange; many metabolic reactions are accompanied by a 
considerable evolution of heat–calorimetry (enthalpy of metabolic reactions, spe-
cific heat and latent). Although many cases of calorimetry applications have been 
reported in biochemical analyses, the principles of calorimetry cannot be applied 
due to the high cost of sensitive and complex instruments. An example of a micro-
bial thermistor is the beer yeast gel which is inserted into the glass separator column 
constituting the thermistor outlet.

The solution to be analysed is pumped through a heat exchanger located in the 
thermostatically controlled water bath and then through the glass column. This 
method can measure glucose, fructose and casein. A microbial microthermistor 
consists of assembling all components directly on the semiconductor surface of the 
oxide. Microbial NBSs can be constructed by placing immobilized microorgan-
isms in the immediate vicinity of a thermistor that measures the absorbed or ceased 
metabolic heat produced by them. This type of NBSs is based on the general prin-
ciple of measuring enthalpy exchange. Since many metabolic reactions are accom-
panied by a considerable evolution of heat, calorimetry can be applied to measure 
a wide variety of analytes. The lack of specificity due to the principle of detection 
in general is adequately compensated by the use of specific, immobilized biocata-
lysts. The greater part of the heat released in the metabolic reactions can be lost in 
solution without being detected by the thermistor and limiting the sensitivity of 
this technique.

The thermistors and the transducer element are the most used, and they are made 
of semiconductor materials (most of them are oxide materials and have a negative 
temperature coefficient). Although many cases of calorimetry applications have 
been reported in biochemical analyses, it cannot be used as a routine analysis due to 
the high cost of the sensitive and complex instruments to be used for this type of 
measurement (Jin et al. 2016).

As an example, the beer yeast gel is introduced into the glass separator column 
constituting the thermistor outlet. The solution to be analysed is pumped through a 
heat exchanger located in the thermostatically controlled water bath and then through 
the glass column. By this procedure, glucose, fructose and casein can be measured. 
Recently microminiaturization and introduction of microfluidics has led to a new 
generation of microbial thermistors that can sense thermal effects from a relatively 
small number of microorganisms. A microbial microterminal consists of the assem-
bly of all components directly on the semiconductor surface of the respective oxide 
(Zhang and Keasling 2011).
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9.2.2  The Physiological Response of Microbial NBSs

It includes a number of factors: the substrate is absorbed through the cell membrane, 
breathing, luminescence and electrochemistry of bacterial metabolism, secretion or 
separation of metabolic and non-metabolic products and intracellular alterations or 
degradations of the substrate by metabolic sequences or enzymes not involved in the 
process. The behaviour of microorganisms is due to their physiological state, and 
this is due to the extreme limitation of nutrients. Metabolism is a condition that 
ensures the survival of cells.

The first critical condition for the formation of a microbial NBSs signal is the use 
of the substrate. The solute can enter cells through the specific translocation system, 
first through active transport or forced diffusion. Passive transport achieved only 
through diffusion due to oxygen and nutrient concentration gradients is of little 
importance. The active transport ensures the accumulation of nutrients in the sub-
strate directly correlated with the concentration gradient. This makes the substrate 
accumulate proteins of high specificity that are consumed in energy metabolism.

The coupling of cells to the energy transduction system, especially in the respira-
tory chain, is an important aspect of active transport, being crucial for signal forma-
tion in microbial NBSs, the use of glucose, sucrose and other oligopeptides. After its 
use, the substrate is specifically degraded by the enzymatic sequences which are 
immobilizing the cells. According to aerobic conditions, oxygen is consumed.

Organic acids such as lactic acid, carbon dioxide, ammonium ions and hydrogen 
sulphide are secreted and accumulate in cellular metabolism products, highlighting 
the importance of Fe in bacteria biology, and especially for Gram-positive bacteria. 
Effective multiplication of pathogenic bacteria in the tissues of the host plant is 
conditioned by the presence of fertile Fe in a form accessible to their metabolism. 
Fe is necessary for certain enzymatic reactions essential to growth but is also a key 
component of the electron transport chain in the cell membrane–cellular respiration 
(D’Souza 2001).

Microorganisms cultivated for the preparation of microbial NBSs must come 
from cultures in metabolically balanced environments with respect to ferric Fe to 
ensure good cellular respiration of the microorganisms and good functioning of the 
Clark electrode.

Other types of electrodes can also be used in microbial NBSs, combined with 
electrodes for H2, CO2 and NH3. At constant temperature and constant pressure, the 
proportion of oxygen in the air in volume is 20.9%. In aqueous solution and in equi-
librium with atmospheric air, the proportion of oxygen is 20.9% of the total dis-
solved gas. In both cases, in air and in solution, the nitrogen balance is higher than 
the carbon dioxide balance.

The concentration of dissolved gases in the solution varies with temperature and 
may be affected by the solute or other solvents present in the solution. For example, 
a warm solution retains less oxygen than a cold solution. The presence of ethanol 
significantly increases the ability of an aqueous solution to retain oxygen.

Specialist studies show that small temperature differences can affect the balance of 
the environment with room temperature, as well as some reagents that we add to the 
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working cell (e.g. ethanol). The selection of the transduction device is given by the 
physiology of the cells that we use in the NBSs structure (breathing, photolumines-
cence and gravimetry). The amperometric/potentiometric type, Clark electrode and 
selective ion electrodes of the ISFET type are also used. It is also used the piezoelec-
tric crystal microbalance, optoelectronic detector, thermistors or ISFET, but the oxy-
gen electrode predominates in microbial NBSs (Schenkmayerová et al. 2013).

Metabolic products such as lactate or pyruvate, carbon dioxide, ammonium ions 
and hydrogen sulphide are potentiometric determined with selective ion electrodes 
(ISE). The direct combination of microorganisms with a field effect transistor (FET) 
has been developed to estimate glucose of Acetobacter alcohol and xylose based on 
Gluconobacter oxydans cells.

It has been found that a series of soluble redox mediators, such as phenazine 
methyl sulphate, ferricyanide or ferricyanide in combination with benzoquinone, 
have the possibility of direct measurement of electrons following the metabolic 
activity of cells. Insoluble mediators such as ferrocenes, tetrathiafulvalene and tet-
racyanochinodimetan have been used which have been incorporated into carbon 
pastes in contact with Paracoccus denitrificans.

Another microbial NBSs technique was created by the luminescence of the bac-
teria connected with an optical detector. Thus, microbial NBSs was developed and 
described for the determination of metal ions and aromatic ions. Genetically engi-
neered, the genes responsive to the emission of light from the Vibrio bacteria have 
been transferred to the genetic structure of Escherichia coli or Serratia marcescens 
(Jin et al. 2016).

The future of transducers in microbial NBSs belongs to the piezoelectric crys-
tals, quartz microbalances with one of the functionalized electrodes. By combining 
enzyme microorganisms, it is possible to increase the selectivity of microbial NBSs 
(polymers such as starch, proteins and lipids). For this, microorganisms were com-
bined with hydrolases (Cheng et al. 2011).

It resulted in an amperometric NBSs for the determination of NAD+, based on 
E. coli cells and NAD-ase. Urea and creatinine were determined using a combina-
tion of nitrifying bacteria and urease or creatinine.

From experiments with NBS BOD, it was concluded that several species of micro-
organisms can be combined and multiple substrates can be used in the same experiment. 
Another typical example of NBSs containing mixed populations of different species of 
microorganisms having specific metabolic capacities is NBSs with nitrifying bacteria. 
These NBSs which were developed especially for wastewater investigation contained 
mixed crops of Nitrosomonas sp. and Nitrobacter sp. (Jin et al. 2016).

An amperometric measuring system for the determination of ammonia was used. 
Oxygen control is required to measure the ammonia concentration in the sample to 
be measured. Because NBSs react with other nitrites or urea, the amounts of nitrify-
ing substances are added together. The impediment is the surplus of substrate 
(ammonia or urea).

This process, the combination of different species of microorganisms, is also 
used in toxicology. An inhibitor can be used when the substrate concentration is too 
high. One possibility is the use of dialysis membranes when the substrate is in 
excess (Su et al. 2011).
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9.3  Electrochemical–Microbial NBSs: Gas Detector

This type of NBSs is easy to manufacture and use, because obtaining an electro-
chemical signal is the most common way of obtaining the response signal. 
Potentiometric devices measure the charge density accumulated at the surface of an 
electrode. An example of NBSs using cyclic voltammetry is gas NBSs. NBS CO2 
uses autotrophic bacteria. It is the most widespread from commercial point of view 
but has the disadvantage that various ionic acids and volatile organic or inorganic 
acids affect the potential within the cell, the pH and the permeable gas membrane 
covering the electrode (Jin et al. 2016).

The autotrophic bacterial strain, Pseudomonas S–17, which can only grow in the 
presence of carbonates, is the source of carbonate production. It is incubated under 
aerobic conditions at 30 °C for 1 month and immobilized on the tip of the oxygen 
electrode.

To increase the selectivity range, the cell is covered with a semipermeable PTFE 
membrane. Table 9.1 lists several practical applications of the microbial NBSs.

The sensitivity of the measurements is obtained using an oxygen-saturated buffer 
solution of pH 6.5 containing metal ions and 20 μmol of glucose. NBS’s lifetime is more 
than a month. Being microbial NBSs, it is used in food testing (Cho et al. 2014).

Table 9.1 Microbial NBSs applications

NBSs
Microorganism 
immobilized Device

Minimum 
response 
time

Measuring 
range
mg⋅dm−3

Sugar assimilated Brevibacterium 
lactofermentum

Electrode O2 10 10–200

Glucose Pseudomonas fluorescens Electrode O2 10 2–2510
Acetic acid Trichosporon brassicae Electrode O2 10 3–60
Ethanol Trichosporon brassicae Electrode O2 10 3–25
Methanol Unidentified bacteria Electrode O2 10 5–2510
Formic acid Citrobacter freunca Combustion cell 30 10–103

Methane Methylomonas flagellata Electrode O2 2 0–6.6a

Glutamic acid Escherichia coli Electrode O2 5 8–800
Cephalosporin Citrobacter freundii Electrode pH 10 100–55⋅102

BOD Trichosporon cutaneum Electrode O2 15 3–60
Lysine Escherichia coli Electrode O2 5 10–107

Ammonium Nitrifying bacteria Electrode O2 10 0.05–1
Nitrogen dioxide Nitrifying bacteria Electrode O2 3 0.51–255b

Nystatin Saccharomyces cerevisiae Electrode O2 1 h 0.5–0.54c

Acid nicotinic Lactobacillus arabiensis Electrode pH 1 h 10−5–5
Vitamin B1 Lactobacillus fermentum Combustion cell 6 h 103–107

Community 
microorganisms

– Combustion cell 15 108–109 d

Mutagens Bacillus subtilis Electrode O2 1 h 1.6–2.85⋅103

ammol; bppm; cunit/cm3; dno/cm3
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9.4  Biofuel Cells

A major challenge for device development is finding the right power sources. They 
must be capable of generating electricity for long periods of time. Biofuel cells 
(BFCs) promise much in this regard by their functioning based on the pair reactions 
of glucose oxidation–reduction of molecular oxygen to water.

Under ideal conditions, the by-products of BFC would be carbon dioxide and 
water. Glucose and oxygen are present in the cells and tissues of all eukaryotic 
organisms, including humans. It is possible to introduce them between plant 
resources, even the metabolic properties of cells to generate enough energy to feed 
clinical devices such as biocide transport systems (Virolainen and Karp 2014).

9.4.1  Microbial Biofuel Cells (MFC)

The use of microorganisms as microreactors in combustion cells eliminates the need 
for isolation of individual enzymes and allows active biomaterials to work in condi-
tions close to their natural environment, resulting in high efficiency. Microorganisms 
are difficult to handle or require special conditions to be active, and their electro-
chemical contact with electrodes is virtually impossible. In MFC without mediators, 
it is possible to functionalise the anode with biocompatible materials with microor-
ganisms in the anode compartment. In this case, microorganisms will form biofilms 
on the surface of the anode, and electron transfer is carried out through the cell 
membrane interface – the surface of the anode.

The MFC cell consists of two compartments an anode and a cathode separated 
by a proton exchange membrane (PEM) of perfluorosulphonic polymer (Nafion, 
DuPont). The electrodes are made of carbon paper that can be functionalized with 
different biocompatible materials. Cathodic compartment contains a neutral pH buf-
fer. An anodic compartment was prepared with a glucose solution of 200 g/L in 
which various microorganisms were introduced. A 1 K ohm load was maintained 
throughout the experiments. Microorganisms (E. coli, Klebsiella and S. aureus) 
respond differently to what makes MFC a biosensor to identify and analyse their 
behaviour. The bacteria present in the household water were used in the MFC. As it 
was demonstrated, bacteria from household water prove to be suitable biocatalysts 
for electricity generation. Domestic water had a pH between 7.3 and 7.6, and a 
chemical oxygen content (COD) of 200–300 mg/L also has been used as glucose 
medium (170–1200 mg/L) with the following content (per litter): NH4Cl, 310 mg; 
KCl, 130 mg; NaH2PO4, H2O, 4.97 g; Na2HPO4, H2O, 2.75 g; minerals, 12.5 mL; 
and vitamins, 12.5 mL (Cho et al. 2014).

Microorganisms have the ability to produce electrochemical active substances, 
substances that can be metabolic intermediates or end products of anaerobic respira-
tion. For the purpose of generating energy, these fuel substances can be produced in 
one place and transported to biofuel cells to be used as fuel. In this case, the 
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 biocatalytic microbial reactor produces biofuel, and the biological part of the appa-
ratus does not have direct contact with the electrochemical part. This scheme allows 
the electrochemical part to operate under conditions that are not compatible with the 
biological part of the apparatus. These two parts can even be separated in time, 
functioning completely individually. The most used fuel in this scheme is hydrogen 
gas, which allows the good development and efficiency of the H2/O2 combustion 
cells in operation alongside the bioreactors. With a microbial bioreactor, fuel is 
delivered directly into the fuel cell anode compartment. According to another 
approach, the microbiological fermentation process proceeds directly into the anode 
compartment of a combustion cell, feeding the anode with generated fermentation 
products in situ. In this case, the operating conditions in the anode compartment are 
dictated by the biological system, so there is a significant difference between them 
and conventional combustion cells.

There is a difference between a true biofuel cell and a simple combination of a 
bioreactor with a conventional combustion cell. This latter configuration is also fre-
quently based on the biological production of hydrogen, but the electrochemical 
oxidation of H2 occurs in the presence of mild bio-compounds. Other metabolic 
products (alcohols, H2S) are also used in this type of system (Goswami et al. 2013).

9.4.2  Bioelectrochemical Cells Based on Enzymatic Electrodes

An additional methodology for the development of bioelectrochemical cells involves 
the application of redox enzymes for the oxidation and reduction of specific sub-
strates of fuels and oxidants to electrodes and the generation of electrical energy. 
Consequently, the design of integrated enzyme electrodes that increase electrical 
contact is essential.

The detailed characterization of the electronic transfer rates at the interface, bio-
catalytic speeds and internal electrical resistances is essential for the construction of 
biofilm cells. The chemical modification of redox enzymes with synthetic units that 
improve electrical contacts with electrodes provides general means for increasing 
the electrical energy of biocombustion cells. The modification of the specific site of 
redox enzymes and the functionalization of electrodes are new and attractive means. 
Effective electrical connection of proteins with electrodes suggests that future 
efforts may be directed to the development of structural mutants of redox proteins. 
Nanoengineering of electrodes surfaces with biocatalytic unit cofactors of organic 
synthesis transfer allows the control of electronic transfer in cascades. Adjusting 
potential redox leads to increased power generation of biocombustion cells. The 
biocombustion cell configurations discussed above can theoretically be extended to 
other redox enzymes and fuel substrates, allowing numerous technological applica-
tions. An important potential of biocombustion cells is their use in assemblies and 
locations of human body fluids, e.g. raw and elaborated sap. The electrical power 
obtained can be used to power the implanted devices such as pacemakers, pumps, 
NBSs and prostheses (Choi et al. 2013).
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9.4.2.1  MFC Electrochemistry

Similar to any galvanic cell in which chemical energy generation reactions occur, 
i.e. heat, MFC is subject to the same laws of thermodynamics, but the mechanisms 
are a bit different. For simplicity, we will limit ourselves to a thermodynamic analy-
sis of the cell taking into account reversible reactions. The electrical power of the 
cell has two components corresponding to the two operating modes.

The first regime refers to the generation of electricity by the load accumulation 
until a maximum voltage is reached. It is assumed that this is constant for the second 
working regime by connecting it to a resistive consumer (Cho et al. 2014).

Theoretically in MFC, the yield can be evaluated as the mechanical work con-
sumed to carry loads in the outer circuit to the potential difference measured relative 
to the maximum mechanical work performed by the cell due to the reactions from 
the cathode and the anode.

The measurement of electrode potential for the determination of potentials for 
anode, EA, and cathode, EC, is related to a reference electrode located in the vicin-
ity. Consequently, the experimental values do not coincide. In practice, for an ideal 
cell with a couple of reversible reactions, it is considered a measured electric volt-
age and a standard equilibrium electric tension. Excessive free energy in the system 
induced by the addition of oxidants and fuel relative to equilibrium values will 
result in a higher overpotential of Ee. To maximize cell performance and achieve 
optimal voltage, it is necessary to maximize and reduce internal resistance values. 
The combustion cell density is related to the area of the electrodes or to the equiva-
lent area of the catalysts (Alonso-Lomillo et al. 2010).

9.5  NBSs in Microbial Nanobionics

The field is relatively new and has evolved with the increasing need to find new 
materials with the greatest biocompatibility to reduce the intolerance of living 
organisms.

Primary metabolites are compounds linked by the synthesis of cellular compo-
nents that occur during the growth phase (trophophase) of microorganisms. This 
group of metabolites includes amino acids, nucleotides and certain end products of 
metabolism such as ethanol and organic acids. During the trophophase, various 
enzymes are synthesized, especially exoenzymes that are of practical importance. 
Secondary metabolites accumulate during the phase following the active growth 
stage, called idiophase (Cho et al. 2014).

The compounds synthesized in this phase are not directly related to essential cel-
lular materials and normal growth. Most antibiotics and mycotoxins are produced 
during this phase. Cultivated under ideal conditions without environmental limita-
tions, microorganisms tend to form large amounts of biomass and accumulate less 
certain compounds.
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By inducing mutations, specialists have developed methods of “trickling” micro-
organisms of interest so that they can produce excessively useful compound. 
Cultivation of microorganisms and their identification by traditional methods 
remain “golden standard” in the diagnosis of infectious diseases; however, in many 
cases, serological diagnosis allows rapid orientation. Serological diagnosis involves 
detecting antigens directly from the biological product, and qualitative or quantita-
tive detection of antibodies present in response to a microbial infection. If it is dis-
covered early, the diseases are easy to control. Unlike insect pests, pathogens are 
difficult to see, as well as cultivation issues, nutritional imbalances or air pollution, 
as the conditions that cause them are not visible (Chen and Park 2016).

9.5.1  Biodegradation of Pollutants Under the Action 
of Microorganisms in Microbial Nanobionics

Large-scale production, chemical processing and use have resulted in severe soil 
and subsoil contamination with a wide range of hazardous and toxic hydrocarbons. 
Such hydrocarbons, synthesized in large quantities, are polychlorinated biphenyls 
(PCBs), trichloroethylene (TCE) and others, which differ greatly from organic com-
pounds by chemical structure, and are xenobiotic substances because they cannot 
readily biodegrade; polycyclic aromatic hydrocarbons (PAHs), which are toxic and 
because of the high molecular mass (with four or more aromatic rings in the struc-
ture) are non-biodegradable or hardly biodegradable. Polycyclic aromatic hydrocar-
bons (PAHs), produced from incomplete combustion of natural organic materials 
and hydrocarbons, appear in the soil as a result of natural forest fires. The intensifi-
cation of energy-producing industrial processes and the inevitable production of 
residues and by-products such as PAH have led to soil contamination. Research 
studies identified numerous species of microorganisms that can degrade TCE, PCB, 
PAH and trichloroethylenes (TCE) (Sun et al. 2015).

Bacterial strains: Trichloroethylene (TCE): Desulfitobacterium hafniense, 
Burkholderia cepacia, Burkholderia kururiensis, Desulfuromonas chloroethenica, 
Janibacter terrae. Pseudomonas putida, Rhodococcus ruber, Wautersia numazuen-
sis. Biphenyl: Burkholderia xenovorans, Pseudomonas pseudoalcaligenes, 
Cupriavidus necator, Rhodococcus opacus, Rhodococcus ruber, Novosphingobium 
aromaticivorans, Sphingomonas sp., Novosphingobium stygium, Novosphingobium 
subterraneum, Sphingobium yanoikuyae, Thamnostylum piriforme. Biphenyl: 
Yarrowia lipolytica. PAH: Mycobacterium vanbaalenii

Fungal strains: PAH: Coriolopsis floccosa, Dichomitus squalens, Fomitopsis 
spraguei, Ganoderma lucidum, Irpex lacteus, Lentinus crinitus, Lentinus sp., 
Oligoporus sp., Phanerochaete chrysosporium, Phellinus gilvus, Pleurotus eryngii, 
Stropharia rugosoannulata, Trametes villosa, Trichaptum byssogenus. The inability 
of microorganisms to mineralize specific contaminants and their ability to partially 
transform them are the evidence that these organisms require other substrates for 
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growth. In such situations, contaminants are transformed, for example, into 
“cometabolism”.

The wide range of structures for PAHs molecules requires that the degrading 
microorganisms possess an enzyme capable of accepting PAHs as a substrate or 
possess a small number of enzymes specific to substrates with PAH. Over time, in a 
particular bioremediation system, some of the PAHs may not convert at all or can 
only be partially catabolized to final products.

Cometabole aerobic and anaerobic processes participate in the degradation of 
halogenated organic compounds. Although the mechanisms of aerobic degradation 
of synthetic nitrogen-based chemical contaminants have not been fully elucidated, 
many researches are being carried out to determine the degradation mechanisms 
involved. Types of participant catalytic reactions include deamination, nitroreduc-
ers, N-desalkylating, deesterification, decolourization and hydrolysis. In the first 
stages of catabolism, monooxigenases and dioxigenases, nitroreductases and ester-
ases are highly involved. Microorganisms have developed a variety of biochemical 
pathways to degrade or detoxify hydrocarbons. Hydrolase and oxygenase are the 
most important classes of enzymes, which are responsible for catalysing biotrans-
formation reactions (Cho et al. 2014).

Hydrolase (hydrolase, esterase and amidase) requires no factors and is stable at 
a high pH and temperature variations. Microbial communities have a role in biogeo-
chemical cycles; it is essential to analyse the structure of microbial communities 
and the changes that occur during the bioremediation process. Research is needed 
to characterize the role of hydrocarbon-metabolizing organisms in the degradation 
of petroleum substrates present in oil-contaminated soils. In the characterization of 
microbial communities, we use both cultural and independent methods of cultiva-
tion. Time and space changes in microbial communities during bioremediation can 
be determined using complex molecular methods.

Recent discoveries in molecular techniques, combined with genomic informa-
tion, help microbiologists to learn the mysteries of the various roles that microor-
ganisms play in communities. Genes for catabolism have the ability to spread with 
great frequency within microbial communities (Jin et al. 2016).

Microorganisms capable of degrading xenobiotic substances are present in the 
polluted environments, but natural biodegradation occurs at low rates. Therefore, 
various bioremediation technologies have been developed involving: knowing the 
ways to optimize the biodegradation conditions; knowledge of the behaviour and 
effects of chemicals introduced into the soil against the ecosystem; selection of 
microorganisms with superior degrading abilities; research on the identification and 
characterization of bacteria and fungi that proliferate in soils polluted with oil and 
salt water; were identified major bacteria that contribute to the degradation of oil 
(Pseudomonas, Flavobacterium, Corynebacterium, etc.); were elucidated the 
conditions under which these bacteria proliferate or disappear and how they can 
be stimulated; studies were carried out on pioneer plants to be installed on pol-
luted lands that can be used in the remediation process; a study was carried out to 
characterize the quantitative and qualitative distribution of heterotrophic bacteria 
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and filamentous fungi in soils affected by pollution from the oil extraction fields; in 
the soil, although they represent a small fraction of total weight (0.35%), microor-
ganisms are important, being the active element, soil fertility effector; the activity 
of microorganisms in the soil is influenced by the presence of microhabitats, soil 
type, structure and texture, organic matter and nutrients, environmental factors, etc. 
(Cho et al. 2014).

Depending on the factors that act, the activities of the microorganisms such as 
metabolic and nutritional activity are biologically variable (the alternation of the 
vegetative phases with the latency phases). Soil microorganisms have the ability to 
use gaseous, solid and liquid hydrocarbons in the aliphatic and aromatic series as 
the sole source of carbon and energy by decomposing them to lower molecular 
weight compounds or carbon dioxide and water (Kumar and D’Souza 2010).

Widespread in natural and numerically significant in the environment, active 
microorganisms attack various compounds such as petroleum, kerosene, mineral 
oils, paraffin, light gas, natural and synthetic rubber, cooling oils, asphalted sur-
faces, underground pipes and electrical cables protected by corrosion by means of 
paraffin-impregnated materials, elastomers or different hydrocarbon derivatives. 
The first observations on this process of hydrocarbons degrading date back to 1895, 
when it was observed that thin layers of paraffin (considered biologically inert) 
were penetrated by the hyphae of Botrytis cinerea. Subsequently, several soil micro- 
fungi, including Penicillium glaucum, have been shown to attack paraffin, decom-
posing it and using it as the sole source of carbon and energy.

The importance of the phenomenon in nature has been signalled on the basis of 
the high frequency of soil active microorganisms and the inability to accumulate 
hydrocarbons synthesized by plants or waxes produced by insects. The ability to 
degrade hydrocarbons is widespread in the world of microorganisms, being encoun-
tered in bacteria (including actinomycetes), yeasts, filamentous fungi and algae 
(Cho et al. 2014).

Present in soil, freshwater and seawater and some sediments, in a range of con-
ditions, these microorganisms have the ability to synthesize an enzyme spectrum 
that ensures the degradation of individual hydrocarbons and the potential for 
removing or converting oil from the environment. While in non-polluted ecosys-
tems the number of microorganisms using hydrocarbons can account for only 0.1% 
of the total, the polluted can reach up to 100% of the number of viable microorgan-
isms. This is due to the fact that in the highly polluted environment the composi-
tion of microbiota is modified being removing those that are sensitive to the 
pollutant (Jin et al. 2016).

More than 200 species of microorganisms capable of metabolizing hydrocarbons 
were identified, and these microorganisms were named hydrocarbonoclastic spe-
cies. As a result of the microbiological analysis of samples of soils polluted with oil 
in some excess concentrations (>30%), bacterial strains with a survival rate were 
isolated under these severe pollution conditions. Bacterial strains were multiplied, 
isolated and purified by successive decimal dilutions of soil on solidified nutrient 
media (Schneider et al. 2016).
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9.5.2  Estimating the Degree of Pollution and the Efficiency 
of Remediation Technologies with NBSs

The first stage of any polluting soil bioremediation process is to assess the level of 
pollution as accurate as possible: to determine the nature of the pollutants and their 
quantity in order to develop the most appropriate remediation biotechnologies.

If determinations of the nature and concentrations of pollutants are the responsi-
bility of the relevant laboratories, an assessment of the effect pollutants have on the 
biological potential of affected soils, as defined by the intensity of microbial and 
enzymatic activity, is made within the microbiology laboratory. This potential is 
appreciated by means of quality bacterial and enzymatic indicators (microbial 
NBSs). Microbiology and enzymology research is confronted with the difficulty of 
comparing the microbial and enzymatic potential of habitats, starting only from 
individual parameters (a group of bacteria, an enzymatic activity).

To overcome these difficulties, two original formulas have been developed for the 
calculation of quality synthetic NBSs, which have proved to be of practical impor-
tance: a bacterial soil quality indicator and an enzymatic indicator of soil quality. 
Finding synthetic NBSs of the biological quality of some habitats is a constant of the 
concerns of researchers in various fields. Knowing the microbial potential of habitats 
is of great interest, since the physiological and implicitly enzymatic activity of 
microorganisms depends on the speed at which the organic matter is reintroduced in 
the biogeochemical circuit, as well as the rate of removal of any pollutant from the 
soil. However, the relevance of individual parameters (a group of bacteria or an 
enzyme) is limited, because different ecophysiological groups coexist in the same 
habitat, heterotrophic bacteria, nitrifying chemotrophs, denitrifying agents, sulphat-
ing agents, desulphorizing agents, ferrooxidants, Fe-reducing, etc., with the number 
of which varies by order of magnitude (Nigam and Shukla 2015).

Since the number of bacteria belonging to different physiological groups differs 
with several orders of magnitude from one group to another, comparing the results 
based on a single synthetic value in the form of an indicator is very difficult. A for-
mula has been developed, based on the premise that the logarithmic function offers 
this possibility of bringing comparable very different values between them (Jin 
et al. 2016).

Enzymatic activity is diverse as the intensity of each activity. In order to assess 
the enzymatic potential of the soil, a formula has been formulated which takes into 
account the individual actual value of each studied activity, finally obtaining a sin-
gle number, which can take values between 0 (when the actual existence of any of 
the studied activities is not recorded) and 1 (when all activities have the values equal 
to the theoretical maximum values). The formula provides an equal weight of each 
activity, thereby achieving a dynamic balance between the activities taken into 
account.

The advantage of the formula is that it makes it possible to compare the potential 
enzymes of different habitats established by different researchers under identical 
reaction conditions. The results obtained through the use of these two quality NBSs 
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in various research demonstrate the utility of NBSs, including the determination of 
the effect of various pollutants on natural habitats. Synthetic NBSs are useful for 
assessing the effectiveness of some biotechnologies for the remediation of habitats 
affected by human activity as well as for estimating the overall biological potential 
of other habitats (Cho et al. 2014).

The overall biological potential of the studied soils and plants will be assessed at 
each stage based on bacterial and enzymatic quality NBSs.

The presence of a pollutant in the soil is evidenced by the variation in the number 
of bacteria belonging to different ecophysiological groups also by the variation in 
activity intensity of different enzymes. The literature shows that the increase in the 
concentration of a pollutant is followed by a decrease in the microbial and enzy-
matic potential, just as the decrease in the concentration of the pollutant is followed 
by the increase in the number of bacteria and the intensification of the enzymatic 
activity. All these are synthesized in the calculated values of enzyme and microbial 
NBSs soil quality (Tepper and Shlomi 2011).

9.5.3  Ecotoxicity Tests for NBSs

Estimation of soil pollution and efficiency of remediation biotechnologies can be 
done by performing ecotoxicity tests: growth inhibition test of Pseudomonas putida 
(SR EN ISO: 2001) and determination of the water inhibitory effect on lumines-
cence at Vibrio fischeri (SR EN ISO 11348 (1–4): 2003). Direct reporting is made 
to European standards aimed at maintaining the environment at controllable levels. 
Bacteria can decompose, directly or indirectly (cometabolically), all-natural organic 
substances and many synthetic products, including toxic substances, for the other 
components of ecosystems.

The degradative capacity of heterotrophic bacteria, called “microbial infallibil-
ity”, is questionable due to xenobiotic chemicals resistant to microbial degradation. 
Degradation of organic substances can be done directly, metabolically or cometa-
bolically. In metabolic degradation, decomposed substances serve as the source of 
nutrients and electron donors for the very bacteria that make it (Espinosa-Urgel 
et al. 2015).

In cometabolic degradation, some substances resulting from the degrading action 
of particular bacteria are not used for nutrition by the bacteria but can be degraded 
by other bacteria or under the influence of metabolic products of any other bacteria 
(organic acids).

In the context of NBSs, it is of interest to find, isolate and select bacterial strains 
from the polluted habitats, thus increasing the chance of identifying strains already 
adapted to the pollution conditions, so finding more efficient microorganisms in the 
soil pollutant removal action. The selected strains will be subjected to laboratory 
treatments to increase their efficiency in the depollution process and then be reintro-
duced into the affected habitats or experimental models imagined for soil contami-
nation (Cho et al. 2014).
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Bacteria belonging to the genus Pseudomonas (Gammaproteobacteria, order IX 
Pseudomonadales, family I Pseudomonadaceae) have chemoorganoheterotrophic 
nutrition; are polar flagellates of bacilli, with strict aerobic respiration, having 
molecular oxygen as the ultimate acceptor of electrons in the respiratory chain; and 
do not grow to pH below 4.5.

They produce siderophores, chelating compounds that bind and immobilize Fe, 
but also other metal ions: Al, Cr, Zn, Cu, Mn, Pb, Cd, etc. The main siderophore 
produced by Pseudomonas putida as well as other species of the same genus (P. 
aeruginosa, P. fluorescens, P. chlororaphis), useful in the processes of decontamina-
tion of polluted soils, is pyoverdine.

The action of siderophores is of ecological importance given the poor accessibil-
ity of Fe3+ ion for living organisms due to the insolubility of its compounds. 
Siderophores bind Fe3+ compounds to form complexes that are transported inside 
cells where they can be used for respiration by anaerobic microorganisms such as 
Fe-reducing bacteria (G. bremensis, G. pelophilus, G. sulfurreducens). Some 
Poaceae (wheat, barley) produce a class of compounds, the so-called phytosidero-
phores, with action similar to siderophores, produced by bacteria.

Another way of enhancing the solubility of Fe3+ compounds in soil or other habi-
tats is acidification of the environment, a process involving also the microbiota of 
the habitat through organic acids resulting from autolysis, respectively, the excre-
tions of plant roots.

Pseudomonas genus members are recognized as having a large spreading and 
highest aerobic degradation capacity of a large number of hydrocarbons, aromatic 
compounds and derivatives, of which many natural compounds and end products or 
intermediates of industrial activity. From the variety of compounds that various 
strains of Pseudomonas can degrade metabolically, there are benzoate, phthalate, 
salicylate, polycyclic compounds, toluene, camphor, xylene, p-cresol, phenylace-
tate, naphthalene, 1,2,4-trimethylbenzene, nicotine and 3-chlorobenzoate. Genes 
responsible for enzyme synthesis involved in the degradation of these compounds 
with environmental impact are placed on plasmids, of which the most extensively 
studied is the plasmid TOL (also called pWWO) and its derivatives, originating in a 
P. putida strain (a plasmid having the genes required for the decomposition of tolu-
ene, m- and p-xylene) (Espinosa-Urgel et al. 2015).

Other plasmids carry genes responsible for the degradation of other high-impact 
compounds: CAM (camphor), OCT (octane) and NAH (naphthalene). Other impor-
tant properties of the Pseudomonas species determined by plasmid genes: resistance 
to antibiotics (chloramphenicol, tetracycline, streptomycin, tobramycin, gentamicin, 
carbenicillin, etc.), to bacteriophages and to bacteriocins and especially resistance to 
various physicochemical agents that are harmful to other microorganisms, including 
UV radiation, borates and chromates, as well as many metal ions (Mulchandani and 
Rajesh 2011).

These properties are useful to the researcher in attempting to isolate the respec-
tive strains from their natural environment: the presence in the culture medium of 
the antibiotic at which they exhibit resistance ensures the elimination of other bacte-
rial strains susceptible to the antibiotic. Pseudomonas species also exhibit some 
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resistance to the action of metals, which for other bacterial species are toxic. In P. 
aeruginosa, as in P. fluorescence, Cu2+ resistance is encoded by chromosomal genes. 
At a strain of the P. putida, the Cu2+ ion may be accumulated in concentration by 
6.5% of the dry weight of the bacteria. The storage capacity was higher in preculti-
vated crops under conditions where the SO4

2− ion was limiting.
In P. stutzeri the resistance to high silver concentrations may be due to the forma-

tion of silver sulphide complexes because no formation of any complex with poly-
phosphates or chelating proteins has been reported. In a strain of this species, 
isolated from a silver mine, three plasmids were found, the largest (~ 50 Md) pos-
sessing genes responsible for metal resistance. P. fluorescence detoxifies aluminium 
by producing a metabolite that complexes the metal. When Fe is also present in the 
medium, the two trivalent ions are immobilized in a lipid-rich complex, which also 
contains P (phosphatidylethanolamine). As in the case of Al and Fe, resistance to 
Zn, Ca and Ga is due to association with phosphatidylethanolamine found in lipid- 
rich complexes. It is believed that half of the plasmids known in P. aeruginosa 
confers resistance to Hg2+ ion. A plasmid of the P. stutzeri species (pPB) confers 
resistance to Hg2+ and organomercury compounds (Kaur et al. 2013).

Resistance to boron, chromium and tellurium is also determined by plasmid 
genes. After growth in the presence of increased concentrations of tellurite, P. aeru-
ginosa and P. putida strains, carriers of plasmids responsible for metal resistance, 
accumulate structures containing tellurium in the periplasmic space. Also, on plas-
mids are genes that determine resistance to arsenic. Arsenatians are reduced to arse-
nites, which are eliminated outside the cell through an export system. A chromosomal 
operon involved in the regulation of this metabolic pathway has also been identified. 
The operon has hybridized with chromosomal segments of some enterobacteria-
ceae, respectively, P. aeruginosa. This operon appears to be the evolutionary precur-
sor of plasmid operons, which, moreover, have the advantage of being present in 
several copies in the same cell, which gives them a greater resistance to metals.

The placement of genes responsible for the degradation of high-impact pollut-
ants, as well as of some that confer resistance to the toxic action of heavy metals on 
transferable plasmas even interspecifically, is a great advantage. Other genes with a 
role in hydrocarbon degradation are located on transposable elements. Given 
advances in the molecular genetics field, plasmids or other genetic vectors possess-
ing interest genes can be constructed to have interspecific mobility, and, implicitly, 
possessive bacteria exhibit great biotechnological efficiency in topical applications 
(Kaur et al. 2013).

Of interest for environmental remediation biotechnologies are members of the 
Burkholderia genus (Betaproteobacteria, ord. I Burkholderiales, family I 
Burkholderiaceae). Interest has increased due to its link with the chemical pollution 
of the environment and concerns about the exploitation of bacterial degradative 
abilities in remediation biotechnologies. The attention is retained by two species of 
the genus: Burkholderia cepacia (or Pseudomonas cepacia) and Burkholderia 
multivorans.

They are aerobic chemoorganoheterotrophic bacteria, but they can use nitrate as 
the ultimate acceptor of electrons in anaerobic respiration. All genus species have 
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the ability to accumulate poly-β-hydroxybutyrate (PHB) as a C deposit, which can 
be degraded and used as a nutritional source when growth conditions become inap-
propriate. The ability to produce and store PHB is a great advantage in interspecific 
competition in the natural habitats of bacteria, usually poor in nutrients. The species 
of the genus produce countless siderophores. On Fe-deficiency environments, for 
example, P. aeruginosa and P. fluorescens synthesize salicylic acid, a high-capacity 
siderophore compound, for binding Fe and other metals.

Like the Pseudomonas species, Burkholderia cepacia is effective in degradation 
of toluene. B. cepacia grows lush on environments containing halogenated herbi-
cides: 2,4,5-trichlorophenoxyacetic acid (2,4,5 T) and 2,4-dichlorophenoxyacetic 
acid (2,4D). Natural strains of B. cepacia are active in the degradation of polychlo-
rinated biphenyls. Dehalogenation occurs frequently after cleavage of the ring, as 
with the metabolism of other haloaromatic compounds. In vitro hybrids have been 
constructed which can effect total degradation of 2-Cl, 3-Cl, 2,4-dichloro- and 
2,4,5-trichlorobiphenyl.

The degradation of pollutant compounds in the environment is controlled by 
plasmids. A 50  kb plasmid carries the genes responsible for the degradation of 
p-nitrophenol by B. cepacia, following an oxidative pathway with formation of 
hydroquinone and nitrite. The plasmid is conjugative and can be transferred to other 
strains, an advantage in the context of the approach to finding the most suitable 
strains for decontamination of the environment as efficiently as possible. A new 
pathway for degradation of toluene is provided by enzymes whose synthesis is regu-
lated by genes located on plasmids: an inducible degradation pathway, another con-
stitutive, the latter being regulated by genes located on the TOM plasmid (108 kb). 
MOP plasmid carries genes involved in the catabolism of phthalate derivatives, and, 
on a plasmid of only 2 kb, there are genes responsible for the degradation of herbi-
cides having phenylcarbamate in formula (Gao et al. 2016).

The mobility of various organic or inorganic metal compounds in soil, as well as 
in other habitats, is closely related to their oxidation state. The energy used by living 
systems to carry out vital activities is provided by the oxidoreduction reactions cata-
lysed by enzymes from the first class, oxidoreductase, in biological systems generic 
named dehydrogenases, because in the electron transport chain the transfer of elec-
trons is accompanied by a transfer of protons (H+). The total oxidation reactions 
carried out at the various cellular components, whereby the cell acquires the energy 
needed to carry out its vital activity, constitute respiration. The tendency of a chemi-
cal compound to accept or yield electrons in biological oxidation reactions is quan-
titatively expressed by the oxidoreduction potential (redox) = Eh.

To visualize the meaning of the transfer of electrons (H+) in the biological systems, 
an axis was imagined where the various redox couples are placed in the ascending 
order of their redox potential. This axis still bears the name of the electron tower 
(Wang et al. 2013).

The reduced form of the redox pair at the top of the tower (negative values; 2H+ 
/H2: Eh = −0.421 V) has the highest tendency to yield electrons, so to oxidize; an 
oxidized form of the torque at the base has the greatest tendency to accept electrons, 
so to reduce (½O2/H2O: Eh = +0.816 V). The redox couples located at the middle of 
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the electron tower can act in two ways: as electron acceptors, which they take from 
couples with a more negative redox potential, located towards the top of the tower, 
and as electron donors, which gives couples with a more positive redox potential 
towards the base of the tower. In their living environments, including soils, different 
ecophysiological groups of bacteria carry out the oxidoreduction reactions accord-
ing to the potential redox present in the electron tower. Example:

Desulfovibrio: oxidizes H2 by way of
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Beggiatoa: oxidizes H2S by way of
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The Thiobacillus genus (Betaproteobacteria, order II Hydrogenophilales, family 
I Hydrogenophilaceae) comprises Gram-negative bacteria of bacillary form, some 
species with flagellar mobility. They are chemolithoautotrophic bacteria, so-called 
unpigmented sulphurous bacteria, which obtain the energy needed to fix CO2 from 
the oxidation reactions of the reduced sulphur compounds or even elemental sul-
phur. Their nutritional and respiratory capacities are complex. It preferably oxidizes 
S or thiosulphate, rather than hydrogen sulphide. The reaction of T. thiooxidans: 
S + 1½O2 + H2O → H2SO4 + E.

As a result of sulphuric acid production, acidity in their natural environment may 
reach 1.5. They are known to be the most acid-tolerant bacteria. They develop opti-
mally at pH  2–4 and are aerobic. Like Beggiatoa, they nourish themselves also 
heterotroph. The natural habitat of unpigmented sulphurous bacteria is waters and 
soils rich in reduced sulphur compounds, mine waters, sulphurous springs. Also 
aerobic is T. ferrooxidans, which oxidizes the Fe compounds in which it is found in 
the Fe2+ state, to compounds where the Fe is Fe3+, as well as other ferrobacteria or 
ferruginous bacteria (Gallionella, Sphaerotilus):

 

2

2 2
4 2 4

1
2 2 2 4 3 2

2
1
2 2 2

FeSO H SO O Fe SO H O E

and Fe OH O H O Fe O

+ + → ( ) + +

( ) + + → HH E( ) +
3

.
 

Ferruginous bacteria are met frequently in waters and rarely in soils. It is of practical 
importance for water supply systems. Metal pipes can be corroded under the action 
of ferruginous bacteria. The formation of oxidized compounds, in particular of ferric 
hydroxide Fe(OH)3 insoluble compound, can lead to clogging of the metallic pipes 
by depositing them as red-brown layers, after which is recognized the presence of 
ferrobacteria in their natural life environments (Wang et al. 2013).
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Denitrifying bacteria (reducing nitrate) have anaerobic respiration, using nitrate 
as the ultimate acceptor of electrons in the electron transport system. In the presence 
of O2, they do aerobic breathing, even if nitrates are found in the environment due 
to the superior energy efficiency of aerobic respiration, as well as the O2 repress of 
nitrate reductase synthesis. There are species that, through the reactions produced, 
fall into two distinct ecophysiological groups of bacteria at the same time. T. denit-
rificans, aerobes, in the presence of O2 can carry out the oxidation reactions of the 
reduced sulphur compounds, but in the absence of O2, for oxidation they use the 
oxygen from the nitrates present in the medium: S+2HNO3→H2SO4+N2+O2+E. 
T. denitrificans sulphonating bacteria, which oxidizes sulphate-reduced sulphur 
compounds it is also a denitrifying bacterium because, under the conditions speci-
fied, it produces nitrate N2. It is a typical example of anaerobic respiration, where 
the final electron acceptor (H) is not O2 but an oxidized inorganic compound (NO3−) 
(Hsieh and Chung 2014).

Some denitrifying bacteria can oxidize also reduced Fe compounds, others can 
ferment, so denitrifying bacteria have a wide range of options with regard to alterna-
tive mechanisms of energy metabolism. Desulphurization–sulphate-reducing bacte-
ria are anaerobic bacteria, in which the final acceptor of electrons is sulphate (SO4

2−). 
The final product of sulphate reduction is hydrogen sulphide (H2S). In the assimila-
tion reduction of sulphides, H2S is converted to organic sulphur, consisting of amino 
acids (essential, cysteine and methionine; nonessential, glutathione, taurine and 
homocysteine). In the nonassimilable reduction is excreted in the environment. The 
typical desulphurizers species is D. desulfuricans (Deltaproteobacteria). Reaction 
produced is 4H2 + H2SO4 → H2S + 4H2O + E.

Disproportionation or dismutation of sulphur is a chemical reaction whereby an 
element is simultaneously reduced and oxidized by forming two different products. 
Some reducing sulphate bacteria have the ability to cleave a sulphur compound in 
an intermediate oxidation state, into two compounds, one lower and other more 
oxidized than the original substrate. D. sulfodismutans can decompose thiosulphate 
(intermediate oxidation state) into (more oxidized) sulphate and (lower) hydrogen 
sulphide: Na2S2O3 + H2O → Na2SO4 + H2S + E.

The process has ecological significance because it provides a way for desul-
phurization bacteria to recover the energy of intermediate sulphur compounds 
resulting from incomplete oxidation of H2S by sulphur-oxidizing bacteria 
(Beggiatoa, Thiobacillus) (Wang et al. 2013).

Transformation of metals under the action of microorganisms plays a role in metal 
cycles in the biosphere. Metal transformations are dominated by oxidoreduction 
reactions, complexation of organic and inorganic compounds and change between 
water soluble and insoluble forms. When a microorganism oxidizes or reduces a 
metal, it precipitates or becomes soluble. Thus Cr6+ is reduced to Cr3+, which precipi-
tates as oxides, sulphides or phosphates of chromium. Bacteria living in environ-
ments with high concentrations of metals have specific physiological mechanisms, 
i.e. they survive under these unfavourable conditions: extracellular precipitation, 
metal ion binding and cell surface elimination, intracellular seizure and intracyto-
plasmic inclusions (Saikia et al. 2014).
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Cation binding to the cell surface has become one of the most attractive biotrans-
formation models. Those metals that have an electron configuration containing 
10–12 layers of electrons are toxic to organisms at relatively low concentrations. In 
this group enter Hg2+, Ag+, Pb2+, Cd2+, Zn2+. Metal–microorganism interactions play 
a role in numerous biotechnologies, such as bioremediation, biomineralization, bio-
leaching and microbial corrosion, and therefore it is of interest. It is intended to use 
bacterial strains in pure cultures or in consortia capable of mobilizing/immobilizing 
metal ions. Microorganisms can mobilize metals by autotrophic or heterotrophic 
leaching, chelation by metabolites and siderophores, methylation and redox transfor-
mations. The heterotrophic leaching is when the microorganism acidifies the envi-
ronment by proton efflux (proton motor force), resulting in the release of metallic 
cations. Autotrophic leaching is when the acidophilic bacterium obtains the energy 
needed to fix CO2 by oxidation of reduced Fe inorganic compounds (Fe2+) or 
reduced sulphur compounds. Siderophores are Fe3+-specific ligands but can also 
bind other metals, such as Mn, Mg, Cr, etc. Methylation involves the methyl group 
that is enzymatically transferred to a metal, forming a number of different metalloids 
(Wang et al. 2013).

Redox transformations allow microorganisms to mobilize metals, metalloids and 
organometallic compounds. There are metal mobilization techniques, the technol-
ogy being chosen and depending on the physical and chemical characteristics of the 
metal. As can occur in inorganic or organic forms. Arsenic trioxide, sodium arsenite 
and arsenic trichloride are the most common inorganic compounds.

Neurotoxicity for the central or peripheral nervous system may be due to inor-
ganic compounds and begins with changes in sensitivity followed by weakening of 
muscle activity. Organic arsenic compounds may be in trivalent or pentavalent form 
and may occur in methylated form as a result of biomethylation in soil, water, sedi-
ment or living organisms.

Pentavalent forms of arsenic are pentoxide, arsenic acid and arsenates, for exam-
ple, PbHAsO4, used as a pesticide to combat Colorado beetle. Pentavalent forms of 
arsenic affect enzyme activity in higher animal and human organisms. There have 
been discovered bacteria that can use arsenic oxide compounds in anaerobic respira-
tion, during which they are reduced to trivalent arsenic compounds (As5+ → As3+) 
(nonassimilation reduction): S. arsenophilum and S. barnesii. Shewanella bacteria 
(Gammaproteobacteria, X. Alteromonadales, fam. I. Alteromonadaceae) anaerobic 
chemoorganoheterotroph does not reduce As5+ compounds but can release the ion in 
the medium as well as reduce Fe compounds (Fe2+). It has been found that 
Pseudomonas arsenitoxidans grows chemolithotroph, obtaining the energy needed 
to fix CO2 from the oxidation reactions of arsenic reduced compounds. The bacte-
rium is able to grow in the presence of organic substance, so it is just autotroph. 
Growth is more intense in the presence of arsenite. By this ability to obtain energy as 
a result of oxidation reactions of arsenite, P. arsenitoxidans strain is a unique organ-
ism in the world of prokaryotes. The discovery is important because other bacteria 
that oxidize arsenic (B. arsenoxydans, A. faecalis) cannot grow chemolithoautotroph. 
The discovery of this strain of P. arsenitoxidans represents an advance in understand-
ing the interactions between microorganisms and arsenic compounds, known for 
their strong antibiotic action (Liu et al. 2011).
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Chromium is present both in living organisms and in rock, water and soils. They 
are in nature only in the form of compounds, not in elemental form. The most com-
mon forms in nature are the compounds of bivalent (Cr2+), trivalent (Cr3+) and 
hexavalent (Cr6+) chromium.

For the manufacture of steel, Cr0 is used. Metallurgical industry’s activities result in 
Cr2+ and Cr6+, while Cr3+ occurs naturally in the environment. The toxicity of Cr com-
pounds is due to the valence state of the metal. Absorption of Cr compounds by cells is 
more intense in the case of Cr6+ compounds, because chromium (CrO4

2−) anion pene-
trates into cells by facilitated diffusion, while passive diffusion and phagocytosis are 
responsible for less efficient processes of penetration of Cr3+ compounds. From the 
point of view of the negative impact of Cr compounds on the health of the environment, 
Cr6+ compounds, most frequently encountered in contaminated sites, are of the greatest 
interest. Cr6+ can be reduced to Cr3+ by organic matter and S2− and Fe2+ ions, under 
anaerobic conditions, frequently encountered in groundwater and flooded soils. In the 
presence of chromates (CrO4

2−) and of dichromates (Cr2O7
2−), metallic cations such as 

lead ones precipitate. In the presence of chromates and dichromates, the Fe and alu-
minium oxides are absorbed by the soil particles. Toxicity and mobility of Cr depend 
on soil characteristics and the amount of organic matter incorporated by it. Hexavalent 
Cr is more toxic and more mobile than all other forms (Hou et al. 2013).

Trivalent Cr is mobile, but its mobility decreases with adsorption by clay miner-
als and when pH drops below 5. pH increase stimulates leaching and solubilisation 
of hexavalent Cr compounds. When Cr is discharged into natural waters, it accumu-
lates in sediments, which can be subjected to bioremediation procedures. It assesses 
the effects of minerals present in subsoil layers on the efficiency of lead removal 
from groundwater using biofilms composed of sulphate-reducing microorganisms 
and examines the stability of metal deposits after biofilms have been temporarily 
exposed to air (Hou et al. 2013).

To quantify the effects, the lead was immobilized in D. desulfuricans biofilms, 
grown under anaerobic conditions in two bioreactors filled with one with hematite 
(redox-active) and the other with quartz (redox-inert). Biofilms grown on hematite 
were denser, thicker and more porous than those grown on quartz. Average H2S 
concentrations were higher in quartz biofilm than in hematite biofilm. Lead has 
been more effectively immobilized in quartz biofilm than in hematite biofilm. Under 
the action of desulphurization bacteria, H2S was produced which reacted with pres-
ent Pb to form precipitating PbS. It has been shown that lead precipitates more in 
the presence of biofilm located near redox-inerts (quartz). Lead deposits have been 
partially reoxidized, especially in biofilms grown on hematite. In bioreactors, bio-
films responded to the presence of O2 by lowering their density and by increasing 
the rate of H2S production (Wang et al. 2014).

Although the reduction of Fe3+ to Fe2+ was not quantified, it was found that Fe 
was continuously released from hematite throughout the experiment. Various acido-
thermophilic microorganisms from soil, sludge and water from polluted environ-
ments due to activities in the metallurgical industry have been isolated for use in the 
bioremediation of toxic metals. The tolerance of these microorganisms to high con-
centrations of Ag, As, Bi, Cd, Cr, Co, Cu, Hg, Li, Mo, Pb, Sn and Zn was improved 
(Wadhwani et al. 2016).
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Isolation and adaptation of microorganisms to high concentrations of metals 
were done by growing them on autotrophic bacteria media under different incuba-
tion conditions (pH, 2–4.5; temperature, 40–65 °C) and concentrations of metals in 
culture media (10−3–10−7 M). If at the concentration of 10−7 M metals 72 isolates 
were obtained, at the concentration of 10−3 M of the metals remained only 16 differ-
ent isolates. Isolates have been used to test their biosolubilization capacity for metal 
sulphide ores. In the case of chalcopyrite (CuFeS2), a copper solubilization of 
85.82% was obtained in the case of covellite (CuS) 97.5% after 5 days of incubation 
in the presence of a metal concentration of 10−3 M, pH 2.5, at 55 °C. Bioadsorption 
was better in chalcopyrite: Ag 73%, Pb 35%, Zn 34%, As 19%, Ni 15% and Cr 9% 
(Williams et al. 2016).

9.5.4  Bioremediation Models with NBSs

After identifying the affected sites and selecting from nature, eventually acquiring 
bacterial strains adapted to the conditions of the studied soils from the world- 
recognized bacterial cultures (ATCC, American Type Culture Collection; DSMZ, 
Deutsche Sammlung von Mikroorganismen und Zellkulturen), lab experimental 
models are created to obtain the optimal conditions for bioremediation of soils con-
taminated with heavy metals, hydrocarbons, products resulting from emissions of 
sulphur dioxide, etc.

According to the literature, an experiment can be carried out for a contaminated 
soil plot with high concentrations of Cu, Zn, Cd, Pb and As by washing it with an 
acidified aqueous solution. For example, the initial soil pH was 5.4–6. The soil 
contained a rich indigenous microbiota, which had the most important contribution 
to the solubilisation of contaminants. Microbial activity has been improved by 
controlled changes in the wash water flow rate, oxygen content and soil nutrients 
(Hou et al. 2013).

In less than 18 months, the residual soil concentrations of metals (with the excep-
tion of lead) fell below the permitted level for the soil type analysed and some 
research were made:

 – Research on the effect of different adsorbent surfaces on the microbial and 
enzymatic potential of habitats. Research has been carried out in numerous lab-
oratory models, aiming at the production of analogues of therapeutic sludge 
from saline lakes. Zeolites (volcanic structures rich in clinoptilolite), clay min-
erals (kaolin), brown coal in the form of powder and peat were used as adsorb-
ing surfaces. Considering the purpose of the research to obtain analogues of 
therapeutic sludge, the various experimental variants were inoculated with halo-
philic microorganisms in the form of sediments from different saline lakes sus-
pended in waters from the same lakes and incubated for different periods (up to 
8 years) under aerobic or anaerobic conditions, in light or in the dark. Periodically, 
the evolution of the microbial and enzymatic potential of the therapeutic sludge 
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analogues was monitored. Without exception, there was a substantial improvement 
in the enzymatic and microbial potential of the systems, with differences 
between the experimental variants based on the nutrient additions (urea, 
KH2PO4). The conclusion is that clay minerals and humic substances exert a 
stabilizing and protective effect on enzymes from sediment and, unquestionably, 
can be said from soils. These substrates contribute to the survival of free enzymes 
accumulated in microsites formed by organomineral complexes, where they are 
protected from proteolysis and inactivation. The best conditions for enriching the 
enzymatic potential were provided by anaerobiosis incubation, whether the 
adsorbent was zeolite or kaolin. Enzymatic potential developed rapidly but sub-
sequently declined rapidly in variants containing brown coal than in peat- 
containing varieties.

 – A biotechnology to improve the quality of crude refractory clays has been devel-
oped with Fe impurities. It is known that refractory clays are of inferior quality 
due to their low content of Al2O3 and their high Fe2O3 content. The developed 
biotechnology consists in various experimental variants by incubating crude 
refractory clays under anaerobiosis conditions favouring the development of Fe- 
reducing bacteria. Fe-reducing bacteria reduce trivalent iron (Fe3+) to ferrous 
iron (Fe2+); by anaerobic respiration, trivalent Fe compounds are insoluble, while 
the divalent Fe are soluble in water. Microbial deferrating biotechnology proved 
feasible. The intensity of the reduction process of trivalent Fe was influenced by 
nutrient concentration, temperature and duration of incubation (30–90 days). Of 
the two types of clay treated, in one case the microbial deferase was 67% and in 
the other case 60%.

 – The effectiveness of zeolites in immobilizing heavy metals in soil is tested. The 
soils examined were contaminated with large amounts of metals: Pb (1054–
40375 ppm) in association with Zn (490–1175 ppm), Cd (13.2–24.2 ppm) and Cu 
(37.6–409.5  ppm) and Cu (360–7000  ppm) in association with Zn (1900–
3100 ppm), Cd (40–80 ppm) and Pb (50–2000 ppm). Soils polluted with heavy 
metals and mixed with zeolites, primarily clinoptilolite (soil 83%–17% zeolite) 
and organic residues, were planted with L. perenne. Plant growth has shown the 
stimulating effect of the addition of zeolite. The better growth of plants was due to 
the fact that the mixture of organic matter + zeolite + contaminated soil provides 
essential nutrient plants (ammonium, humus, potassium, calcium) on the one hand, 
and on the other hand, heavy metals that inhibit plant growth are blocked by cation 
exchange, as a result of the fact that the metals penetrate the structure of the zeolite 
and no longer have direct access to the roots of the plants.

 – In in situ bioremediation of soils contaminated with heavy metals, in the field of 
bioremediation of technogenic soils, tailings dumps result from mining opera-
tions of Pb, Zn and Fe. At the tailings heap, 14 experimental plots were installed 
in the first year, the other 2 in the following year, subjected to a different treat-
ment and seeded with L. perene and T. pratense. Later on, on the heap were 
planted seedlings of H. rhamnoides. Applied biotechnologies have led to the 
formation of favourable conditions for the development of microorganisms, for 
plant growth and for intense and sustainable enzyme activity. The best technology 
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for tailings bioremediation containing Pb and Zn impurities has been covering 
with a layer of 10 cm natural soil from the vicinity of the heap, NPK mineral 
fertilization and seeding with a mixture of herbaceous plants or plants from the 
spontaneous flora from that region. The ascending evolution of the microbial and 
enzymatic potential of the soils from the experimental plots has been remarkable 
from year to year. Crops and juvenile plantations have expanded, so that after 
20 years, the tailings heap, initially with a selenar appearance, with no trace of 
vegetation, especially on the upper terraces, is covered with the vegetation. 
The technogenic soil is being transformed; it already records an enzymatic and 
microbial potential comparable to natural soils. More than 2000 tree and shrub 
seedlings were planted on the terraces and slopes of the tailings pond at the Iara 
Fe mine, mostly by H. rhamnoides. There were 26 experimental plots, cultivated 
with the following herbaceous species: F. rubra, F. arundinacea, D. glomerata, 
L. perenne (Poaceae family), O. viciifolia, T. repens, T. pratense, L. corniculatus 
and M. sativa (Fabaceae family). Both parcels and planting seedlings have under-
gone differentiated treatments. The evolution of the vegetation and of the micro-
bial and enzymatic potential of the soils from the experimental plots was 
monitored. Microbial potential assessment was based on bacterial NBSs of soil 
quality, calculated by taking into account the number of aerobic mesophilic het-
erotrophic, ammonifier, denitrifying, Fe-reducing and desulphurization bacteria. 
Enzymatic potential was assessed on the basis of the enzymatic NBSs of soil 
quality, calculated on the basis of the following enzymatic activities: catalase, 
sucrase, phosphatase and actual and potential dehydrogenase. The results 
obtained prove the efficiency of the applied technologies. After only 1 year of 
vegetation, a remarkable biological potential has developed in the soils of the 
experimental plots. The vegetation had a good evolution, and H. rhamnoides 
seedlings had a massive expanded, already providing a good cover for the tail-
ings (Kumar and D’Souza 2011).

9.5.5  Technology of Bioabsorption of Heavy Metals from NBS 
Diluted Solutions

Concerning heavy metal pollution, the use of microbial biomass has emerged as a 
solution for the development of “environmental friendly” economic and technological 
processes used in the treatment of contaminated sites. Biomass of dead bacteria and 
living microbial biomass can capture metals from dilute solutions through the bioab-
sorption process from contaminated soil mixed with water. Bioabsorption technology 
has the advantage of low operating costs, is effective for dilute solutions and generates 
minimal effluent; in this process, dead microbial biomass functions as an ion exchanger 
by the qualities of various reactive groups available on the cell surface such as car-
boxyl, amines, phosphates, sulphates and hydroxyls. Bioabsorption is possible for 
both forms of biomass, but bioaccumulation is only facilitated by living biomass. 
Bioaccumulation is a growth-dependent process, and it is difficult to define the variety 
of effluents as opposed to bioabsorption that is an independent growth process. 
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Thus, microbial biomass can be used and exploited more effectively as a bioabsorbent 
than as a bioaccumulator (Schallmey et al. 2014).

Research in this field has identified a range of microorganisms and their metal 
binding capabilities. Biomass of fungi offers the advantage of having a cell wall 
material with excellent metal-binding properties. Many fungi and yeasts have dem-
onstrated excellent bioabsorption potential of metals, especially Rhizopus, 
Aspergillus, Streptoverticillum and Saccharomyces. Among bacteria, the Bacillus 
species was identified as having the greatest retention potential of metals and was 
used in the preparation of commercial bioabsorbents.

There have been reports of metal bioabsorption through the use of Pseudomonas, 
Zoogloea ramigera and Streptomyces. Binding to cell walls is involved in the bioab-
sorption process, and their modification may affect the binding of metal ions. 
However, many things cannot be done to offset the conditions of the area that do not 
accept the bioremediation process or which do not provide ideal conditions for 
implementing a biorestoration system.

There are many soil properties that influence the bioremediation process, the 
most important being: soil type and permeability, distribution of granular structure, 
soil moisture content, pH and temperature.

The soil type is an important variable in designing the bioremediation process. 
Noncohesive soils, such as gravel and sand, are better for bioremediation than com-
pact and dense soil. Soil permeability is a key factor in the success of the bioremedia-
tion process, by facilitating the transport and distribution of nutrients and acceptors. 
The more permeable the soil, the better the conditions for the successful application 
of the bioremediation process, this being true for both the unsaturated and the satu-
rated area. Likewise, the air and water circulation in the soil is influenced by its per-
meability. In soils with high permeability, the introduction and movement of air 
through bioventilation are facilitated, this being possible for both in situ and ex situ 
bioremediation (Hou et al. 2013). The soil must be sufficiently permeable to prevent 
the microbial mass from causing pore clogging. In this respect, it is necessary for the 
sites to have a hydraulic conductivity higher than 10−4 cm/s, this value allowing the 
bioremediation to be carried out in situ with good results. An equally important role 
as permeability in the prevention of biopollution is the distribution of the granular 
soil structure.

Studies in this area show that highly porous materials with far granular structures 
are much more susceptible to biopollution than materials with increased porosity; a 
soil without drainage is more predisposed to biopollution than a well-drained mate-
rial. Soil moisture is an important property in the unsaturated treatment systems 
because microorganisms need water as a support for the metabolic process. In the 
bioremediation process, the ideal soil moisture is 50% (Mahr et al. 2015).

9.5.6  Microbial Bioinsecticides with NBSs

A number of microbial species exhibit inhibitory properties towards different insect 
or nematode species. Insecticidal bioproducts obtained from bacteria, fungi or 
viruses can successfully replace treatments with various toxic chemicals.
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The most well-known bioinsecticides are based on the use of B. thuringiensis 
bacteria, which is capable of producing a protein with toxic effects for insects dur-
ing sporulation process. Studies on this species have shown that there are several 
varieties with specific action against certain types of insects: B. thuringiensis active 
var. kurstaki on coleoptera and lepidoptera, B. thuringiensis var. active israelensis 
on diptera, B. thuringiensis var. tenebrionis with specific effect against Colorado 
beetle, etc. (Espinosa-Urgel et al. 2015).

To obtain the biopreparation, the bacteria are cultivated in the fermenters until 
the spores are released by cell lysis, at which time the crystal protein (δ-endotoxin) 
is released into the environment (approximately 30 hour). After centrifuging the 
spores and the crystals, the sediment is dried and included in an inert material so as 
to obtain a wettable powder that can be applied to the plants. A series of bioprod-
ucts is based on pathogenic viruses for insects (baculoviruses), with a high speci-
ficity against specific insect. The most modern ones use wild-type baculoviruses 
or genetically engineered variants that act efficiently especially on insect larvae 
(Lu et al. 2013).

The morphogenetic changes caused by the infection of plants with A. tumefa-
ciens or A. rhizogenes strains are due to the transfer of genes of bacterial origin into 
the plant cells. Agrobacterium genes exhibit an organized genetic system that allows 
the introduction of new genes into the plant cell, due to the presence in their cell of 
a plasmid Ti (“inducing tumour”) or Ri (“root inducing”), which is the determining 
factor of tumour production, respectively, abnormal roots, in plants.

The transfer of a portion of these plasmids into the plant cell genome causes 
functional alterations that result from the occurrence of the tumour phenomenon. 
These plasmids are therefore an organized and complex system of transfer of natu-
ral genetic information into the plant cell without affecting the ecological balance. 
Most studies on the structure of Agrobacterium plasmids were performed with Ti 
plasmids isolated from A. tumefaciens strains (Espinosa-Urgel et al. 2015).

They are large (over 200 kb), with a small number of copies/bacterial cell, trans-
ferable from one cell to another, but only under special conditions. The Ti plasmids 
contain several regions with distinct functions: the DNA–T region (containing the 
tumorigenesis genes), the virulence region (viral genes), the incompatibility region 
(the genes inc), the region controlling the conjugative transfer of the plasmid (tra 
genes), etc., the first two being more important for the process of plant cell transfor-
mation (Gredell et al. 2012).

The virulence region comprises genes essential for the transfer of bacterial 
DNA into the plant cells without being transferred themselves. The viral region 
comprises a segment of about 30–40 kb (depending on the bacterial strain), con-
sisting of more than 20 genes organized in at least 6 transcriptional units (operons): 
virA (one gene), virB (11 genes) virC (2 genes), virD (4 genes), virE (2 genes) and 
virG (one gene). Of these transcriptional units, virA, virB, virD and virG are essential 
for the DNA–T transfer, and virC and virE ensure an increase in transfer efficiency 
(Weising and Kahl 1996).

All these operons are induced in the presence of injured plant cells (which pro-
duce a series of phenolic compounds with inductive role), their functions being as 
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follows: virA and virG encode proteins responsible for recognizing injured plant 
cells and inducing other viral functions; virC and virD encode proteins that provide 
the formation of a single-stranded DNA–T, transferable in the plant cell; virD and 
virE encode proteins that form a complex together with DNA–T guiding it towards 
the plant cell nucleus; they also appear to be involved in the process of integrating 
the DNA–T into the new host genome; and virB encodes proteins responsive to the 
transport of the DNA–T protein complex via the bacterial plasma membrane 
(Gredell et al. 2012).

The studies performed by the DNA heteroduplex analysis of viral regions derived 
from different types of Ti plasmids revealed an extensive homology of this region 
(although some small non-homologous regions it might be due to insertions or dele-
tions occurring in the plasmid structure during evolution).

By comparing the viral region of a nopalinic Ti plasmid with that of one octo-
pinic, it was observed that there are some differences: the first does not present the 
virF locus but instead contains the tsz gene, which allows the bacterium to produce 
the trans-zeatin phytohormone. This gene is located in the octopinic Ti plasmid at 
the left end of the region, along with the virA. The expression of genes located in 
the virulence region of Ti plasmids is inducible and is regulated by the action of 
external factors.

Experimentally, it has been shown that under the action of some signal molecules 
in plant exudates or wounds produced in plants, a strong activation of these genes 
occurs. These signal molecules are phenolic compounds, such as acetosyringone or 
α-hydroxyacetosiringone, which act on the virA and virG regulatory genes. The 
products of these genes are similar to other regulatory membrane proteins (Env Z, 
Omp R, etc.).

Along with the plasmid viral genes, some genes, located at the bacterial chromo-
some, have been identified and are involved in a lesser extent in the genetic transfor-
mation process (Espinosa-Urgel et al. 2015). Of these genes we mention the chvA 
and chvB genes involved in the synthesis and secretion of β-1,2 glucan, the chvE 
gene required for viral region induction and for bacterial chemotactis, the cel locus 
responsible for the synthesis of cellulosic fibrils involved in attaching bacteria to 
plant cells, the pscA gene (exoC) involved in the synthesis of cyclic glucan and suc-
cinoglycanic acid and the At locus involved in the synthesis of surface cell proteins. 
Functions of recognition and attachment of bacteria to the plant cell wall are not 
encoded by plasmid genes but by chromosomal genes.

These genes determine, inter alia, the structure of exopolysaccharides from the 
surface of bacteria involved in recognition processes (Weising and Kahl 1996).

The DNA–T region represents a portion of Ti (or Ri) plasmid that is transferred 
to the plant cell, integrating stably into the cell genome. This DNA–T region (from 
the transferred DNA) is about 20–25 kb in length (depending on the host bacterial 
strain) and contains all the genes (oncogenes) that transferred to the plant cell which 
will determine the characteristic phenotype of the transformed cells. Genes located 
on the DNA–T determines two characteristic properties for plant tumoural cells: 
growth on culture media in the absence of phytohormones and synthesis and secre-
tion of opines, specific substances for these cell types. Eight genes at the DNA-T 
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level were identified and mapped: aux1, aux2 and alpha, all of which are involved 
in encoding auxine synthesis, ipt coding the synthesis of cytokines, ops which 
determines the synthesis of the opines by transformed cells (ocs or nos genes, 
depending on the type of plasmid Ti), also the eighth gene interacting with the 
others, it seems that increase the susceptibility of auxin–transformed cells 
(Espinosa-Urgel et al. 2015).

The DNA–T content of all natural Ti plasmids is flanked by short, approximately 
25 bp nucleotide sequences, directly repeated, essential for the plant cell transfer 
process. Analysis of these terminal sequences showed that they are conserved in the 
different Agrobacterium strains, being recognized by the enzymatic equipment 
involved in the transfer of DNA–T from bacterial cell to the plant cell. In the case of 
Ri plasmids, the analysis of the DNA–T region has been shown to contain a series 
of genes responsible for the “hairy” phenotype of transformed plant tissues.

The genes transferred to the plant cells are grouped at the edges of the DNA–T 
region. Thus, on the left side of the T-DNA are the role genes A, B, C and D that 
sensitize plant cells to auxin action. It has been shown that in certain plant species, 
the simple presence of role genes, even in the absence of other DNA-T genes, results 
in the appearance of the characteristic “hairy root”.

On the right side of the DNA-T from plasmid Ri, there are two genes coding the 
synthesis of auxins (Indole-3-acetic acid) in the transformed cells; along with these 
genes are those responsible for the synthesis of opines (mannopine and agropina) 
(Shin 2010). Regenerated plants from plant tissue transformed with these bacteria 
have a modified appearance compared to regenerated plants in normal tissue.

9.6  Conclusions and Remarks

Microbial NASs contain immobilized microorganisms, and a transduction chain, in 
general, is used for a single biochemical process. NASs HIS (High Integrated 
Systems) with microorganisms show difference from other NASs: living cells regen-
erating, occurring undesirable changes during the operation of the biosensor, higher 
response time than enzymatic NASs, reusing them in another determination requires 
a duration longer time. Fields of use are food industry, drug production, wastewater 
treatment, energy production, fermentation reactions and electron transfer to signal-
ing molecules (phytohormones).

Microbial NASs are used to determine the concentration of some Bacillus subtilis 
substances, ammonium ion determination, acceleration of the respiratory process by 
penetration of NH4 into NH4+ permease system cells, active repression by nutrient 
limitation, decrease of NASs response time, determination of concentration of sub-
stances, cells of Bacillus cadaveris and Proteus morganii, determination of 
[L-aspartate] and [L-cysteine], regeneration of microbial sensors by placement of 
exhausted electrodes in a culture medium suitable for bacterial strains used, develop-
ment of new cells directly on the surface of electrodes, regenerating initial activity 
and extending the life of the biosensor (autolysed cells remain at the surface of the 
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electrode, limiting to several regeneration cycles), selection of mutagens. This paper 
is a bibliographic study which aims to enumerate of some NBS-related notions, sym-
biosis and micorizations as a manifestation of interactions between different groups 
of microorganisms or between microorganisms and higher plants. The study showed 
the close relationship between microorganisms and the physical, chemical and bio-
logical elements of the environment, the interrelations between different groups, but 
also their important role for plants. The beneficial role is noted in the growth and 
development processes of plants, in the intervention in soil nutrient absorption pro-
cesses and in their resistance to diseases and drought. NBSs regulate microbial flora 
around plant roots, suppress pathogenic organisms and help the proliferation of 
beneficial fungi (Сladosporium, Trichoderma and Gliocladium) and nitrogen-fixing 
bacteria; improve germination; develop the root system; strengthen root formation; 
form additional secondary roots; facilitate the absorption of nutrients from soil; 
increase plant resistance to drought; improve plant yield; act on plants at the bio-
chemical and cellular level; and change the biometric features of vegetative growth 
(germination, root system growth, twinning, time required for phenological phases, 
etc.) and crop structure characteristics. Despite the many problems that microorgan-
isms can cause due to their degradation capacities, some species are of practical 
interest because they can lead to the removal of pollutants or xenobiotics from the 
environment, or restoring the quality of the environment.
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10.1  Introduction

Cancer is one of the leading causes of death worldwide; about 8.2 million people 
die as a result of cancer each year. Proliferation of abnormal cells and uncontrolled 
growth lead to the transformation of normal cells into cancerous cells that finally 
results in death (Chow 2010; Siegel et al. 2017). There has been a marginal increase 
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in cancer cases in the last few years in sub-Saharan African countries (Pace and 
Shulman 2016). Current cancer treatments are facing many challenges, such as 
side effects and nonspecific systemic distribution that leads to damage not only to 
the tumor tissue but also healthy tissues and cells. Therefore, there is an urgent 
need to find effective and safe anticancer agents (Wicki et al. 2015). The develop-
ment of nanoparticles has paved new pathways and provided new avenue in cancer 
therapy with a drug delivery system targeted at the tumor site. This has since 
advanced the bioavailability, stability, absorption, solubility, and therapeutic effec-
tiveness of many anticancer agents (Sakamoto et al. 2010; Diaz and Vivas-Mejia 
2013; Prasad et al. 2017a). Nanotechnology is an emerging field of science and 
engineering that is promising to generate new medical applications such early 
detection, rapid and real-time diagnostics, and advanced drug/gene delivery sys-
tems for diseases like cancer, diabetes, cardiovascular, and infectious diseases 
(Lara et al. 2010; Prasad et al. 2014, 2017a, b). The advantage of using this tech-
nology is that it deals with the manipulation and synthesis of particles at an atomic 
scale and molecular level, i.e., 1–100 nm (Rajput et  al. 2017; Barkhade 2018). 
Although physical and chemical methods are more used during the production of 
nanoparticles, both methods use toxic chemical that are not suitable for medical or 
pharmaceutical applications as it may have adverse effect. Chemical methods have 
negative effects on humans and the environment, are very expensive, and require 
high temperature, energy, and pressure for nanoparticle formation (Bhattacharya 
and Mukherjee 2008).

The biological synthesis of silver and gold nanoparticles using microorganisms 
has attracted great attention for medical and pharmaceutical applications due to its 
capability to produce effective antibacterial, antifungal, antiviral, and anticancer 
agents (Park et al. 2016; Prabhu and Poulose 2012; Otari et al. 2015; Prasad 2014; 
Prasad et al. 2016, 2018a, b). Moreover, biological synthesis promises to offer an 
inexpensive method for the production of metal nanoparticles that are nontoxic and 
environmentally friendly (Sadowski et  al. 2008; Narayanan and Sakthivel 2010; 
Hulkoti and Taranath 2014; Monika et  al. 2015). Microbial production of silver 
nanoparticles involves mixing a silver nitrate (AgNO3) solution with microbes, 
which can take place either intracellularly or extracellularly (Bhainsa and D’Souza 
2006; Balaji et al. 2009; Natarajan et al. 2010; Kalishwaralal et al. 2010; Sunkar and 
Nachiyar 2012; Siddiqi et al. 2018; Prasad 2016, 2017; Prasad et al. 2016, 2018a, b). 
Microbes act as reducing and capping agents of metal compounds, resulting in 
nanoparticles with different shapes and particle sizes ranging from 1 to 100 nm. 
During intracellular synthesis, nanoparticles were shown to be synthesized inside 
the microbes’ cell cytoplasm, while in the extracellular method, nanoparticles were 
shown to be synthesized outside microbes employing cell-free culture supernatants 
(Shivaji et al. 2011; Nanda et al. 2012; Das et al. 2014; Otari et al. 2015). However, 
intracellular synthesis of metallic nanoparticles is considered to be more expensive 
when compared with extracellular synthesis and requires additional steps post 
nanoparticle formation in order to release the synthesized nanoparticles inside the 
cell. As a result, this makes intracellular synthesis more difficult when it comes to 
nanoparticle isolation and identification in the presence of microbes, making this 
method highly biohazardous. Extracellular synthesis is cheap, faster, eco-friendly, 
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and safer than the intracellular approach. During extracellular methods, metal ion 
synthesis occurs outside of the cells, employing culture supernatants with biomol-
ecules such as enzyme nitrate reductase, proteins, and biosurfactants as reducing, 
capping, and stabilizing agents (Sanghi and Verma 2009; Saravanan et  al. 2011; 
Sathiyanarayanan et al. 2013; Lee et al. 2016; Aziz et al. 2015, 2016, 2019).

This chapter will provide comprehensive detail on biogenic synthesis of silver and 
gold nanoparticles using bacteria, fungi, and yeast through intracellular and extracel-
lular routes. Additionally, the influence of utilizing different microbes for production 
of metal nanoparticles on the particles size and shape will be discussed. This chapter 
will also demonstrate the potential benefits and the mechanism of toxicity of nanopar-
ticles on cancer cells as the potential anticancer agent. Furthermore, the chapter will 
look at the setbacks and future prospect on biological production of silver and gold 
nanoparticles with up-scalable industrial production.

10.2  Microbial Synthesis of Silver and Gold Nanoparticles

Biological production of Ag NPs and Au NPs using bacteria, fungi, and yeast is 
promising to offer cheaper and eco-friendly methods. Microbial synthesis of metallic 
nanoparticles involving microbes consist of two routes: intracellular and extracel-
lular (Mukherjee et  al. 2001; Gade et  al. 2008; Rajeshkumar et  al. 2013; 
Sarangadharan and Nallusamy 2015; Sowani et al. 2016). Intracellular production 
of metallic nanoparticles occurs inside cells in the presence of biomolecules that are 
released by microbes as reduction agents (Siddiqi et  al. 2018). The intracellular 
mechanism involves the transportation of ions into the cell wall which influence the 
enzymes to convert the toxic metal ions into nontoxic metal nanoparticles (Malarkodi 
et al. 2013). In the extracellular route, the reduction of metal ions to form nanopar-
ticles occurs on the outer cell membrane in the culture supernatants media without 
microbial cells (Maliszewska and Puzio 2009; Singh et  al. 2013; Abo-State and 
Partila 2015). As in the intracellular route, the extracellular mechanism also involves 
enzyme activity that facilitates the reduction and capping of metallic ions into 
metallic nanoparticles (Malarkodi et al. 2013). The presence of biomolecules such 
as enzyme nitrate reductase, proteins, and biosurfactants facilitates the reduction of 
metal ions which also act as capping and/or stabilizing agents (Saravanan et  al. 
2011; Sathiyanarayanan et  al. 2013; Lee et  al. 2016; Joshi et  al. 2018). Nitrate 
reductase enzyme in microorganisms is mainly responsible for the reduction of 
metal ions, as well as stabilizing during the formation of nanoparticles (Kumar et al. 
2007; Marambio-Jones and Hoek 2010). It has also been demonstrated that the 
reduction process using microbes is responsible for production of metal nanoparti-
cles with unique shape and particle size distribution (Mohseniazar et  al. 2011; 
Zomorodian et al. 2016). The formation of Ag NPs in the microbial culture medium 
is also shown to be responsible for color change, from clear/light yellow to a light/
dark brown color (Eugenio et  al. 2016; Dhoondia and Chakraborty 2012; Singh 
et al. 2017). Post color change observation, the formation of nanoparticles was vali-
dated with surface plasmon absorption band(s) at about 430 nm using UV-visible 
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spectroscopy (Korbekandi et  al. 2013; Kumari and Ajeet 2016; Abo-State and 
Partila 2018). The formation of metal nanoparticles through metal ion reduction in 
the presence of the biomolecules as capping agents, either through intracellular or 
extracellular route, was confirmed by Fourier transform infrared (FTIR) spectros-
copy (Singh et al. 2017). Nanoparticle size and morphology were characterized by 
transmission electron microscope (TEM), scanning electron microscope (SEM), 
atomic force microscopy (AFM), and X-ray diffraction pattern (Singh et al. 2014, 
Kumar and Ghosh 2016, Ajah et al. 2018). Particle size distribution and polydisper-
sity were measured employing dynamic light scattering (DLS)/Zetasizer Nano ZA 
and Nano tracking analyzer (Zomorodian et al. 2016; Ghiutta et al. 2018; Luo et al. 
2018; Wypij et al. 2018).

10.3  Silver Nanoparticle Synthesis Using Microbes

Several microbial strains bacteria, fungi, and yeast have been used for Ag NPs  
synthesis, either via intracellular or extracellular route. Microbes are used for Ag 
NPs production because they are easy to handle, grow in low-cost medium, main-
tain safety levels, and have the potential of adsorbing the metal ions and reducing 
them into nanoparticles (Kathiresan et al. 2009; Menon et al. 2017; Prasad et al. 
2016). Different microbes or extracts in culture medium facilitated the production 
of Ag NPs with different size and shape (Tables 10.1 and 10.2).

10.3.1  Silver Nanoparticle Synthesis Using Bacteria

Table 10.1, shows different bacteria strains used for biosynthesis of Ag NPs with 
different particle size and shape. Very recently, Abo-State and Partila (2018) have 
reported extracellular biosynthesis of Ag NPs from four bacteria isolates including 
Pseudomonas aeruginosa, Bacillus cereus, Achromobacter xylosoxidans, and 
Ochrobactrum sp. Nanoparticles were formed post incubation of Ag NO3 in the 
cell-free extracts in the dark for about 4  hours. The bacterial isolates produced 
spherical Ag NPs with particle size ranging from 7.8 to 13.4  nm. Ghiutta et  al. 
(2018) reported production of Ag NPs using two Bacillus species, namely, Bacillus 
amyloliquefaciens and Bacillus subtilis. Brown color and UV-vis spectrophotome-
try results with the absorbance peak at 418 nm and 414 nm validated the formation 
of Ag NPs. It was reported that Ag NPs formed with a spherical shape and with an 
average diameter smaller than 140  nm employing SEM and DLS.  Rajeshkumar 
et al. (2013) investigated biological production of Ag NPs using Vibrio alginolyticus 
using both routes, intracellular and extracellular biosynthesis. The Ag NPs were 
formed with the diameters in range of 50–100  nm. In a recent study, Luo et  al. 
(2018) investigated the influence of nutrient broth and Mueller-Hinton broth used 
as growth media of bacterial culture in the reduction of silver ions to form Ag NPs. 
The study demonstrated both culture media to be responsible for the reduction and 
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capping of AgNO3 ions to form Ag NPs. The size and shape of Ag NPs produced by 
reacting silver ions and bacterial culture was shown to be mainly dependent on the 
culture media. It was concluded that the growth media of bacterial culture have 
significant influence in the biological production of metallic nanoparticles. Wypij 
et  al. (2018) have reported production of Ag NPs from cell-free supernatant of 
Streptomyces xinghaiensis OF1 strain at room temperature. The physicochemical 
characterization and surface charges of Ag NPs were validated employing TEM 
(5–50 nm), Zetasizer and NTA (64–69 nm), and DLS, and the particles were shown 
to have negative zeta potential (−15.7 mV). Ajah et al. (2018) have demonstrated a 
high production of Ag NPs from culture supernatant of Haemophilus influenzae 
isolate. The extracellular study reported silver nitrate to be responsible for bioreduc-
tion of silver ions into Ag NPs. The formation of Ag NPs was confirmed by a brown 
color in the bacteria supernatant and the appearance of an absorption peak at 
425 nm. Kushwaha et al. (2015) also demonstrated extracellular synthesis of Ag 
NPs from E. coli bacteria isolated from urine with diameters in the range 20 to 
50 nm. Shahverdi et al. (2007) have reported rapid and extracellular biosynthesis 
of Ag NPs from enterobacteria. The interaction of AgNO3 with the bacteria was 
achieved within 5 minutes in culture supernatants of enterobacteria. Kalimuthu et al. 
(2008) confirm biosynthesis of Ag NPs with crystal structure employing bacteria 
stain B. licheniformis.

10.3.2  Silver Nanoparticle Synthesis Using Fungi

Extracellular and intracellular biosynthesis of Ag NPs using pathogenic and non-
pathogenic fungi has been reported, namely, Fusarium oxysporum (Ahmed et  al. 
2018); Emericella nidulans EV-4 (Rajam et al. 2017); Raphanus sativus (Singh et al. 
2017); Rhizopus stolonifer (Rahim et al. 2017); Ganoderma enigmaticum; Trametes 
ljubarsky (Gudikandula et  al. 2017); Trichoderma viride (Elgorban et  al. 2016); 
Aspergillus species such A. fumigatus, A. clavatus, A. niger, and A. flavus (Zomorodian 
et al. 2016); Aspergillus oryzae (Phanjon and Ahmed 2015); Neurospora intermedia 
(Hamedi et al. 2014); Eucalyptus chapmaniana (Vadlapudi and Kaladha 2014); and 
Penicillium nalgiovense (Maliszewska et  al. 2014); see Table 10.2. Ahmed et  al. 
(2018) recently reported biosynthesis of Ag NPs from the isolate of filamentous 
fungus F. oxysporum. This extracellular synthesis presented Ag NPs with a spheri-
cal to oval shape and particle size with a diameter ranged from 21.3 to 37.3 nm. The 
nanoparticles showed to be very stable and with a peak at 408–411 nm of surface 
plasmon resonance remained unchanged for period more than 4  months under 
4 °C. In a study conducted by Zomorodian et al. (2016), the extracellular biosynthe-
sis of Ag NPs using Aspergillus species, namely, A. fumigatus, A. clavatus, A. niger, 
and A. flavus, was reported. Nitrate reductase enzyme activity during biotransforma-
tion of silver ions to Ag NPs in the presence of fungal isolates was confirmed by 
nitrate reduction test kit (Fluka 73,426, Sigma-Aldrich). The tests exhibited high 
nitrate reductase enzyme activity with three stars in A. fumigates, intermediate 
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enzymatic activity in A. clavatus and A. niger, and lowest enzymatic activity in 
A. flavus. The formation of Ag NPs was confirmed by UV-vis spectroscopy and 
AFM. Another study by Jaidev and Narasimha (2010) also reported extracellular 
production of Ag NPs using A. niger as reducing and capping agent. Rahim et al. 
(2017) reported biological production of Ag NPs using R. stolonifer (mold). The 
stable Ag NPs formed extracellularly with a spherical shape and were monodisperse 
with a mean size of 9.47 nm. Gudikandula et al. (2017) have investigated the pro-
duction of Ag NPs from two white rot fungi, namely, G. enigmaticum and T. ljubar-
sky. The study reported rapid reduction time of aqueous Ag+ to form Ag NPs during 
the incubation of silver ions together with these two fungi isolates. The color of the 
supernatant solution changed from light yellow to a brown color within 12 hours post 
incubation period showing production of Ag NPs. TEM imaging was used to confirm 
spherical to round shape of the Ag NPs, with a particle size range of 15 to 25 nm. 
Another study by Chan and Don (2013) also reported biosynthesis of Ag NPs using 
white rot fungi. Hamedi et al. (2014) investigated using nonpathogenic fungus N. 
intermedia for Ag NPs synthesis extracellularly. Controlled biosynthesis of Ag NPs 
was conducted in culture supernatant and cell- free filtrate of the fungus in the pres-
ence and absence of light. The results revealed stable Ag NPs formation with mono-
dispersity in cell-free filtrate. The presence of light during incubation of silver ions 
in the cell-free filtrate was reported to have an influence toward the rate of reduction 
of metal ions into Ag NPs.

10.3.3  Silver Nanoparticle Synthesis Using Yeast

The studies on biological synthesis of Ag NPs using yeast fungi strains have also 
gained attention in recent years (Saravanan et  al. 2013; Moghaddam et  al. 2015; 
Niknejad et al. 2015; Waghmare et al. 2015; Eugenio et al. 2016; Korbekandi et al. 
2016; Ganbarov et al. 2017; Sowbarnika et al. 2018). The advantage of using yeast 
strains for Ag NPs production is that they are easy to control in laboratory conditions, 
show rapid growth, and are inexpensive to cultivate (Kumar et al. 2011; Skalickova 
et al. 2017). In addition, they have a high secretion of enzyme, protein, and other 
metabolites that can act as reducing and stabilizing agents during the production of 
Ag NPs. In another study, yeast strain Saccharomyces cerevisiae was reported to be 
responsible for protein secrete that facilitated silver ion reduction to produce Ag NPs 
stable in alkaline medium, pH 11–12 (Zahran et al. 2013). Saravanan et al. (2013) 
reported the production of Ag NPs using baker’s yeast S. cerevisiae. The study 
showed baker yeast to have capability for production of Ag NPs with a particle size 
range of 60 to 80 nm. In a similar study by Jha et al. (2008), the synthesis of Ag NPs 
with a spherical shape and size ranging from 6 to 20 nm using baker’s yeast S. cere-
visiae was reported. Ganbarov et al. (2017) recently showed intracellular production 
of Ag NPs employing Saccharomyces sp. BDU-XR1 isolated from spontaneous 
yogurt. SEM study revealed Ag NPs with an average size range of 8–17 nm. Ortega 
et  al. (2015) also exhibited extracellular production of Ag NPs using yeast 
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Cryptococcus laurentii in the culture supernatants. Kumar et al. (2011) showcased 
the use of novel marine yeast Candida sp. VITDKGB for biosynthesis of Ag NPs. 
UV-visible spectrum with a peak at 430  nm and the color of culture supernatant 
changing from light pale yellow to brown indicated the formation of Ag NPs. AFM 
analysis confirmed the formation of Ag NPs with size around 87 nm. Waghmare 
et al. (2015) reported biosynthesis of Ag NPs using yeast stain Candida utilis. The 
Ag NPs formed and were reported to have a spherical shape and a size in the range 
of 20–80 nm. Kowshik et al. (2013) reported extracellular synthesis of Ag NPs with 
a diameter in the range of 2 to 5 nm using yeast strain MKY3.

10.4  Gold Nanoparticle Biosynthesis Using Microbes

Similar to Ag NPs, biosynthesis of Au NPs using microbes as green synthesis route 
has gained a lot of attention (Mourato et  al. 2011; Pantidos and Horsfall 2014; 
Monika et al. 2015; Rao et al. 2017). Biosynthesis offers biocompatibility and non-
toxicity and is an easier and inexpensive procedure for Au NPs production. In addi-
tion, the biosynthesis of Au NPs is easy to scale up for larger-scale production of 
nanoparticles at a lower cost and is able to act as antimicrobial and anticancer agent 
(Ramesh and Armash 2015; Menon et al. 2017). The secretion of enzyme methio-
nine sulfoxide reductases, proteins, amino acids, carbohydrates, and other metabo-
lites by microbes facilitated the process of reduction of gold ions into Au NPs. The 
reduction process of Au NPs occurs during the incubation period of gold ions and 
microbial cell cultures, either via the intracellular or extracellular route employing 
cell-free culture supernatants (Narayanan and Sakthivel 2011; Glisic et al. 2012; 
Kar et al. 2014). Au NPs biosynthesis using bacteria, fungi, and yeast is summarized 
in Table 10.3. In a recent study by Montero-Silva (2017), it was reported that the 
mechanism of gold ion reduction during extracellular biosynthesis was influenced 
by oxidation of macromolecules that are located in the bacteria cellular membranes. 
The production of Au NPs in microbial culture medium was observed by color 
change from a light yellow to a dark red/purple color. Gold ions incubated with 
diverse microorganisms produced Au NPs with different shapes such as spherical, 
rod, quasihexagonal, pentagonal shape, and/or nanocrystal (Narayanan and 
Sakthivel 2011). Meysam et al. (2014) have reported biological production of Au 
NPs with a particle size range of 20–50 nm using bacteria strain Streptomyces 
fulvissimus isolate. Extracellular production of Au NPs was achieved by exposure 
of bacterial biomass with auric chloride (AuCL4) ions. The formation of Au NPs 
was characterized by color of the reaction solution that changed from a yellow color 
to a dark red color and UV-visible spectrum with a peak at 550 nm. A recent study 
by Ranjitha and Rai (2017) demonstrated good catalytic activity for the degradation 
of methylene blue using Streptomyces griseoruber for the production of Au NPs in 
a bacterial culture supernatant. UV-visible spectrophotometer results showed the 
presence of peak absorbance between 520 and 550 nm and confirmed the formation 
of Au NPs (5–50  nm) during bioreduction. Li et  al. (2016) reported rapid 
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biosynthesis of gold nanoparticles using Deinococcus radiodurans with the reaction 
time of 8 hours. Fungi strain, namely, Thermophilic filamentous was reported to 
produce HAu NPs with different sizes ranging from 6 to 40 nm (Molnar et al. 2018). 
Srinath et  al. (2017) demonstrated on the used gold mine bacteria Brevibacillus 
formosus to produce Au NPs. The interaction of 1 mM hydrogen tetrachloroaurate 
(HAuCl4) with the bacteria was done in the microwave oven to produce Au NPs 
with an average particle size of 5–12 nm and a spherical shape. Gitanjali and Ashok 
C (2015) used the fungus F. oxysporum for the biosynthesis of spherical and ellip-
soid Au NPs with an average size of 21.82  nm. Another study by Gopinath and 
Arumugam (2014) reported biosynthesis of Au NPs using fungus F. solani. The 
interaction of the HAuCl4 solution with F. solani was reported to occur through the 
extracellular route in the culture filtrate. The reduction and formation of Au NPs 
was observed by fungal culture filtrate medium color change from transparent liq-
uid filtration to purple or pink post 24 hours mixture incubation at 30 °C. TEM 
analysis revealed the formation of stable Au NPs with a spherical shape and size 
ranging from 20 to 50 nm. Zhang et al. (2016) exhibited biosynthesized Au NPs 
using yeast strain Magnusiomyces ingens and the catalytic activity of nitrophenols, 
a reducing agent. SEM and TEM images were used for confirmation of nanoparti-
cles with different shapes, including spherical, hexagon, and triangular shape. Many 
other studies were reported for biosynthesis of Au NPs using yeast strains: actino-
mycete Gordonia amicalis HS-11 (Sowani et  al. 2016) and Yarrowia lipolytica 
(Nair et al. 2013).

10.5  The Mechanisms and Anticancer Activity 
of Biogenerated Metal Nanoparticles

The efficacy of biogenerated metal nanoparticles on various human cancer cells 
including cervical carcinoma, colon cancer, breast cancer, ovarian cancer, brain 
tumor, and prostate cancer cells has been studied and reported (Chithrani and Chan 
2007; Zhang and Gurunathan 2016; Nagajyothi et al. 2017; Buttacavoli et al. 2018; 
Miri et al. 2018). It was also reported that nanoparticle size and shape influence dis-
tribution in the bloodstream and uptake in tumor tissues (Nativo et al. 2008; AshaRani 
et al. 2009; Ng et al. 2015; Truong et al. 2015; Bregoli et al. 2016). Although biogen-
erated metal nanoparticles possess higher anticancer properties, intensive investiga-
tion of the mechanism of uptake of nanoparticles to induce toxicity is needed in 
order to confirm efficacy and clinical suitability. According to AshaRani et  al. 
(2009), the cell uptake involves molecules entering the cells through plasma mem-
brane via active transport or passive diffusion. Active transport is energy dependent, 
while passive transport requires no energy.

The uptake of NPs into the cells mainly occurs through an active transport 
called endocytosis. During endocytosis, the NPs are engulfed in plasma membrane 
invaginations that are pinched off to form membrane-bound vesicles called endo-
somes (phagosomes, in case of phagocytosis). The endosomes then deliver the 
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NPs to various intracellular compartments. Endocytosis can be broadly divided 
into two categories: phagocytosis (the uptake of large particles) and pinocytosis 
(the uptake of fluids and solutes). Phagocytosis takes place in specialized cells 
such as macrophages, monocytes, neutrophils, and dendritic cells. Pinocytosis, on 
the other hand, is present in all cell types and has different forms depending on the 
cell origin and function. There are several different classifications of pinocytosis, 
and these include the (a) clathrin-mediated endocytosis, (b) caveolae-mediated 
endocytosis, (c) clathrin- and caveolae-independent endocytosis, and (d) macropi-
nocytosis (Sahay et al. 2010). Clathrin- and caveolae-mediated endocytosis indi-
cates receptor-mediated endocytosis. In receptor-mediated endocytosis (RME), 
specific molecules combine with receptor proteins embedded in the plasma 
membrane. A molecule that binds specifically to a receptor is called a ligand. 
Ligands such as folate, albumin, and cholesterol facilitate uptake through caveo-
lae-mediated endocytosis, whereas ligands for glycoreceptors facilitate clathrin-
mediated endocytosis. Macropinocytosis is enabled by the incorporation of 
cell-penetrating peptides, such as TaT (trans- activating transcriptional activator) 
peptide into the design of the engineered nanoparticle (Stern et al. 2012; Petros 
and DeSimone 2010; Sahay et al. 2010).

Clathrin- and caveolae-mediated endocytotic pathways are the preferred mode 
of uptake pathways for NPs because the plasma proteins are adsorbed onto the 
surface of NPs when exposed to physiological conditions. Generally, large parti-
cles (>500 nm) are taken up by phagocytosis, whereas smaller particles (<100 nm) 
enter via the RME pathways (Oh and Park 2014; Alkilany and Murphy 2010). NPs 
can be internalized into many types of cells through the plasma membrane. The 
internalization is highly dependent on the NPs size, shape, surface properties 
(charge and coating), as well as the cell type (Oh and Park 2014; Stern et  al. 
2012). It is important to know the exact mode of endocytosis because it deter-
mines the site of drug release, which can be the acidic lysosomal compartment, 
cytosol, or another organelle, which, in turn, determines the efficacy of the drug 
and its toxicity on cells. Co-localization of NPs with specific endocytosis markers 
or exclusion of specific endocytotic mechanism by inhibitors of endocytosis can 
be used to study the mode of uptake pathway of NPs. For example, actin filaments 
play a crucial role in the phagocytotic process of cellular uptake and inhibition of 
actin polymerization by cytochalasin D disrupts this phagocytotic mode of uptake 
(Sahay et al. 2010).

Ag NPs and Au NPs have shown promising results in cancer treatment. Easy syn-
thesis, chemical stability, and ease of surface modifications on Au NPs make them 
highly suitable for targeted drug delivery, especially in cancer cells (Ng et al. 2015; 
Alkilany and Murphy 2010). Ag NPs have shown to be more toxic to normal cells as 
compared to Au NPs. Nonetheless, the antimicrobial, antiproliferative, and apopto-
sis-inducing properties of (Ag NPs) make them ideal candidates for anticancer ther-
apy. For both these metallic NPs, RME has been proposed to be the major uptake 
pathway (Ng et al. 2015; Alkilany and Murphy 2010; AshaRani et al. 2009). Studies 
have shown that transferrin-coated Au NPs of different sizes (14, 50, and 74 nm) 
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were taken up by the clathrin-mediated endocytosis in STO fibroblasts and HeLa 
cervical cancer and SNB19 brain tumor cell lines (Chithrani and Chan 2007). Nativo 
et  al. (2008) showed that both clathrin- and caveolae-mediated endocytosis are 
involved in the uptake of PEG-modified 16 nm Au NPs in HeLa cells. Macropinocytosis 
was found to be the main uptake mechanism in a study conducted using gold nanorods 
and nanospheres (15–50 nm) by Bartneck et al. (2010). In this study they showed that 
gold nanorods were taken up more efficiently by macrophages as compared to the 
nanospheres. AshaRani et  al. (2009) observed clathrin- mediated endocytosis and 
macropinocytosis as the main pathways in Ag NPs (6–20  nm) cellular uptake in 
human lung fibroblasts and human glioblastoma cells. In some instances, more than 
one entry point is involved in the uptake of NPs. Gliga et al. (2014) showed that 
10 nm and 75 nm citrate-coated Ag NPs were taken up by a combination of endocy-
totic mechanisms (clathrin-mediated, caveolae-mediated, macropinocytosis, and 
phagocytosis) in human (BEAS-2B) lung cells.

Phagocytosis is a process where the cell ingests large solid particles such as 
bacteria and food. The ingested material is engulfed by the folds of plasma mem-
brane to form a vacuole, which then fuses with lysosome to form phagolysosome. 
The ingested materials in the phagolysosomes are then degraded by enzyme-cata-
lyzed hydrolysis. Clathrin-mediated endocytosis involves the formation of clathrin-
coated pits on plasma membrane, which are pinched off to form endocytic vesicles 
(early and late endosomes) that fuse with lysosomes, an acidic environment prone to 
NPs degradation. Caveolae-mediated endocytosis is flask-shaped invaginations of 
plasma membrane forming caveolar vesicle. The advantage of this pathway is that 
they can bypass the lysosomal degradation pathway. Macropinocytosis occurs in 
many cells, including macrophages, and involves formation of actin-dependent 
membrane protrusions (similar to phagocytosis) and form large endocytic vesicle 
called macropinosomes. They eventually fuse with the lysosomal compartment or 
recycle their content to the surface. This pathway serves as a nonspecific entry point 
and internalizes large particles in cells, which lack phagocytosis (Sahay et al. 2010; 
Singh et al. 2010; Hillaireau and Couvreur 2009). Once the NPs are internalized, the 
subcellular distribution of NPs to different organelles inside the cell depends on the 
surface charge and protein-protein interactions (Singh et al. 2010). By surface modi-
fication of NPs (size, surface charge, coating, and ligands), it is possible to achieve 
targeted drug delivery to the desired organelles via the preferred mechanism of 
uptake. For example, caveolae were found to be enriched with aminopeptidase P 
(APP). Au NPs modified with antibody to APP were shown to be transported across 
endothelium to tumor lung tissue via this pathway (Sahay et  al. 2010). Albumin- 
coated Ag NPs (uptake via albumin receptor-mediated endocytosis and localized in 
mitochondria) showed high potential in targeted drug delivery against an invasive 
human breast cancer cell line (Azizi et al. 2017). The cell type also plays a critical 
role in determining the nanoparticle entry and intracellular location in the cells. 
Because of the diversity of nanomaterials and cells used in the intracellular traffick-
ing studies, it is challenging to find common factors that define the intracellular 
transport of nanomaterials (Sahay et al. 2010).
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10.6  Future Prospect of Biological Synthesis of Metallic 
Nanoparticles

The possibility of future success in biosynthesis of metallic nanomaterials (Ag NPs 
and Au NPs) employing microbes promises to offer a new generation of antimicrobials 
and anticancer agents that are effective and inexpensive. However, the following 
setbacks on biosynthesis of Ag NPs and Au NPs still need intensive investigation:

 1. The mechanism of biosynthesis of metallic nanoparticles is not clearly under-
stood, both extracellular and intracellular synthesis. The ability to understand 
this mechanism fully could facilitate the manipulation of the biosynthesis 
process in order to produce nanoparticles that are stable with the desired shape, 
particle size, and monodispersity. Many studies showed the antibacterial and 
anticancer or uptake of Ag NPs and Au NPs by cancer cell to be influenced by 
the size (1–100 nm) and shape of these particles.

 2. Although green synthesis is able to scale up for larger-scale production of metal-
lic nanoparticles, industrial production with high yield will require optimization 
of the cell growth and bioreduction conditions in the reaction mixture.

 3. The influence of microbial culture media nutrients and potential microbial con-
taminations need to be investigated as it could lead to false results.

 4. Intracellular biosynthesis is associated with the following difficulties: nanoparticle 
isolation and identification requires extra processing phases like ultra- sonication 
in order to achieve maximum results. Due to these challenges, this method is 
considered by others to be a biohazardous.

 5. In-depth study on Ag NPs and Au NPs properties in mammalian immune system 
and in vivo toxicity study are recommended in order to confirm safety and clinical 
significance.

 6. Due to the ability of the biosynthesized Ag NPs and Au NPs employing microbes 
on medical and pharmaceutical applications, an increasing awareness and 
research investment in green route synthesis is crucial in order for its potential to 
be realized.

10.7  Conclusion

Biosynthesis of metallic nanoparticles using microbes has gained a lot of attention 
in the recent years. Regardless of the microbial strain used, namely, bacteria, fungi, 
and yeast, or the method used for fabrication of metallic nanoparticles, intracellular 
or extracellular route, all promised to offer inexpensive and environmentally friendly 
techniques. However, a large amount of research has been shown to focus on the 
extracellular route employing cell-free culture supernatants. The advantage of using 
this biological route over the intracellular route is that it is capable of rapid metal 
ion reductions during Ag NPs and Au NPs formation, and it does not require an 
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extra processing step such as ultra-sonication for particles isolation. The formations 
of metallic nanoparticles were shown to be influenced by the release of microbial 
enzymes and/or oxidation of macromolecules that are located in their cellular mem-
brane. As a potential anticancer agent, metallic nanoparticles showed to induce 
cytotoxicity that causes stress to cancer cells. The mechanism for metallic nanopar-
ticle cytotoxicity is shown to be influenced by cancer cell uptake, such as clathrin- 
mediated endocytosis, caveolae-mediated endocytosis, macropinocytosis, and 
phagocytosis resulting in cancer cell damage. In order to understand the long-term 
effect of Ag NPs and Au NPs on human health, intensive in vivo studies are needed 
to confirm safety and clinical significance.
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11.1  Introduction: Indoor Air Pollution

Growing concerns about the significant health hazard caused by indoor air pollutants 
has directed research toward improving indoor air quality (IAQ). Indoor air pollution 
caused by various sources such as household activities, dust, electric equipment, heat-
ing activities, paints, groundwater supplies, and personal care products are the major 
sources of indoor air pollutants. More than 90% of the population spends time in an 
indoor air environment (Datta et al. 2017). Mostly, it is children and women who are 
vulnerable to indoor air pollution (Mannucci and Franchini 2017). The chemical or 
allergens of these sources often include nitrogen and sulfur oxides, ozone, pesticides, 
formaldehyde, infectious agents, and biological agents (microbial organisms, mold, 
dust mites) (Fernández et al. 2013). The level of threat caused by these allergens 
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Table 11.1 Major sources and types of indoor air pollutants

S. No Pollutant type Source Health effect

1. Environmental tobacco smoke, 
carbon monoxide, nitrogen 
oxides, and other gases, 
organic chemicals, pesticides, 
formaldehyde

Heating appliances, 
combustion process, 
household activities and 
cleaning, pesticide usage, 
air fresheners, paints

Respiratory problems, 
dizziness, headache, lung 
cancer, mental 
dysfunction, allergic 
reactions, etc.

2. Radon Earth-derived buildings, 
groundwater supplies

Lung cancer

3. Lead Lead-based paint Nerve disorders, anemia, 
damage to kidneys, growth 
retardation

4. Formaldehyde Pressed wood products, 
tobacco smoke

Allergic reactions, nausea, 
dizziness, coughing

5. Volatile organic chemicals Aerosol sprays, personal 
care products

Allergic reaction, damage 
to organs

6. Respirable particles, asbestos Wood-burning stoves, 
fireplaces, unvented 
kerosene space heaters 
gas-fired ranges, furnaces, 
water heaters

Respiratory infections, 
cancer, allergy

7. Biological contaminants 
(molds, mildews, and fungi, 
bacteria, viruses, dust mites)

House dust, infected 
animals and humans, wet 
surfaces

Coughing, sensitivity, 
allergy, influenza, itching

varies according to temperature, humidity, and draught effects. The effect of these 
allergens on the population directly depends on the sensitivity of the person. 
Deleterious effects might be the result of single or multiple exposures to certain 
pollutants. The sources and health hazards of indoor pollutants are described in 
Table 11.1 and the contribution of each source is demonstrated in Fig. 11.1.

11.2  Indoor Air Quality

Growing concerns about the poor IAQ and serious etiological impacts have also 
drawn attention toward the term “Invironment” (Smith-Cavros and Eisenhauer 
2014). This is new terminology, but actually refers the IAQ, which is not only 
related to comfort but is also affected by temperature, humidity, odor, and chemical 
and biological particles/organisms present in the air. A definition provided by the 
US Environmental Protection Agency (US EPA 2016) refers to the IAQ within and 
around buildings and structures, especially as it relates to the health and comfort of 
building occupants. Understanding and controlling common pollutants indoors can 
help reduce the risk of indoor health concerns (US EPA). Long-term exposure in an 
indoor environment is likely to exert detrimental health effects on humans. 
Therefore, it is essential to maintain IAQ so that the potential health hazards caused 
by different types of airborne pollutants can be minimized.

D. Mishra and P. Khare
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11.3  Significance of Bioaerosols in Indoor Air

Aerosols are liquid or solid particles suspended in a gaseous medium with sizes 
ranging from 0.001 to 100 μm (Pöschl 2005). Aerosol particles of biological origin 
(cells, cell fractions or organic matter of animal, plant, and microbial origin) form a 
significant portion of atmospheric aerosols, sometimes reaching close to 50% of all 
aerosol particles (Despres et al. 2012). The air quality is majorly affected by particu-
lates of bacteria, fungi, virus, actinomycetes, etc., and sometimes the droppings of 
insects and birds can also be the source of air pollution. These microorganisms build 
and grow after condensation due to improper ventilation. The dynamic nature and 
specific features of airborne particles have contributed to 3–30% of air pollution. 
Therefore, knowledge about the microbiology of IAQ is a serious concern in terms 
of bacterial and fungal loads in indoor air (Georgakopoulos et al. 2009). Exposure 
to several of these biological entities in addition to microbial fragments, such as cell 
wall fragments and flagella, and microbial metabolites, e.g., endotoxin, mycotoxins, 
and volatile organic compounds, may result in adverse health effects (Mandal and 
Brandl 2011).

VOC Gases
2%

CO2
4%

Moisture and 
Mold

3% Pasive smoking
2%

Bioarosols
7%

Randon
16%

Indoor Fine and 
ultrafine 
particles

16%

Outdoor Fine 
and ultrafine 

parcticles
50%

Indoor Air Related Sickness

Fig. 11.1 The contribution of various sources for developing air-related sickness through 
microbes
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11.4  Prevalence of Bioaerosols in Indoor Air

The living airborne particles (bacteria, viruses, and fungi) are generally termed 
bioaerosols or organic dust. Their presence in the air is the result of the dispersal from 
a site of colonization or growth. A high concentration of airborne bacteria is often 
associated with several health problems and infections. The allergenic or immuno-
toxic effects of various species such as Bacillus, Streptomyces albus, Pantoea agglo-
merans, Pseudomonas chlororaphis, Arthrobacter globiformis, Thermoactinomyces 
vulgaris, and Corynebacterium sp. are well documented (Ana et al. 2015). Members 
of Klebsiella, Enterobacter, and Serratia groups were able to grow well in envi-
ronmental fluids (Pathak 2014). The occurrence of microbes in the varying indoor 
air environment such as Micrococcus sp., Staphylococcus sp., Streptococcaceae, 
Propionibacteriaceae, Corynebacteriaceae, Veillonellaceae, Prevotellaceae, 
Fusobacteriaceae, Lactococcus, Firmicutes, and Actinobacteria have been docu-
mented (Prussin and Marr 2015). The occurrence of aerosolized Gram-positive and 
Gram-negative bacteria was noticed in different air environments (Adhikari et  al. 
2014; Milanowski and Dutkiewicz 2002; Schwab et al. 2014). Apart from the fact 
that several species of molds such as Absidia, Acrosperia, Alternaria, Arthrobotrys, 
Aspergillus, Bipolaris, Botrytis, Chaetomium, Cladosporium, Epicoccum, Fusarium, 
Humicola, Mucor, Phoma, Rhizopus, Tritirachium, and Verticillum were also identi-
fied in house dust (Bhatia 2011). In addition, Penicillium and Aspergillus species 
are generally isolated from indoor environments and can cause allergic reactions 
(Vincent et al. 2017). Therefore, knowledge of the microbiological air quality is an 
important criterion that must be taken in to account for indoor workplaces and should 
be designed to provide a safe environment. The sampling methods and identification 
techniques of bioaerosols are described in Fig. 11.2. Table 11.2 shows the occurrence 
of various microbes in different air environments.

MPN: Most probable number counting assay, LIF: Laser induced fluorescence, MALDI-TOF: Matrix-assisted laser 
desorption/ionization-time of flight, NGS: Next generation sequencing, LIBS: Laser induced breakdown spectroscopy, DGGE: 
Denaturing gradient gel electrophoresis

BIOAERSOLS

Impaction Filtration Impingment Gravity 
Electrostatic 
precipitation

Thermal 
precipitationCyclone

Condensation 
Technique

Cultarable Non-Cultarable

Microscopy MPN MALDI-TOF LIF LIBS
Flow 

cytometry
and NGS

DGGE Biomarkers
Epifluorescence
microscopy

PCR 
technique

Identification 

Sampling 
techniques

Types

Fig. 11.2 Sampling method, types, and identification techniques of bioaerosols
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11.5  Health Hazards of Bioaerosols and Control 
Mechanisms

Microbiological pollution is a very serious issue in the current era because it con-
tains bacteria, viruses, fungi, actinomycetes, and spores, which are extremely haz-
ardous to the living organism. They are airborne, can easily be transmitted up to 
long distances, and can cause a variety of diseases such as allergic rhinitis, asthma, 
chronic obstructive pulmonary disease, influenza, and severe acute respiratory syn-
drome (Soriano et al. 2017). The metrological factors, size, and pathogenic nature 
of these bioaerosols are the key determining factors of their lethal effects 
(Brągoszewska and Pastuszka 2018; Jones and Harrison 2004). The spread of bio-
aerosols among humans is mainly due to inhalation, direct contact or through con-
taminated sources. The physical processes that govern the assembly of indoor 
microbial communities are shown in Fig. 11.3.

Therefore, bioaerosols can be easily prevented by opting for appropriate detection 
methods and control mechanisms. The immediate control mechanism includes inac-
tivation, removal or collection. Thermal energy, UV irradiation technique, and air ion 
emission techniques are often used as effective methods of eradicating  bioaerosols 
from indoor environments (Grinshpun et al. 2007). In addition, air filters are now 
being employed to control the growth of microorganisms by absorbing air dust or 
reversing the air flow. A group of researchers have developed antimicrobial air filters 
because they are more effective than conventional air filters (Joe et al. 2016; Wang C 
et al. 2016; Wang S et al. 2016; Wang Z et al. 2016a). The air filtration technology 

Accumulation Accumulation

Out Door Air infiltration

Deposition

In door Air 
infiltration

Shedding

Fig. 11.3 Physical processes that govern the assembly of indoor microbial communities (Peccia 
and Kwan 2016)
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often includes utilization of inorganic air filters, which mainly use inorganic nanopar-
ticles (NPs). After air filtration, deposits on the air filters can cause decreased filter 
efficacy and filter deterioration. The microbial cells also proliferate on these air fil-
ters and release volatile organic compounds that cause damage to filters and to 
human health too. Therefore, despite being part of the remediation techniques for 
improvement of IAQ, antimicrobial air filters based on inorganic species have 
become a source of pollution themselves. Various antimicrobial air filters have been 
developed, which are based on Cu, TiO2, Ag NPs and carbon nanotubes for the 
removal of bioaerosols (Hans et al. 2013; Ko et al. 2014; Li et al. 2014). However, 
the toxicity of these inorganic species is documented to cause damage to DNA or 
mammalian cells. Moreover, long-term exposure to these NPs can result in respira-
tory dysfunction. Fig. 11.2 shows the type, sampling technique, and identification 
method for bioaerosols.

Recently, plant extracts and essential oils have been recognized for utilization in 
air filters because they exert sufficient antimicrobial efficacy. The active phyto-
chemicals present in natural products are known to have antimicrobial potential 
against a wide range of bacteria and fungi (Ahmad and Beg 2001; Dahiya and 
Purkayastha 2012). The development of drug-resistant features inside the bacterial 
cells has led to the development of novel antimicrobial agents. The nanosized filter 
membrane is now an efficient method of the development of an effective membrane 
surface with sufficient antimicrobial activity owing to the increased surface area 
(Wang and Pan 2015). Also, the release of various phytochemicals was markedly 
slow after loading onto the nano surfaces (Martínez-Ballesta et al. 2018); therefore, 
these types of antimicrobial filters are able to release phytochemicals into the air for 
a long duration, thereby sustaining antimicrobial activity.

11.6  Herbal Antimicrobial Agents

Herbs have been proven to be effective antimicrobial agents since ancient times and 
being of herbal origin they have provided an interesting solution for replacing 
chemicals (Dhiman et al. 2016). This concern has brought major attention to aro-
matic plants. The aroma-based plants are well known to have certain bioactive com-
pounds in their essential oil or extract, which are primarily utilized to retard 
microbial growth in various mediums. This essential oil/extract is the combination 
of various phytochemicals such as mono- and sesquiterpenes, alkaloids, saponins, 
carbohydrates, phenols, alcohols, ethers, aldehydes, and ketone, which play an 
important role as antimicrobial agents (Foroughi et al. 2016). In addition, the inter-
action effect and synergistic effects of these secondary metabolites have contributed 
to the enhancement of antimicrobial activity. They have also proved to be better 
antimicrobial agents against various pathogenic strains. The major benefit regarding 
the use of these herbal constituents is that they play different antimicrobial mecha-
nisms owing to the presence of various chemicals; therefore, microbial strains were 
not easily able to generate resistance against these. Ambrosio et  al. (2017) have 
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determined the antimicrobial activity of around 28 essential oils, including 
Cymbopogon citratus, Lippia alba, Cordia verbenacea, Eucalyptus sp., Zingiber 
officinale, and Melaleuca alternifolia, against Salmonella enteritidis, Escherichia 
coli, Staphylococcus aureus, Listeria innocua, and Enterococcus faecalis (Ambrosio 
et al. 2017). The beneficial bacteria evaluated were Bacillus subtilis, Lactobacillus 
plantarum, and Lactobacillus rhamnosus, and it was found that selected essential 
oils had shown inhibitory action against certain strains. Cinnamon essential oils 
were tested against pathogenic bacteria E. coli and Staphylococcus and showed 
antibacterial activity in 60% and 79.4% respectively over 7  hours (Zhang et  al. 
2016). The phytochemical alkaloids, such as saponins, flavone, and phenolic of 
Oliveria decumbens essential oil, were tested against infectious strains and the 
results showed remarkable antibacterial activity (Behbahani et al. 2018). Generally, 
the mechanism of these phytochemicals for inactivating microorganisms is based on 
their interaction with the microbial membrane. These compounds are known to pen-
etrate through the microbial membrane and cause the leakage of ions and cytoplas-
mic content, thus leading to cellular breakdown (Fig. 11.4). Apart from the essential 
oil, the herbal extract of various plants such as Thymus vulgaris, Rosmarinus offici-
nalis, Salvia officinalis, Punica granatum, Syzygium cumini, and Psidium guajava 
are known to have phytochemicals with proven antimicrobial potential (Nascimento 
et al. 2000). Considering the potential of these medicinal and aromatic plants, the 
antimicrobial potential of a wide range of these plants should also be tried in the 
reduction of the microbial load in the air environment.

Restrict essential 
material entry

Altered 
membrane 

permeability 
and damage

ROS production

Leakage of  soluble 
compounds out of 

cell

No DNA and 
mRNA production

Protein damage

Aromatic Plants/extract/ essential oil

Fig. 11.4 Mechanism of the antimicrobial activity of essential oil/extract on the bacterial cells
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11.7  Utilization of Herbs for the Construction 
of Antimicrobial Air Quality

The rising threat of infectious diseases as a result of the degraded IAQ is due to 
airborne microorganisms. Multiple growing microorganisms release certain volatile 
organic compounds into the air. Recently, numerous antimicrobial herbal extracts 
and essentials oil have been proposed as alternative antimicrobial materials rather 
than inorganic materials because they are less toxic. However, the volatile nature 
and degradation potential of these phytochemicals have limited their commercial 
application. For this, a suitable matrix is required that can control their volatility and 
also help to enhance their antimicrobial potential at the same as sustained release. 
Therefore, apart from using traditional methods, this technology would be helpful 
in the continuous elimination of microbes from indoor air environments and is also 
simple and cost-effective. The antimicrobial efficiency of these filters depends on 
the surface area, contact time, exposure time, and concentration of loaded agents. 
Table 11.3 summarizes the use of herbal constituents for antimicrobial purposes.

The loading of Sophora flavescens extract onto pristine air filters has resulted in 
the inactivation of 80% of S. epidermidis strains within 1 h and this increased to 
98% after 10 h. Some authors have also shown that the deposition of larger amounts 
of antimicrobial substances is related to greater removal efficiency (Choi et  al. 
2015; Kang et al. 2016). Jung et al. (2011) found that the relative microbial survival 
of Staphylococcus epidermidis, Bacillus subtilis, and Escherichia coli decreased 
with increasing levels of NPs of the extract of the same plant on polyurethane resin 
fiber filters (Jung et  al. 2011). Filters coated with Euscaphis japonica NPs were 
found to show sufficient antibacterial efficiency (82%) with regard to S. epidermidis 
than Micrococcus luteus strains (Hwang et al. 2015). Grape seed extract and propo-
lis were sprayed onto polyethylene terephthalate fibers to create nanosized antimi-
crobial filters and the inactivation of S. aureus was found in up to 80%, together 
with the finding that the release time of the extract from the surface also affected the 
inactivation rate (Han et al. 2015). Protein-functionalized bacterial nanocellulose 
was also tested for its potential to trap pollutants and the data showed a low-pressure 
drop due to the removal of pollutants with high efficiency (Fan et al. 2018). The 
antibacterial activity of the gaseous phase of essential oils was found to be suitable 
for application in ventilation systems (Fan et al. 2018). Souzandeh et al. (2017) also 
tested the filtration efficiency of protein- and gelatin-crosslinked nanofibers against 
Shewanella oneidensis and S. aureus and suggested that a positively charged group 
and nanosized fiber morphology were able to kill the microorganism and carry out 
multifunctional air filtration (Souzandeh et al. 2017). Thus, the treatments of vari-
ous nanosized surfaces with naturally occurring compounds proved to be effective 
antimicrobial agents and may be utilized as air- filtering materials because of their 
specific surface area.
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11.8  Utilization of Nanomaterials in Air Filtration

In the development of high-performance antimicrobial air filters, natural biodegrad-
able polymers offer a better opportunity than materials of organic/inorganic origin. 
These green air filters of polymeric origin exhibit newer and different properties 
than the individual constituents with active functionalities. These polymers may 
be of synthetically derived origin or based on biomass. Both types of materials 
are successfully utilized for fabrication of the composite surface of nano scales. 
Nanostructured polymers are basically nanosized materials, which could be nano-
fibers or nanospheres. The outstanding properties of polymeric material, such as its 
light weight, durability, chemical stability, and cost-effectiveness, make it a feasible 
material for the production of air fibers. Apart from this nanosized surface area, high 
porosity allows large amounts of dust, pollen, or microorganisms to be absorbed. 
The key requirement for the development of effective filters is dependent on the 
selection of polymers that can easily manage filtration efficiency, pressure drop, 
and life span of filters. Polymers such as silk fibroin, chitosan, gelatin, cellulose, 
and lignin have been used to produce nanofibers (Ago et al. 2012; Elsabee et al. 
2012; Lai et  al. 2014; Maleknia and Majdi 2014). Different methods have been 
proposed to generate polymeric nanomaterials that can promote the physical absorp-
tion of the drug onto the fiber surface, and the establishment of covalent bonds 
between the polymer and the antibacterial agent. The generated matrix promotes 
the sustained release profiles of encapsulated or loaded antibacterial agents, which 
could be the main strategy of interest. Therefore, the development of polymeric 
nanomaterial- based antimicrobial filters will be helpful in killing microbes in the 
air. A large number of techniques are available for the construction of nanocompos-
ites such as sol-gel, electrospinning, solution casting, intercalation, spinning, and 
in situ polymerization. Many characterization methods, for example, scanning and  
imaging techniques (scanning electron microscopy, transmission electron micros-
copy, atomic force microscopy), identification of functional groups (Fourier trans-
form infrared, Raman spectroscopy), or thermal and mechanical performance testing 
(thermogravimetry/differential scanning calorimetry, dynamic mechanical analysis), 
are commonly employed to assure their physical and chemical priopencities.

11.9  Conclusion and Future Prospects

In conclusion, herb-based air filter/fresheners could be able to create favorable IAQ 
where the risk of the emission of bioaerosols could be minimized. However, data on 
IAQ in this context are in their infancy. However, preliminary results revealed that 
nanocomposite surfaces loaded with natural aromatics, such as essential oils or 
natural herbs, are able to substantially reduce the microbial load for longer periods. 
For the commercialization and industrial application of such products, a long-term 
study on IAQ with different sources is required.

11 Antimicrobial Nanocomposites for Improving Indoor Air Quality
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12.1  Introduction

Nanotechnology, the cutting edge technology of today, though considered one of the 
new divisions of modern science, had been in practice since even during ancient 
times. However, with publication of the first paper on nanotechnology by Eric 
Drexler in 1981, conceptual revolution started (Drexler 1981; Prathna et al. 2010; 
Vala et al. 2016). With advancement in analytical techniques, nanotechnology has 
been now considered as the “Future of all technologies” (Prathna et  al. 2010). A 
range of nanomaterials with diverse applications have been reported. Yang et  al. 
(2011) could increase efficiency of tandem solar cell from 5.22% to 6.24% using 
gold nanoparticles. Weak localization of light by gold bionanofluids has been 
observed by Dave et al. (2015). Guldi et al. (2006) has reviewed carbon nanostruc-
tures as integrative constituents for electron donor-acceptor ensembles. Role of 
microorganisms in recent years has also been noteworthy. In addition to diverse 
ecologically important roles played by microorganisms, recently, they have been 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-13296-5_12&domain=pdf
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observed as promising candidates for generating electricity, either as microbial fuel 
cell (MFC) or photosynthetic microbial fuel cell (PMFC). In case of MFC, bacteria 
act as anode, and during wastewater treatment, organic wastes are consumed and 
oxidized leading to generation of electrons (Siegert et al. 2019). Whereas, in case of 
PMFC, photosynthetic microbes like cyanobacteria act as the anode for harnessing 
solar energy and consuming carbon dioxide ultimately leading to generation of elec-
trons through photosynthetic process (Strik et al. 2008; Singh et al. 2018).

Creation of functional bionanohybrid complexes has led to the emergence of new 
discipline “nanobionics.” Nanobionics assures to provide the complexes (with 
unique properties and having diverse potentials) that are considered as materials for 
the future (Shoseyov and Levy 2008; Darder et al. 2007; Giraldo et al. 2014; Nagy 
et al. 2014; Szabó et al. 2015; Hajdu et al. 2017).

Wallace et al. (2012) in a review highlighted the fabrication of nanostructured 
electrodes having relevance in the field of medical bionics. Giraldo et al. (2014) 
reported nanomaterials as promising tools for engineering plant functions; however, 
understanding about their absorption, transport, and distribution within photosyn-
thetic organisms has not yet been completely understood.

12.2  Photosynthetic Reaction Center (RC)

Photosynthetic organisms possess very well-organized fine-tunable arrangements 
with structural and functional hierarchy which are the sites for transformation of 
light energy into chemical energy. The light-harvesting complexes absorb the inci-
dent photons, and the excitation energy is funneled into reaction center (RC) protein 
complexes having chlorophyll molecules that are redox active. Once the primary 
charge separations occur in the RCs, vectorial transport of charges (electrons and 
protons) in the photosynthetic membrane takes place. Due to properties that RCs 
possess, their use in solar energy-converting and integrated optoelectronic systems 
is practicable (Szabó et al. 2015).

The photosynthetic reaction center (RC) is the site where the first step of harness-
ing the light energy takes place. Hence, RC is one of the most important proteins 
(Nagy et al. 2010). The size of RC is about 10 nm, and it works also in nano-efficiency 
as one charge separation is initiated by one photon (Dorogi et al. 2006; Wraight and 
Clayton 1974; Nagy et al. 2010). Figure 12.1 illustrates the involvement of RC in 
separation of charge and stabilization processes in the photosynthetic membrane.

High reducing power for carbon reduction is generated by an electron driven 
across the membrane harnessing the free energy of light (Nagy et al. 2010). RCs 
are one of the characteristic features of photosynthetic organisms like plants, cya-
nobacteria, and photosynthetic bacteria. Despite significant differences in their 
structure and functions, common tasks performed in all cases include electron 
excitation (a pigment connected to the protein is excited by light), charge separa-
tion inside the protein, stabilization of the primer charge-pair by consecutive redox 
processes inside the protein, and protonation and deprotonation of certain amino acids 
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that are linked to charge separation and stabilization. Conformational changes of 
amino acids and hydrogen bonding realignment accompany the charge movements 
(Nagy et al. 2010). Photosynthetic bacteria possess simple phototransduction machin-
ery, with one reaction center. While in purple bacteria it is pheophytin-quinone, in 
green sulfur bacteria, it’s the Fe-S type (passing electron through a quinone to an Fe-S 
center). Cyanobacteria, like plants, have two photosystems arranged in tandem.

12.2.1  RCs and Nanohybrids

RCs are gaining attention from research communities taking into consideration their 
academic, technical, agricultural, and ecological importance. RC could be an excel-
lent model protein for several processes. Recently, RCs are viewed as quite useful 
in nanosystems, for instance, in imaging technologies or in integrated optoelec-
tronic devices as circuit part. Initially during 1960s, Rhodobacter sphaeroides and 
Blastochloris viridis (formerly Rhodopseudomonas viridis) purple bacteria were the 
only source from which reaction centers could be retrieved. However, purification 
of RCs from a number of species is now possible (Nagy et al. 2010). Looking to the 
technical importance, these proteins with almost 100% photon energy transforma-
tion efficiency also possess technical properties which could be useful for other 
applications as well, e.g., characteristic light absorption in the near-infrared range 
(700–1000 nm) makes them important in developing security devices. Figure 12.2 
shows a few of the bio-nanocomposite materials containing RCs. RCs when bound 
to transition metal oxides, carbon nanotubes, or other electrode surfaces could be 
useful in alternative fuel production and in CO2 reduction by using sunshine (Dorogi 
et al. 2006; Lu et al. 2005; Das et al. 2004; Lebedev et al. 2006; Nagy et al. 2010). 
RCs also could be applied for reducing CO2 level from the atmosphere and hence 
tackling the issue of greenhouse effect (Nagy et al. 2010).

Fig. 12.1 RC proteins in 
charge separation and 
stabilization in 
photosynthetic membrane. 
Harnessing the free energy 
of light, an electron is 
driven across the 
membrane, and high 
reducing power for carbon 
reduction is created. 
(Adopted from Nagy et al. 
2010)
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Hollander et  al. (2011) harnessed bacterial photosynthetic reaction center 
pigment- protein complexes (RCs) interfaced with a metal electrode in order to 
maximize photocurrent generation. Better surface coverage of RCs surrounded by 
light- harvesting 1 complex (LH1) and role of tetraheme cytochrome as a connect-
ing wire led to higher photocurrents. Cytochrome-c (cyt-c) introduction also led to 
increased current. This could be possibly due to intercalation amid the RCs or 
RC-LH1 complexes and the electrode to facilitate electron transfer. Under ambient 
conditions, generation of high currents could be achieved consecutively for many 
hours or days.

Native and untreated photosynthetic membranes of R. sphaeroides adsorbed onto 
a gold surface have been functionally characterized (Magis et  al. 2010). Gold 
adsorbed membranes generated a steady high photocurrent for many minutes. The 
activity could be retained for 3 days (Magis et al. 2010).

Friebe et al. (2016) developed a biohybrid photocathode consisting of bacterial 
reaction center-light-harvesting 1 (RC-LH1) complexes self-assembled on a nano-
structured silver substrate. This system yielded maximum photocurrent 416 μA cm−2 
under 4 suns, the highest reported so far using a bare metal electrode. On the rough 
silver substrate, a 2.5-fold increase in light absorption per RC-LH1 complex was 
observed. An increase in protein stability under continuous illumination was attrib-
uted to nanostructuring of the silver substrate. Simplicity in construction, enhanced 
protein loading capability, and stability besides more effective use of light made the 
hybrid material an outstanding candidate for developing plasmon-enhanced biosen-
sors and biophotovoltaic devices.

While interconnection of proteins and protein complexes with electrodes remains 
a challenge, Kamran et al. (2014) employed Langmuir-Blodgett technology to pro-
duce a densely packed monolayer of protein complexes. The monolayer positioned 
onto a gold electrode produced the highest light-induced photocurrents per protein 
complex. The authors claim the work to be a first report revealing retention of intrin-
sic quantum efficiency of primary photosynthesis even outside biological cell.

Magyar et al. (2011) purified photosynthetic reaction center proteins (RCs) from 
purple bacterium Rhodobacter sphaeroides R-26 and bound it to single-walled car-
bon nanotubes (SWNTs). The authors observed accumulation of positive and nega-
tive charges upon binding of SWNT to RC and slow reorganization of protein 
structure after excitation. Stability of the photochemical activity of SWNT/RC 

Fig. 12.2 Applications of RCs in various nanostructures
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complexes even in dried form for several weeks was a noteworthy observation. 
As per polarographic analysis, after light excitation, there was an electronic interac-
tion between the RCs and SWNTs. Distinct properties of the SWNT/protein com-
plexes make them potentially useful for applications in various fields like 
microelectronics, analytics, or energy conversion and storage.

Hajdu et al. (2018) purified photosynthetic reaction center proteins (RCs) from 
purple bacteria Rhodobacter sphaeroides R-26 and immobilized them on carboxyl- 
and amine-functionalized multiwalled carbon nanotubes (CNTs). The effect of 
 carbon nanotubes on the 1O2 production in RC/MWCNT photoactive hybrid materi-
als was characterized. CNTs were observed as efficient quenchers of 1O2 physical 
energy transfer or by chemical reaction, resonance, or oxidation, respectively.

Hajdu et  al. (2012) immobilized photosynthetic reaction center (RC) purified 
from the purple bacterium R. sphaeroides R-26 on the surface of porous silicon 
microcavities (PSiMc) using two different binding methods, viz., covalent binding 
and non-covalent attachment, via a specific peptide interface (“peptide binding”). 
Binding affinity of the RCs to the peptide-coated PSi was observed to be nearly 
double. Activity of the immobilized RC was examined using various analytical 
techniques, and the immobilized RC was observed to be functional. Functional 
integrity of the bio-nanomaterial has been considered as a promising aspect in 
developing applications of silicon-based electronics and biological redox system.

Hajdu et al. (2011) carried out structural, optical, and electrochemical studies of 
RC bio-nanocomposite prepared using reaction centers from R. sphaeroides R-26 
and different carrier matrices like borosilicate glass, conducting indium tin oxide 
(ITO), non-functionalized and NH2-functionalized multiwalled carbon nanotubes 
(MWNTs), and conductive artificial materials. Binding of photosynthetic RCs could 
be achieved, and there was only partial loss of photochemical activity of the RC. An 
electrostatic interaction existed between the RCs and the carrier material if the car-
rier matrix was a conductive material. Hajdu et al. (2017) have reviewed character-
istics of photosynthetic RC proteins and their potential applications for preparing 
functional molecular bionanohybrid resources as materials for future.

In natural photosynthesis, only one reaction center combined with a number of 
light-harvesting units is involved. Harnessing metal nanoparticles, dendrimers, oli-
gopeptides, nano-carbon materials, porphyrin nanotubes, etc., it could be possible to 
combine multiple reaction centers with light-harvesting units. Development of effi-
cient light-to-energy conversion systems and artificial photosynthesis for solar fuel 
production could be possible using such materials (Fukuzumi and Ohkubo 2012).

Oda et  al. (2006) extracted the photosynthetic light-harvesting complex LH2 
protein from the intracytoplasmic membranes from anoxygenic thermophilic purple 
photosynthetic bacterium Thermochromatium tepidum and purified it. The LH2 
complex having a cylindrical structure of 7.3 nm diameter, containing 27 bacterio-
chlorophyll a and 9 carotenoid molecules, was introduced into a folded-sheet silica 
mesoporous material (FSM) having nanometer-size pores of honeycomb-like hex-
agonal cylindrical structure inside. Even after adsorption to FSM, the LH2 exhibited 
almost intact absorption bands of bacteriochlorophylls and was observed to be fully 
active in capturing and transferring excitation energy. Higher circular symmetry 
was suggested as increased heat stability of the exciton-type absorption band of 
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bacteriochlorophylls (B850) was exhibited by the LH2 complex inside the FSM. 
The authors proposed the environment inside the hydrophobic silica nanopores as a 
new matrix for the membrane proteins to exhibit their functions. New probes and 
reaction systems could be constructed using the silica-membrane protein adduct.

Further, Oda et al. (2010) purified photosynthetic reaction center pigment- protein 
complex from a thermophilic purple photosynthetic bacterium Thermochromatium 
tepidum and incorporated it into silica nanopores. Even after incorporation into the 
silica nanopore, the RC protein retained full activity and performed photosynthetic 
charge separation reaction and electron transfer reactions when the pore diameter 
fitted to the size of RC protein complex. ATR-FTIR data revealed that the overall 
RC protein structure also remained unchanged. The authors suggested a possibility 
of preparation of silica mesoscopic material conjugates with multiple enzymes 
(e.g., hydrogenases) that can utilize reducing power from the RC. Useful materials 
can be produced harnessing such conjugates.

While there is a great interest in fabricating versatile photosynthetic reaction 
center (RC)-functionalized nanocomposite films, Lu et  al. (2007) have reviewed 
different types of RC-functionalized films and considered self-assembled monolay-
ers (SAMs), protein-embedded gel films, and protein-entrapped nanoporous films 
more practical looking to convenience in protein film preparation and control over 
orientation of the close packed proteins layers and keeping a mild environment for 
preserving the protein surface microstructure, etc.

Due to unique properties of reaction centers (RCs), harnessing them in solar 
energy-converting and integrated optoelectronic systems could be possible. Hence, 
there has been a growing interest towards using them in molecular devices. It has 
been reviewed that RCs bound to different carrier matrices largely retained their 
photophysical and photochemical activities in the nanosystems (Szabó et al. 2015). 
Upon employing various physical and chemical methods for binding of RCs to 
different nanomaterials, it is usually observed that the P+(QAQB)− charge pair is 
stabilized after the attachment of the RCs to the nanostructures, followed by slow 
reorganization of the protein structure. Electric conductivity measurement indicated 
an electronic interaction between the protein and inorganic carrier matrices. This 
could be important in developing biohybrid devices for biosensor and/or optoelec-
tronic applications (Szabó et al. 2015).

Liposomes have also been observed to be important in reconstitution of photo- 
reaction units (PRUs) involving RC and light-harvesting (LH) members (Crielaard 
et al. 1989; Ajiki et al. 1998; Goc et al. 1996). Immobilized PRU liposomes could 
be useful as a photo-electrochemical conversion layer for biosensors or photocells 
(Crielaard et al. 1989; Ajiki et al., 1998; Lu et al. 2007). Goc et al. (1996) reported 
construction of a PRU by harnessing RC and either Bchl a or chlorophyll (Chl) a 
molecules inserted together in liposome membrane, wherein without aid of poly-
peptides, the pigments incorporated directly into the lipid bilayer and worked as LH 
antennae for RC. Improved efficiency in photobleaching of RC at 860 nm and pho-
toelectric conversion was revealed by the system with reconstructed antennae. 
Donor-acceptor energy transfer between the membrane-embedded pigments and 
RC occurred as indicated by quenching of fluorescence emission upon addition of 
RC to liposomes.
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12.3  Conclusion

Explorations on biohybrid, especially bionanohybrid materials, have been an inter-
esting area of research. RC proteins, vital components of light energy-converting 
systems, due to their unique properties, are not only fundamental to sustaining life 
on earth but are also important to nanobionic technologies. Recently, RC proteins 
have been observed to play significant role in synthesizing bionanohybrids with 
diverse potentials and, hence, gained importance in developing materials possible 
for real application in the future.
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Am−2 Ampere per meter square (unit for current density)
Am−3 Ampere per cubic meter (unit for current density)
ANB Acid navy blue r dye
ARB Anode-respiring bacteria
Au Gold
BECs Bioelectrochemical cells
bioMEMS Biomedical microelectromechanical systems
BOD Biochemical oxygen demand
CE Coulomb efficiency
CeO2 Ceric oxide (or) ceric dioxide (or) ceria (or) cerium oxide (or) 

cerium dioxide (or) cerium(IV) oxide
CFE Carbon felt electrode
CMC Carboxymethyl cellulose
CNTs Carbon nanotubes
COD Chemical oxygen demand
CPPEs Carbon paste paper electrodes
Cr(III) Trivalent chromium
Cr(VI) Hexavalent chromium
CS Chitosan
e− Electrons
EDX Energy dispersive X-Ray analyzer
Fe-AAPyr Iron-aminoantipyrine
GNS Graphene nanosheet
GO Graphene oxide
H+ ions Protons
HRTEM Transmission electron microscope
kΩ Kiloohm (unit for resistance)
MFC Microbial fuel cells
MnO2 Manganese oxide (or) manganese dioxide (or) manganese(IV) 

oxide
MnOOH Hydroxy-oxido-oxomanganese
mV Millivolt (unit for potential)
MWCNTs Multiwall carbon nanotubes
mW/m2 Milliwatts per square meter (unit for power density)
Ni Nickel
nm Nanometer
nW/cm2 Nano-watts per square centimeter (unit for power density)
ORR Oxygen reduction reaction
PA Phosphoric acid
PANI Polyaniline
Pd Palladium
PDMS Polydimethylsiloxane
PEM Proton-exchange membrane
pH Power of hydrogen
PMMA Polymethyl methacrylate
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POE Poly(oxyethylene)
Pt Platinum
PTFE Polytetrafluoroethylene
PVA Poly(vinyl alcohol)
PVAc-g-PVDF Polyvinyl acetate-polyvinylidene fluoride coated cotton fabric
rGO Reduced graphene oxide
SCOD Soluble chemical oxygen demand
SEM Scanning electron microscope
STEM Scanning transmission electron microscope
TCOD Total chemical oxygen demand

13.1  Introduction: Microbial Fuel Cells (MFCs)

A fuel cell is an energy-generating device that converts chemical energy into elec-
trical energy. It consists of an electrolytic cell with the electrolyte and two elec-
trodes (cathode and anode) which are connected together with a load resistance. 
MFC is an electrochemical fuel cell. It is used for sustainable energy generation by 
wastewater treatment with the help of electrochemically active microorganisms. 
The microorganisms are fed with organic substances which are called as substrates. 
They form biofilms over the anode for efficient electron transfer between the sub-
strate and the anode. MFC has potential applications in alternative energy, wastewa-
ter treatment, environmental protection, and bio-sensing (for oxygen and pollutants) 
(Siegert et al. 2019).

Biofilm is a sticky matrix which has conducting nanowires. The microorganisms 
oxidize the substrate, and electron transfer may occur directly or with the help of 
mediators. The electrons are used to reduce oxygen into water at the cathode. 
Zhou et al. reported that the bacterial biofilm produced at anode acts as catalyst. 
It converts the chemical energy of the organic molecule into electrons during oxy-
gen reduction at cathode and forms water (Zhou et al. 2013). Mustakeem reported 
the biofilm formation in MFC. It is shown in Fig. 13.1 (Mustakeem 2015). MFCs 
are classified into various types like single-chamber MFC or two-chamber MFC 
(with two separate compartments for anode and cathode). In a two-chamber MFC, 
the chambers are separated by a PEM which allows the protons to permeate through 
it to participate in redox reactions. They can be used to power small electronic 
devices like biosensors.

In MFC, organic materials and waste materials are the source of biofuels. The 
ions (anion and cation) in the water and the water-soluble ions of these materials 
serve as electrolytes. Microorganisms serve as biocatalysts (Khan et  al. 2017). 
When these materials are catalyzed by the microorganisms, electrons and protons are 
transferred and moved (Moqsud et al. 2015). Initially, electrons (e−) go to the anode 
electrode. Next, they move to the cathode electrode through the external circuit. 
In the case of protons (H+ ions), they go to the cathode electrode by the electrolyte. 
In the cathode, they react with oxygen. Hence, MFC generates electrical power 
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(Ersan et al. 2010; Zhao et al. 2013; Khudzari et al. 2016; Khan et al. 2017; Siegert 
et al. 2019). Figure 13.2 shows the bioelectricity production from organic and waste 
materials.

In the report of Buzea et al. (2007), nanomaterials are described as, in principle, 
materials of which a single unit is sized (in at least one dimension) between 1 and 
1000 nanometers (10−9 meter) but usually is 1 and 100 nm. Nanomaterial synthesis 
has been developed in support of microfabrication research. They often have unique 
optical, electronic, or mechanical properties (Hubler and Osuagwu 2010). 
Nanomaterials are being commercialized slowly (Eldridge 2014) and emerging as 
commodities (McGovern 2010). These materials are applied in various fields, indus-
tries, and products including healthcare, electronics, and cosmetics.

Since MFC is working with microorganisms, there is a need for biocompatible 
materials as electrodes. So, carbon materials are found to be suitable candidates as 
electrode materials for MFC. Nanotechnology offers many efficient materials like 
graphene, carbon nanotubes, and their composites with conducting polymers like 
polyaniline, polypyrrole, and other conducting metal oxides like iron oxide and man-
ganese oxide. Using novel nanomaterials, increasing the power density of MFC is a 
trend for practical applications. Various instruments are used to study the reaction 
mechanism in a microbial fuel cell.

Confocal laser scanning microscopy is used to view the growth and thickness of 
the biofilms on electrodes. Cyclic voltammetry is applied to study the extracellular 
electron transfer. But it can be used only at low scan rates since the reactions involve 

Fig. 13.1 Schematic diagram shows the bacterial biofilm formed at the anode of a typical single- 
chamber MFC. (a) Effluent inlet. (b) Effluent outlet. (c) Catalyst layer. (d) Diffusion layers at 
air-cathode. (From Mustakeem, 2015)
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living bacteria (Omkar et al., 2017). Bacteria produce power indefinitely as long as 
there are enough food sources to nurture the bacteria. MFCs are applied in the pro-
duction of hydrogen fuel cells and desalination of seawater and provide sustainable 
energy sources for remote areas (Reuben 2018).

Generally, in the MFC, wastes are utilized as a source of substrate due to the 
dual advantage, i.e., cheap electricity generation and wastewater treatment. Some 
of the common wastes are domestic wastewater, vegetable wastes, agrowastes, 
azo dye wastes, and wastewater of various industries like food industries, brew-
eries, cellulose/starch industries, organic industries, and chemical (chromium, 
selenium, and nitrate) industries. Shewanella oneidensis, Geobacter sulfurredu-
cens, Klebsiella pneumoniae, Rhodoferax ferrireducens, Escherichia coli, 
Rhodopseudomonas palustris, Desulfovibrio desulfuricans, Acidithiobacillus 
ferrooxidans, Clostridium cellulolyticum, Enterobacter cloacae, Trichococcus 
pasteurii, Streptomyces enissocaesilis KNU (K strains), Nocardiopsis sp. KNU (S 
strain), Pseudomonas species, Parabacteroides, Proteiniphilum, and Catonella are 
some of the bacteria utilized in the MFC. Apart from bacteria, microorganism like 
yeast (Saccharomyces cerevisiae, Candida melibiosica, Hansenula anomala, 
Hansenula polymorpha, Arxula adeninivorans, and Kluyveromyces marxianus) is 
utilized as biocatalysts.

Fig. 13.2 Flow chart of the production of bioelectricity from organic and waste materials by 
microbial activities
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The power output of the MFC is proportional to the concentration of organic 
wastes. Hence, MFC can be used as a biochemical oxygen demand sensor (Chang 
et  al. 2005; Kim et  al. 2003). Apart from the substrate, many factors including 
microorganisms alter performance of the MFC. Some higher-level power output of 
the MFC (using various substrates and microorganisms) is reported: as per Wang 
et al. report, MFC using rice straw hydrolysate substrate (400 mg/mL concentra-
tion) generates the current density 137.6 mA/cm2 (Wang et al. 2014); MFC with 
Pseudomonas sp. microorganism, peptone substrate, and methylene blue mediator 
generates the power density 979  mW/m2 (Daniel et  al. 2009); current output 
2236 mW/m2 is obtained from the MFC with 200 ppm concentration of acid navy 
blue r (ANB) dye waste (Khan et al. 2015); and 2900 mW/m2 is the output of the 
MFC with 25 mg/ L concentration of selenium waste (Catal et al. 2009).

Utilizations of aerobic organisms in MFC and wastewater treatment require oxy-
gen. Hence, it is essential to flow oxygen into the system for the survival of bacteria. 
It leads to increase the cost of the system but anaerobic organisms such as anode-
respiring bacteria (ARB) reduces the cost substantially. Anaerobic organisms do not 
need oxygen. Also, ARB is able to transfer electrons in between the electrodes. It 
helps to the electrons to flow freely between the electrodes. Alternative form of the 
MFC, i.e., electrolytic cell using microbial agents, produces hydrogen at the cathode 
instead of electricity (Waste-management-world.com 2013). Growing of aerobic bac-
teria in cathode chamber (improves the oxygen reduction rate and inhibits proton 
transfer) and growing of anaerobic organisms like ARB in anode chamber (supports 
for electrons flow) will improve the MFC performance.

13.2  Energy Needs of the World

As per the International Energy Agency (IEA), current power demand is 12 billion 
tonne oil equivalent. It is expected to increase up to 18 billion tonne oil equivalent 
in the coming decades (Chu and Majumdar 2012). Enormous energy is found in 
organic matter such as carbohydrates. They are present in the municipal waste. Fuel 
cells are coming under alternative energy sources having a negligible CO2 emission. 
Also MFCs do not need any external energy input. This is an additional advantage 
for the extensive applications of MFCs particularly where electrical amenities less 
or no (Chandrasekhar et al. 2018).

Biomass and household waste are identified as resources for the bioenergy. 
Reuse, recovery, and recycling of wastewater can offer a sustainable wastewater 
management system in freshwater-scarce regions. Microbial fuel cell is the solu-
tion for both water and energy needs (Gajda et al. 2016). The world shortage of 
potash, nitrogen, and phosphorus suggests the usage of treated wastewater for 
farming. Water and wastewater treatment and distribution consume 1.4% of the 
total national electricity consumption. Figure 13.3 shows the energy production 
from nonrenewable energy resources causes environmental pollution and MFC 
produces clean energy.
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13.3  Construction of MFC

A two-chamber MFC usually consists of two chambers in “H” shape separated by a 
tube with proton-exchange membrane. The anode should be highly conductive, 
biocompatible, and chemically stable under the conditions present inside the fuel 
cell. Metals like copper are avoided because of corrosion which has toxic effect on 
microorganisms. The cathode ought to have good reduction performance, good 
re-oxidation, and high long-term stability. The salt or agarose bridges used in MFC 
have high internal resistance. In a MFC aerobic respiration and fermentation should 
be avoided, and anaerobic respiration must be accelerated (igem.org 2018). 
Figure 13.4a, b shows the schematic working model of dual-chambered MFC and 
single-chambered MFC, respectively (Chaturvedi and Verma 2016).

13.3.1  Biocathode of MFC

The higher cost, non-environmental friendly, and complexities in the catalyst pro-
duction are the factors leading to the biocathode development. Microorganisms 
serve as the catalyst in these biocathodes. The biofilm created on the cathode surface 
catalyzes the reduction reaction (Harnisch and Schröder 2010). Figure 13.5 illus-
trates a biocathode with biofilm on the surface. The biofilm catalyzes the reduction 
of chemical active species such as nitrate and oxygen (Mustakeem 2015).

Fig. 13.3 Diagram shows the utilization of nonrenewable energy resources in energy production to 
meet the energy demand. This leads to depletion of the resources and causes environmental pollution
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Fig. 13.5 MFC biocathode: (a) Oxygen and nitrate are reduced by direct electron transfer or by 
mediator. Transition metal mediators transfer the electrons to oxygen. (b) Reduction of oxygen and 
chemical reactants. This MFC will generate power and will drive biochemical synthesis reactions. 
(From Mustakeem 2015)

Fig. 13.4 MFC working model. (a) Dual-chambered MFC and (b) single-chambered MFC. (From 
Chaturvedi and Verma 2016)
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Biocathodes are categorized as aerobic and anaerobic biocathodes. Oxygen acts 
as a terminal electron acceptor, and hydrogen peroxide acts as an intermediate in 
aerobic biocathodes. Transition metals like iron and manganese serve as electron 
mediators in between the electrode and oxygen. Electrons are transferred from the 
cathode to the terminal electron acceptor in this method (Park and Zeikus 2003). 
In anaerobic biocathodes oxygen is not present. In this type, nitrates and sulfates 
can be utilized as terminal electron acceptors instead of oxygen.

13.3.2  Proton-Exchange Membrane (PEM)

Commercially available membranes (like Nafion) are highly conductive. These 
membranes have high ion-exchange capacity and proton conductivity due to their 
structural properties. However Nafion has problems of oxygen leakage from the 
cathode to the anode, substrate losses and biofouling, conductivity at low water 
content, and poor mechanical strength at high temperatures. Proton-exchange mem-
brane is synthesized by solution casting method utilizing the materials such as 
poly(oxyethylene), poly(vinyl alcohol), chitosan, and phosphoric acid. Water 
absorption capacity is directly proportional to the concentration of PVA. A higher 
percentage of water uptake means higher ion-exchange capacity of the membrane 
(Dharmadhikari et al. 2018).

Membranes made of natural materials such as eggshell membrane are used in 
MFC. Sensor devices with those membranes possess low internal resistances and 
high sensitivity (Chouler et al. 2017). The membrane must transfer protons from the 
anode to the cathode and should prevent the transfer of oxygen and substrates. 
Oxygen penetration to the anode part makes the anode aerobic. Also, it reduces 
power density and wastewater treatment efficiency. Penetration of oxygen into the 
cathode substrate leads to the reduction of power out and microorganisms’ effi-
ciency in chemical oxygen demand (COD) removal (Ghasemi et al. 2015).

MFC uses expensive proton-exchange membrane for separating anode and cath-
ode. Recently some inexpensive clay is studied as an ion-exchange medium. They are 
known as cation-exchange membranes. They have structurally stronger properties. 
Both proton-exchange membrane and cation-exchange membrane reduce oxygen dif-
fusion in the anode chamber of the cell. But proton-exchange membrane cannot be 
reused and is difficult to adapt to desired shapes. Clay mixed with kaolin and benton-
ite and finally fired designed a system. This kind of clay system produced an open-
circuit voltage up to 1.5 volts. Figure 13.6 shows the diagram of double-chamber 
MFC designed with cation-exchange membrane (Reuben 2018). Similarly an inex-
pensive nanocomposite membrane based on cotton fabric is designed. A highest 
proton conductivity of PVAc-g-PVDF-coated cotton fabric of (1.5 ± 0.2) × 10−2 S/cm 
at 25  °C and lowest glucose permeability of (12 ± 1) × 10−6  cm2/s are obtained 
(Zhang et al. 2017a).
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13.3.3  Microorganisms as Biocatalysts

Microorganisms produce bacterial flagellar-like structures that are made up of sev-
eral proteins which possess metallic-like conductivity. This type of extracellular 
electrically conductive protein nanofilaments are identified in Geobacter 
sulfurreducens called as microbial nanowires. These wires are also formed in 
organisms like Rhodopseudomonas palustris, Desulfovibrio desulfuricans, and 
Acidithiobacillus ferrooxidans. The electrical conductivity of these microbial 
nanowires is comparable to carbon nanotubes and some organic conductors. Proteins 
contain several aromatic amino acids which are responsible for electrical conduction. 
So, these microorganisms found applications in the field of bioremediation of heavy 
metals like uranium, arsenic, and chromium and in bioelectronics since these wires 
are having enough mechanical strength (Young’s modulus ~1 GPa) for construction 
of electronic devices (Sure et al. 2016).

Microorganisms can transfer electrons from the substrate to the anode without 
the help of mediators or exoelectrogens. They produce specific proteins or genes for 
their inevitable performance toward electricity generation in MFCs. The mecha-
nisms involved in this process are biofilm formation, metabolism, and electron 
transfer. The expression of certain genes for outer membrane multiheme cyto-
chromes, redox-active compounds, and conductive pili participate in the exoelectro-
genic activity of microorganism genus such as Geobacter and Shewanella (Kumar 
et al. 2015).

The anode-respiring bacteria (ARB) can thrive in oxygen-free environments, and 
they are called as anaerobic organisms. These anode-respiring bacteria are able to 
transfer electrons to the negative terminal, thus generating useable current in the 
process. They attach themselves to the anode of a battery. They consume an organic 
substrate for food and release excess electrons as part of their metabolic pathway. 
The biofilm formed is a living matrix of protein and sugar. Geobacter is an ARB 

Fig. 13.6 A simple double-chamber MFC design. It has porous pot anode chamber and copper 
cathode chamber. Porous pot is cation-exchange membrane. (From Reuben 2018)
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Fig. 13.7 External and internal mediators in MFCs. (From Sayed and Abdelkareem 2017)

which is useful in the production of high current densities. ARB like only one com-
pound, i.e., acetate, which is a fatty acid (Waste-management-world.com 2013).

Direct transfer of electrons takes place from bacteria to anode. Sometimes 
mediators like thionine, methyl viologen, and humic acid are used for electron trans-
fer. These mediators are more expensive and toxic to the microorganisms. Bacteria 
like Shewanella oneidensis and Geobacter sulfurreducens produce electrically con-
ductive appendages called bacterial nanowires. These nanowires facilitate direct 
transfer of electrons to the anode, thus increasing the efficiency and reducing the cost 
(Lal Deeksha 2013). Escherichia coli are often used for power generation because 
they can grow fast and are quite robust regarding cultivation conditions. Electrons are 
transported through nanowires called pili, which possess delocalized electronic states 
to function as protein wires with metallic-like conductivity (Omkar et al. 2017).

Internal mediators have advantages more than the external mediators. They are 
cheap and have no toxic effect on the microorganism. Figure 13.7 shows some exam-
ples for the internal and external mediators with their advantages and disadvantages. 
Several yeast strains like Saccharomyces cerevisiae, Candida melibiosica, Hansenula 
anomala, Hansenula polymorpha, Arxula adeninivorans, and Kluyveromyces marx-
ianus have been studied as biocatalysts in MFC.  Figure  13.8 shows the electron 
transfer during the metabolism of the organic materials (cellular respiration process) 
in the yeast cell (Sayed and Abdelkareem 2017).

13.4  Functions and Mechanisms of MFC

13.4.1  Mimicking and Resemblance of MFC

MFC mimics the interactions of microbes found in nature. Bacteria like Listeria 
monocytogenes deliver electrons. The mechanism involved in the energy production 
from wastes by MFC somewhat resembles the metabolism process by the gut flora 
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of humans and other animals (including insects). Microbes generate energy from 
glucose by cellular respiration process. In aerobic cellular respiration, glucose is 
broken down into carbon dioxide and water using oxygen. In the case of anaerobic 
cellular respiration, nitrate (NO3) or other molecules are utilized instead of oxygen.

Extracellular electron transfer (EET) are the microbial-bioelectrochemical pro-
cesses which transfer electrons. Food-borne pathogen L. monocytogenes is a fermen-
tative gram-positive bacterium which decays organic matter. It uses flavin- based 
mechanism to deliver electrons into the surrounding environments. The characteriza-
tion of a flavin-based EET mechanism establishes new avenues for the electrochemi-
cal activities and bioenergetic applications (Light et al. 2018). L. monocytogenes can 
be utilized to improve MFC.

13.4.2  Electron Transfer Mechanism

The electron transfer rate has controls on the output power of MFC. Mustakeem 
(2015) reported that the extracellular transport of electrons to electrodes takes place 
in three mechanisms, i.e., direct electron transfer, electron transfer through 
mediators, and electron transfer through nanowires. Apart from these mechanisms, 

Fig. 13.8 Illustration for the possibilities of electrons’ origin and transfer of yeast cells into MFC. 
(From Sayed and Abdelkareem 2017)
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another mechanism of electron transport is suggested by Schaetzle and co-workers. 
They have reported that the electron transport is done by the oxidation of the 
excreted catabolites (Schaetzle et al. 2009).

Some bacteria genera like Geobacter and Shewanella deliver electrons from the 
oxidative metabolic pathways to the external environment. They are called as 
exoelectrogens (Reguera et  al. 2005). They directly transfer the electrons to the 
electrode surface (Lies et al. 2005). Also, they transfer electron through mediators, 
i.e., conductive appendages or nanowires (El-Naggar et al. 2010; Gorby et al. 2006). 
The electronic conductivity of these nanowires is higher than the synthetic metallic 
nanostructure (Malvankar et  al. 2011). Few bacteria genera like Shewanella and 
Pseudomonas secrete some chemicals (like flavins). These chemicals transfer 
electrons from the bacteria to electrodes (Yang et al. 2012; Schroder 2007).

13.4.3  Oxygen Reduction Reaction (ORR)

The performance of MFC is influenced by the kinetics of the electrode reactions. 
The performance of the electrodes depends on the materials from which the elec-
trodes are made. A wide range of materials have been tested to improve the perfor-
mance of MFCs. Carbon-based nanomaterials, composite materials, and various 
transition metal oxides have emerged as promising materials for both anode and 
cathode constructions. These materials have the potential as alternatives to conven-
tional expensive metals like platinum particularly for the oxygen reduction reaction 
(Mustakeem 2015).

Electrode materials play a key role in MFC. Carbon material like graphite can be 
used as both anode and cathode (Mashkour and Rahimnejad, 2015). The electrode 
material selection is vital for the performance of MFC. It determines the various 
factors of the MFC including bacterial adhesion, electron transfer, and electrochem-
ical efficiency (Logan 2010). The biocompatibility of the electrode increases the 
property of bacterial adhesion. However, carbon-based materials have poor catalytic 
activity. An additional catalyst is required to increase the ORR of these materials 
(Mustakeem 2015).

A low-level ORR at a neutral pH and low temperature reduces the MFC perfor-
mance. In MFC, the ORR takes place at the three-phase interface of air (gas), electro-
lyte (liquid), and electrode (solid). The cathode has three layers, viz., diffusion layer, 
conducting support material, and catalyst. Though the identical materials are utilized 
to make anode and cathode, a robust cathode should have mechanical strength, cata-
lytic property, and electronic and ionic conductivity properties at higher level. 
Figure 13.9a shows the ORR at the interface of gas, liquid, and solid. Figure 13.9b 
shows ORR at the three-phase interface of the cathode layers, i.e., catalyst layer, 
electrode base material, and oxygen diffusion layer (Mustakeem 2015).

A catalyst increases the ORR rate by decreasing the activation energy barrier 
(Lim and Wilcox 2012). In acidic medium, ORR occurs in two different electron 
pathways. The 4-electron and the 2-electron pathways are expressed in Eqs. 1 and 2 
(Erable et al. 2012).
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 O H e H O2 24 4 2+ + →+ −
 (13.1)

 O H e H O2 2 22 2+ + →+ −
 

 H O H e H O2 2 22 2 2+ + →+ −
 (13.2)

Various literatures report that MnO2-catalyzed cathode increases the ORR. The out-
put power density of the MnO2 cathode is much higher than the cathode materials 
such as carbon black, carbon nanotubes (CNTs), graphite, and stainless steel. MnO2 
is a two-dimensional (2D) material. Zhang et al. confirm that the MnO2 deposited 
over glassy carbon using polyvinylidene fluorine (PVDF) as binder performs similar 
to a platinum catalyst. In the ORR, initially, MnO2 is reduced to MnOOH by 
electrons. Oxidation occurs in the next step. The current density of ORR from MnO2 
deposited cathode is ten times higher than the glassy carbon cathode. It indicates the 
increased ORR catalytic property of MnO2 (Zhang et al. 2009).

13.5  Nanomaterials in MFC

13.5.1  Carbon Nanomaterials in MFC

Carbon nanomaterials are highly conductive and mechanically stable with larger 
surface area and higher electrochemical catalytic activity (Ghasemi et  al. 2013). 
Carbon nanomaterials can work both as anode and cathode. As the anode, carbon 
materials can promote microbial colonization and accelerate the formation of 
biofilms, thus increasing the power density. As the cathode, carbon-based materials 
can function as catalysts for the oxygen reduction reaction even reaching the 

Fig. 13.9 Schematic diagram shows the cathode reaction. The reaction occurs at the triple-phase 
interface of air, solution, and catalyst. (a) Oxygen reduction reaction (ORR) at the interface of air, 
electrolyte, and electrode produces water as product. (b) ORR at three-phase interface of cathode 
layers. (From Mustakeem 2015)
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performance of Pt catalysts (Li et al. 2017). The performances of different carbon 
materials like carbon felt, carbon cloth, and carbon paper are analyzed and compared. 
The power output depends not only on the material but also on the surface features. 
Based on this, carbon felt is superior in treating winery wastewater which is a highly 
organic-loaded waste to the other two materials (Penteado et al. 2017).

Pretreatment and modification of the anode improve the performance of the 
anode. The carbon brush is heated at various temperatures (300  °C, 450  °C, and 
500 °C), and the performance of the MFC is analyzed. Figure 13.10a, b, and c show 
the results related to power density, electrode potential, and power curves of the pre-
heated carbon brush anode. Figure  13.10a shows the maximum power densities 
obtained from the reactor with the 300  °C and 500  °C anode are 1160 ± 82 and 
1149 ± 11 mW/m2, respectively. The 450 °C anode generates higher-power density, 
i.e., 1305 ± 67 mW/m2, at 6.1 ± 0.2 A/m2 current density. Figure 13.10b indicates that 
the cathode potentials remain consistent but variations occur in the anode potentials 
of different preheating anodes like power densities. As per Fig. 13.10c power density 
curves (results obtained from the linear sweep voltammetry analysis), the maximum 
power densities are 1450 (300 °C), 1607 (450 °C), and 1561 (500 °C) mW/m2 (Yang 
Qiao et al. 2017).

Fig. 13.10 Carbon brush anodes of MFCs treated with different temperatures (300 °C, 450 °C, 
and 500 °C) by variable external resistance method. (a) Power densities, (b) electrode potentials, 
(c) power curves by linear sweep voltammetry. (From Yang Qiao et al. 2017)
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Carbon nanomaterials are also prepared by carbonization of the biological mate-
rials at high temperatures (Yuan et al. 2013). Nitrogen-enriched carbon nanomateri-
als have potentials to prepare anode materials of MFC. The maximum power density 
obtained was found to be 1600 ± 50 mW m−2 when nitrogen-doped carbon nano-
tubes (NCNTs) are used as cathodic catalysts. Further the bamboo- shaped and verti-
cally aligned NCNTs had lower internal resistance and higher cathode potentials 
(Feng et al. 2011).

Graphene-based composite materials are used as cathode in MFCs. As per report 
of Valipour et al., RGOHI-AcOH (highly conductive graphene material) cathode gives 
a power density of 1683 ± 23 mW/m2, and RGO/Ni (graphene/nickel) nanoparticle 
composite cathode gives a power density of 1015 ± 28 mW/m2. The catalytic activity 
of RGOHIHI-AcOH is mainly due to the high surface area and degree of graphitization. 
The double loading of catalyst offers stable power generation and long-term opera-
tion of MFCs (Valipour et al. 2016).

In MFCs, low hydrophilicity property of graphene adversely affects the perfor-
mance of the graphene-modified anodes (G anodes). To elevate the hydrophilicity 
and performance of the graphene anode, different amounts (0.15  mg·mg−1 to 
0.2 mg·mg−1 and 0.25 mg·mg−1) of graphene oxide (GO) are doped. In this case, the 
contact angle decreases considerably. The G anode (doped with GO 0.2 mg·mg−1) 
produces the static water contact angle (θc) value as 64.6 ± 2.75°. It exhibits the 
optimal performance. MFC with this anode generates the maximum power density 
(Pmax) 1100.18 mW·m−2 which is 1.51 times higher than the bare graphene anode. 
The results are shown in Fig. 13.11a and b. Also, it has COD removal efficiency, and 
coulomb efficiency (CE) higher than the other MFCs with GO-doped anode as well 
as G anode. It has COD removal efficiency 82.78 ± 0.45% and CE 33.76 ± 0.43%, 
but the MFC with G anode exhibits 79.69 ± 0.65% and 30.24 ± 0.46%, respectively 
(Yang Na et al. 2016b).

When carbon nanotubes are mixed with wastewater (10 mg L−1 to 200 mg L−1 
concentration), it produces positive effect on power generation. It stimulates the 
power generation due to the increased conductivity of the MWCNTs. Also COD 
removal efficiency is also enhanced from 74.2% to 84.7% (Miran et al. 2016). When 
compared to the conventional carbon cloth electrode, the intertwined CNT-textile 
fibers have larger biofilm. This film facilitates electron transfer from exoelectrogens 
to the CNT-textile anode (Xie et al. 2010). Graphene and CNT are coated on carbon 
cloth and stainless steel mesh electrodes to improve their performance (Tsai et al. 
2015; Hsu et al. 2017).

High-strength wastewaters such as landfill leachate contains dissolved extracts 
and suspended matter. When it is treated with MFC, ammonia is separated from the 
leachate. Activated carbon performs well in this treatment as anode. The percentages 
of ammonia removal of activated carbon, zinc, and black carbon are found to be 
96.6%, 66.6%, and 92.8%, respectively (Alabiad et  al. 2017). In MFC, graphite 
nanofibers with diameter 6–10 μm also work as an efficient anode. Their surface 
area to volume ratio is 15,000  m2/m3. The activated carbon air-cathode is an 
alternative for Pt-based cathode. While utilizing it as cathode, it works almost equal 
to the platinum catalyst and performs well for long duration.
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It is observed that coating of nanomaterials like multilayer graphene (MG) and 
CNTs on the stainless steel mesh (SSM) electrode improves the power density and 
reduces the internal resistance of a MFC system. The surface modification of anode 
or cathode with CNTs and graphene increases the power generation by approximately 
3–7 and 1.5–4.5 times, respectively. When comparing to the MFC with an untreated 

Fig. 13.11 Graphene oxide (GO) doped graphene (G) anode. (a) Schematic diagram of G-GO 
anode and G anode with static water contact angle (θc) values. (b) Power densities and current 
densities of the MFCs with G and G-GO anodes. MFC with G-GO anode (0.2 mg·mg−1 GO doped) 
generates power density higher than the MFCs with G anode and other doped anodes. (From Yang 
Na et al. 2016b)
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anode, the internal resistances of MFCs with CNTs and MG-modified anodes are in 
the reduced level, i.e., 18 and 30%, respectively. SSM cathode surface modification 
is done by the coating of MG and MWCNTs mixed PTFE solution. SEM images of 
the MG and MWCNTs mixed PTFE are shown in Fig.  13.12a and Fig.  13.12b, 
respectively. It is observed from these figures that the surface roughness of the 
MWCNTs mixed PTFE is more than the MG mixed PTFE (Hsu et al. 2017).

Carbon cloth electrodes are modified with carbon nanotube and graphene to inves-
tigate the performance of single-chamber MFC. In this investigation, Escherichia 
coli HB101 is used as catalyst in an air-cathode MFC. It is observed from the results 
that the carbon cloth electrodes modified with both materials, i.e., CNT and graphene, 
improve the power density of MFCs. The internal resistance of normal electrodes 
decreases dramatically from 377 kΩ to 5.6 kΩ (while using both electrodes modified 
by graphene with a cathodic catalyst). Among the all electrodes, graphene-modified 
electrode exhibits superior performance. When comparing to the modified cathode, 
the modified anode exhibits greater performance (Tsai et al. 2015).

The single-chamber MFC is fabricated using polymethyl methacrylate (PMMA) 
which is shown in Figure 13.13a. The cathode electrode is fixed to the air side, and 
the anode electrode is fixed opposite side. The reactor volume is 75 mL and the 

Fig. 13.12 SEM images (5000× and 10,000× magnification) of cathodes covered with treated 
PTFE. (a) PTFE mixed with multilayer graphene. (b) PTFE mixed with MWCNTs. (From Hsu 
et al. 2017)
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surface area of electrode is 12.57 cm2. SEM images of MWCNTs and graphene 
coated on the carbon cloth are shown in Fig. 13.13b, c, respectively. Both materials 
are uniformly distributed on the carbon cloth which improves the specific surface 
area of the electrode. Specific surface area of graphene-coated electrode is two 
times more than the CNT-coated electrode (Tsai et al. 2015). This improved specific 
surface area leads to the superior performance of graphene-coated electrode.

Metals and carbon felt are used as electrodes. Metals rapidly corrode, and carbon 
felt is porous and prone to clogging. So, the carbon felt is replaced with paper 
coated with carbon paste. Lamberg and Bren reported about the carbon paste paper 
electrodes (CPPEs). These electrodes are fabricated by coating of carbon paste on a 
paper strip followed by polyaniline coating. The carbon paste is made by the mix-
ture of graphite powder and mineral oil. The CPPEs are assessed as anodes in bio-
electrochemical cells (BECs). In this assessment, Shewanella oneidensis MR-1 
bacteria is utilized to donate the electrons through extracellular electron transfer. 

Fig. 13.13 Schematic diagram of air-cathode MFC: (a) The single-chamber MFC has PMMA 
chamber as the air-cathode, modified or unmodified carbon cloth as electrodes, glucose as fuel, 
and Escherichia coli as anode’s catalyst. Copper wires are used to connect with external resistance. 
(b) and (c) SEM images of MWCNTs and graphene coated on the carbon cloth, respectively. 
(From Tsai et al. 2015)
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When comparing to the polyaniline-modified carbon felt electrode (CFE), the BEC 
using the CPPE anode works better. It generates a current density (maximum value 
of 2.2 A m−2) after 24 hours of the inoculation. It is two times more than the BEC 
with CFE anode. It generates current continuously 4 days without the need for addi-
tional fuel (lactate). It is confirmed from this assessment that CPPE is a simple, 
low-cost, and promising new bioelectrode material for microbial fuel cells (Lamberg 
and Bren 2016).

13.5.2  Nanocomposites in MFC

To improve the cathode kinetics of MFC, activated carbon (AC), graphene nanosheet 
(GNS), and iron-aminoantipyrine (Fe-AAPyr), catalyst materials are integrated as 
an alternative cathode catalyst material. The air-breathing cathode made with GNS 
and Fe-AAPyr materials generates higher power. The power generated from the 
MFC utilizing these cathode materials is enumerated in Table.13.1. Figure 13.14a, b 
shows the SEM images of Fe-AAPyr material and graphene nanosheet, respectively 
(Kodali et al. 2018).

Anode is prepared by using materials like  conductive polymers and carbon 
nanomaterial composites. Qiao Yan and co-workers tested a composite of carbon 
nanotube and polyaniline in the electrochemical impedance spectroscopy. In this 
test, Escherichia coli bacteria are utilized as the microbial catalyst with 20 wt. % 

Table 13.1 Details of power 
generated by different 
cathode catalyst materials

Cathode catalyst material Power generated (μW cm−2)

GNS and Fe-AAPyr 235 ± 1
Fe-AAPyr 217 ± 1
GNS 150 ± 5
AC 104

Fig. 13.14 SEM images of cathode catalyst materials. (a) Iron-aminoantipyrine (Fe-AAPyr) cata-
lyst (b) Graphene nanosheets. (From Kodali et al. 2018)
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CNT composite anode. The obtained power density (maximum) is 42  mW  m−2 
(Qiao et al. 2007).

Deng et al. explain the interaction between the exoelectrogens and their induced 
GO reduction in the high-performance MFC application. During the in situ 
preparation of graphene/exoelectrogen composite biofilm electrode, graphene oxide 
is reduced by E. coli bacteria. This reduction provides a rough surface and three- 
dimensional structure to the electrode which leads to larger specific surface area for 
microbes to settle. Graphene-modified anode increases the height of biofilm 
thickness largely. The increased level of the total protein in microbial reduction of 
graphene oxide (mrGO)-modified anode demonstrates the attachment of more 
bacteria on the anode surface. After five electricity production cycles, the power 
density of the mrGO-modified MFC reaches a maximum value of 1140.63 mW m−2 
(Deng et al. 2017).

Two-dimensional porous anodes have small pore sizes. So, bacteria clog on the 
surface and are inaccessible to the interior of the anode. This seriously limits the 
anode efficiency. The problems associated with the 3D structures include low specific 
surface area (due to lack of microscopic or nanoscopic structures), small pore sizes for 
bacteria penetration, poor conductivity, and disruption of bacterial membrane by 
sharp nanomaterials. While using the novel 3D macroporous anode, these problems 
are avoided. This anode is designed by the freestanding, flexible, conductive, and 
monolithic graphene foam decorated with the conductive polymer, i.e., PANI. The 3D 
graphene is synthesized by chemical vapor deposition with nickel foam as the sub-
strate and using ethanol as the carbon source. The pore size of graphene foam is 
much larger than the size of bacteria (1–2 μm). Hence, bacteria can easily diffuse 
inside and colonize. The MFC equipped with carbon cloth anode generates the 
power density ∼110 mW/m2 at 6 h. MFC (with 3D graphene/PANI foam anode) 
generates the same power density at 6 h, but at 24 h, the power density is higher than 
at 6 h, i.e.,190 mW/m2 (Yong et al. 2012).

13.5.3  Biogenic Inorganic Nanoparticles

Nanomaterials are having more surface area which allows a very good adhesion of 
microorganisms at the anode. Some biogenic inorganic nanoparticles facilitate extra-
cellular electron transfer in MFCs. Jiang et al. studied the performance of MFC with 
iron sulfide nanoparticles and Shewanella bacteria. In this study, it is observed that 
iron sulfide nanoparticles are in intimate contact with the cell membrane by uniform 
coating. The charge transport occurs in the presence of live Shewanella. It improves 
the electron transfer at cell/electrode interface and the cellular networks which leads 
to the enhanced current output (Jiang et  al. 2014). Nano-CeO2 is utilized for the 
modification of the carbon felt anode in the MFC. The modified anode obtains the 
higher closed circuit voltage resulting from the lower anode potential. The MFC with 
nano-CeO2-modified carbon felt anode generates maximum power density 
2.94 W m−2 with lower internal resistance 77.1 Ω (Yin et al. 2016).
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In MFCs, the electrodes should be immersed in electrolytes in neutral pH.  In 
such conditions, Au core- and Pd shell-type bimetallic nanoparticles exhibit better 
ORR due to the enhanced catalytic properties. The lattice strain produced in between 
the core and shell regions leads to the enhanced catalytic properties. The maximum 
power density produced in the membrane less single-chamber MFC using 
wastewater and Au-Pd core-shell cathode catalysts is ca. 16 W m−3. It is stable for 
more than 150 days. Optimization of Au core size and Pd shell thickness enhances 
the core-shell properties. Au-Pd core-shell analyses results and images related to the 
single-chamber MFC are shown in Figs.13.15 and 13.16, respectively (Yang Gaixiu 
et al. 2016a).

Fig. 13.15 Images of Au-Pd core-shell prepared in oleylamine at elevated temperature. (a) TEM 
image. Insert HRTEM image of a single Au-Pd particle. (b) STEM image. (c) EDX analysis. (d) 
Elemental profiles in STEM mode. (e–h) Nanoscale element mappings of (e) the formation of 
core-shell Au-Pd structure and (f–h) distributions of Au, Pd, and bimetallic nanoparticles. (From 
Yang Gaixiu et al. 2016a)
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The performance of MFC using core-shell Au-Pd nanoparticle cathode is 
compared with the MFC using hollow Pt nanostructure air-cathode catalyst. When 
comparing the performance of both cathode catalysts, the core-shell Au-Pd cathode 
shows better performance. It has higher ORR catalytic performance. The maximum 

Fig. 13.16 Construction of single-chamber MFC to assess the ORR catalytic properties of the 
bimetallic core-shell Au-Pd nanoparticles. (a) The practical construction. (b) Schematic illustration 
shows the parts of single-chamber MFC (carbon cloth cathode, carbon felt anode, silicon gasket, 
sample chamber, and sampling ports). (From Yang Gaixiu et al. 2016a)
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power density and cathode voltages of core-shell Au-Pd nanoparticles are higher 
than the hollow structured Pt cathode. The maximum power density of the core- shell 
Au-Pd cathode and the hollow structured Pt cathode are 16.0 W m−3 and 7.1 W m−3, 
respectively. The observed results clearly manifest that the core-shell Au-Pd 
nanoparticle cathode is an alternative to the Pt-based cathode catalysts. These 
nanoparticles can be used in MFC for the production of electricity without losing 
power efficiency and stability. Figure 13.17a, b shows the power density and polar-
ization curves of both cathodes, respectively (Yang Gaixiu et al. 2016a).

MFC is a renewable and clean energy-generating system. Bacterial growth is the 
most important thing in this system. Composts rich in organic substances are 
commonly used for such growth. In addition, non-inert (metal) and inert (usually 
carbon-based) electrodes are used in MFC. In this study, zinc anode is evaluated for 
MFC, and it is observed that zinc is a corrosion-resistant material. Compost mixed 
with MFC having zinc anode and graphite cathode produces high-power density 
(5.33 W/m2). According to the measurements and calculations of this study, zinc has 
promising electrode technology with good electrochemical and biochemical 
performances (Nurettin 2017). Various metal oxide nanoparticles like titanium 
dioxide and iron oxide along with conducting polymer like polyaniline are utilized 
as bioanodes in MFC.

Anodic electron transfer is the main process of electricity generation in MFCs. 
The anodic biofilm formation and electron transfer can be accelerated by adding 
biosurfactants to the anolyte. Rhamnolipid biosurfactant with the quantity of 
40 mg/L, 80 mg/L, and 120 mg/L is added to the anolyte. It increases the abiotic 
capacitance from 15.12 F/m2 (control) to 16.54 F/m2, 18.00 F/m2, and 19.39 F/m2, 
respectively. After 7th day of the inoculation, anodic biofilm formation is facilitated 
for dosing 40 mg/L of rhamnolipids, with anodic biofilm coverage from 0.43% to 
42.51% and the power density from 6.92  ±  1.18  W/m3 to 9.93  ±  0.88  W/m3. 
Rhamnolipid concentration with 80 mg/L and 120 mg/L blocks the electron transfer. 
This analysis reveals that rhamnolipids facilitate the enrichment of exoelectrogen 
(Zhang et al. 2017b).

Fig. 13.17 Performance graph of MFC using core-shell Au-Pd nanoparticles cathode and MFC 
using hollow Pt nanostructures air-cathode catalyst. (a) Power density comparison of the both 
cathodes. (b) Electrode polarization (voltage) graph. (From Yang Gaixiu et al. 2016a)
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Nanostructured hexagonal klockmannite copper selenide (CuSe) grown on the 
hybrid material exhibits the superior ORR catalytic performance. It also has more 
positive onset potential, higher current density, smaller Tafel slope, and excellent 
stability. The hybrid material is the mixture of reduced graphene oxide (rGO) and 
carbon nanotubes. MFC equipped with CuSe@rGO-CNTs cathode exhibits larger 
energy output than the MFC with carbon-supported platinum (Pt/C) catalyst 
(Tan et al. 2016).

13.6  Microfabrication in MFC

Microfabrication technology is employed in semiconductor manufacturing 
industries for thin film deposition, photolithography, etching, microelectrome-
chanical system, and lab-on-a-chip toward batch fabrication with low expense 
and precisely controlled geometry. Miniaturized MFC in lab-on-a-chip devices 
find applications in biosensors for toxic chemical detection (Ren and Chae 
2015). Micro-sized MFCs are miniature energy scavengers. They can be useful 
power sources for lab-on-a- chip applications and integrated onto chips for low-
power electronic devices or sensors (Rojas and Hussain 2015).

Miniaturized energy-harvesting devices can be built using advanced microfabri-
cation techniques. Micro-sized MFC is constructed using single-chamber MFC 
concept with an air-cathode. In this system, proton-exchange membrane is removed. 
MFCs are fabricated as system-on-chip functionality. This paves the way for MFC 
applications in sensors, watches, and mobile phones. Ni, Au, and MWCNT as anode 
are designed with air-cathode (Mink and Hussain 2013).

The micro-sized MFC has advantages like utilization of less electrode area and less 
liquid fuel volume. Justine E Mink et al. (2014) fabricate a mobile and inexpensive 
micro-sized MFC that using human saliva as fuel. This 25 μl MFC has graphene as an 
anode for efficient current generation and an air-cathode for enabling the use of the 
oxygen present in air. This system makes the entire operation completely mobile with-
out using any laboratory chemicals. It produces the higher current densities of 1190 
Am−3. The graphene anode generated 40 times power more than carbon cloth anode. 
Also, test results (using acetate as organic material instead of saliva) demonstrate a 
linear relationship between the organic loading and current. Findings of this report 
lead to the applications of saliva-powered fuel cell technology for lab-on-a-chip 
devices or portable point-of-care diagnostic devices (Mink et al. 2014).

Micro-sized MFC can be utilized as an ovulation predictor based on the conduc-
tivity of a woman’s saliva. It is observed that before the 5 days of ovulation period, 
a sharp decrease in the conductivity of saliva occurs. It is caused by a high level of 
estrogen and low level of electrolyte concentration in saliva (Huang et al. 1997). 
This micro-sized MFC analyzes the conductivity changes of saliva which help to 
identify the fertility period and to maintain woman’s health. Also, it helps for better 
family planning in a noninvasive method.

MFC can be used as a potential power source for implanted bioMEMS devices. 
The MFC is biocatalyzed by Saccharomyces cerevisiae. This microorganism 
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converts chemical energy stored in glucose of the blood stream. The MFC has 
0.2 μm thickness gold evaporated polydimethylsiloxane (PDMS) anode and cathode 
separated by a Nafion 117 proton-exchange membrane. MFC with this type of 
micropillar structure shows excellent performance than silicon micro-machined 
MFCs, i.e., 4.9 times higher average current density and 40.5 times higher average 
power density. The MFC uses 15 μL of human plasma containing 4.2 mM glucose. 
It produces maximum open-circuit potential (OCP) of 488.1 mV, maximum current 
density of 30.2  μA/cm2, and a maximum power density of 401.2 nW/cm2. 
During  continuous operation  for 60  minutes, it produces an average OCP of 
297.4 mV, average current density of 4.3 μA/cm2, and average power density of 42.4 
nW/cm2 at 1 k Ω load. The coulombic efficiency of electron conversion from blood 
glucose is 14.7% (Chiao 2008).

13.7  Wastewater Treatment in MFC

MFC technology utilizes wastewater effectively to generate energy (Logan and 
Regan 2006a, b). Agrowaste materials produced during various agricultural 
operations are rich in COD. Some of them are useful in bioelectricity generation as 
well as wastewater treatment. MFC can be utilized for Cr(VI) wastewater treatment. 
It is observed from the reports that the MFC system that has mixed cultures of 
bacteria yields output better than the MFC system with single-culture bacteria. 
Also, reports indicate that cassava mill wastewater has potential to generate 
electricity from MFCs. During the wastewater treatment process using microorgan-
isms, clean energy, i.e., hydrogen production, is also possible.

Wastewater from paper industries contains water-insoluble materials such as cel-
lulose. The cellulosic waste materials are the attractive source of energy for electric-
ity production in MFCs. However, this process requires anaerobes that can degrade 
cellulose and transfer electrons to the electrode (exoelectrogens). MFC with two-
chamber system avoids oxygen contamination of the anode. Single- chamber MFC 
with air-cathode produces higher-power densities than aqueous catholyte MFC due 
to less internal resistance. Also, it avoids energy input for the cathodic reaction. 
While examining the changes in the bacterial consortium in a single-chamber, air-
cathode MFC fed cellulose, it is observed that the main genera developed after 
extended operation of the MFC are Parabacteroides, Proteiniphilum, Clostridium, 
and Catonella. These results confirm that different bacteria evolve in single-cham-
ber air-cathode MFC than the two-chamber reactors. Details of bacteria abundance 
in MFC are in Fig. 13.18. Polarization and power density curves obtained from the 
MFC are illustrated in Fig. 13.19 (Toczyłowska-Maminska et al. 2018).

The amount of energy needed for the treatment of wastewater is very high in the 
present situations. MFC can be a very good solution because the energy generated 
is sufficient for the system to run. Yue Dong et  al. reported that energy self- 
sufficiency is essential for the sustainable wastewater treatment. They combine a 
microbial fuel cell and an intermittently aerated biological filter (MFC-IABF) to 
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treat the effluent with self-sufficient energy. Schematic diagram of the MFC-IABF 
system and its wastewater treatment performance are shown in Figs.  13.20 and 
13.21, respectively (Dong Yue et al. 2015).

In the combined MFC-IABF system, synthetic wastewater (COD  =  1000 
mg L−1) is fed continuously for more than 3 months using a capacitor-based circuit. 
This system is operated at room temperature. As the output of this work, the MFC 
generates electricity and supplies to IABF along with COD removal. It is observed 
that the MFC produces energy (0.27 kWh m−3) which is sufficient to the pumping 
system (0.014 kWh m−3) and aeration system (0.22 kWh m−3). The IABF works in 
the intermittent aeration mode (aeration rate 1000  ±  80  mL  h−1), removes the 

Fig. 13.18 Relative abundance of dominating bacteria genera in fresh inoculum and in single- 
chamber, air-cathode MFC fed cellulose system (after the operation). (From Toczyłowska- 
Maminska et al. 2018)

Fig. 13.19 Polarization and power density curves of single-chamber air-cathode cellulose-fed 
MFC.  After 1 month of the MFC operation, the maximum current produced is 331  mA/m2 
(R = 100 Ω), and the maximum power produced is 44 mW/m2 (R = 1000 Ω). (From Toczyłowska- 
Maminska et al. 2018)
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Fig. 13.20 Schematic diagram of (a) MFC reactor for electricity generation and COD removal. 
(b) Two-stage combined MFC-IABF system. This combined system operates with self-sufficient 
energy and treats the wastewater more efficiently than MFC reactor. Air is flowed inside the IABF 
system by the aerator. (From Dong Yue et al. 2015)

Fig. 13.21 Wastewater treatment performance of MFC and two-stage combined MFC-IABF sys-
tem. The value inside the bars indicates the SCOD and TCOD removal rate (influent COD concen-
tration is 1000 mg/L). (From Dong Yue et al. 2015)
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wastes, and improves the water quality (HRT  =  7.2  h). This combined system 
removes SCOD 93.9% and TCOD 91.7% (effluent SCOD  =  61 mg  L−1 and 
TCOD = 82.8 mg L−1). These results confirm that the combined MFC-IABF sys-
tem operates in an energy self-sufficient manner and treats the wastewater effi-
ciently (Dong Yue et al. 2015).

Ren et al. have obtained the maximum power density 143 mW/m2 with 1 g/L 
carboxymethyl cellulose (CMC) from a dual-chambered MFC.  In this process, a 
binary culture of cellulose-degrading bacteria Clostridium cellulolyticum and elec-
trochemically active bacteria Geobacter sulfurreducens is utilized (Ren et al. 2008). 
Rezaei et al. have enriched the cellulose-degrading bacteria Enterobacter cloacae 
strain FR in MFC with wastewater. This MFC produces maximum power density 
of 4.9 mW/m2 using cellulose 4 g/L (Rezaei et al. 2009). Sedky et al. have utilized 
cellulose as substrate in a MFC.  In this setup, cellulose-degrading bacteria 
Nocardiopsis sp. KNU and Streptomyces enissocaesilis KNU are employed for 
cellulose degradation in anode. The cathode has 50 mM ferricyanide. The maxi-
mum power density produced from this culture is 188 mW/m2 consuming 1 g/L 
cellulose (Hassan et al. 2012).

A high amount of starch-rich wastewater is released during the starch production 
from cassava. It has high chemical oxygen demand (COD), biochemical oxygen 
demand (BOD), total solids, and cyanoglycosides. These cyanoglycosides form 
cyanide. Many wastewaters have cyanide concentration up to 200  mg/L.  Hence, 
proper treatment of the cassava wastewater is essential prior to its release into the 
environment. Cassava wastewater sludge has a high organic content of 
16,000 mg/L. MFC utilizes cassava wastewater, removes COD approximately 88% 
within 120 h, and generates maximum power 1771 mW/m2 (Kaewkannetra et al. 
2009). Prasertsung et  al. (2012) have identified that increasing the pH of anode 
chamber in a MFC increases the production of electricity. The generated maximum 
power density was 22.19 W/m3 at pH 9 from a single-chambered MFC that was 
used with cassava mill wastewater. COD of the wastewater was 1086 mg/L, and the 
initial pH was 5.0 (Prasertsung et al. 2012).

Chromium has industrial applications like leather tanning, metallurgy, electro-
plating, and wood preservatives. It exists in the aqueous solution either as hexava-
lent chromium [Cr(VI)] or trivalent chromium [Cr(III)]. Cr(VI) is considered as 
more hazardous material because of its mutagenic and carcinogenic properties 
(Humphries et al. 2004). Hence, Cr(VI) wastewater treatment can be coupled with 
electricity generation using MFC. In this method, Cr(VI) is reduced in the cathode 
of an MFC by the microorganisms Trichococcus pasteurii and Pseudomonas aeru-
ginosa. Acetate and bicarbonate are added into the anode and cathode compart-
ments, respectively. Cr(VI) is reduced by microbial activity utilizing the electrons 
and protons generated from the oxidation of acetate. It generates current and power 
density of 123.4 mA/m2 and 55.5 mW/m2, respectively (Tandukar et al. 2009).

A more efficient biocathode is designed with reticulated vitreous carbon (RVC) 
and carbon nanotube (CNT) to use in MFC for Cr(VI) removal application. It is 
prepared by the electrophoretic deposition of CNT on RVC. The material RVC is 
cheap and commercially available. It is an open-pore foam carbon material that is 
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used in MFCs. The approximate power density of the MFC using RVC-CNT 
electrode is 132.1 ± 2.8 mWm−2. This device removes 80.9% of Cr(VI) within 48 h 
of the operation (Fei et al. 2017).

MFC can be used for the production of catholyte within the reactor and for 
recovering of nitrogen from wastewater (shown in the Fig. 13.22). An electrolyzed 
basic solution (pH > 11) is produced from the cathode chamber, and the production 
rate is largely proportional to electrical current generation. This catholyte possess 
bactericidal properties. The bactericidal effect is confirmed using bacterial kill 
curves constructed by exposing a bioluminescent Escherichia coli target. The catho-
lyte solution has cleaning properties. It reduces the microbial populations and limits 
undesired biofilm formation. Hence, it can be utilized as a washing agent in water-
less urinals to improve sanitation. The demonstrated self-driven MFC system leads 
to the development of bioprocesses for sustainable wastewater treatment (Gajda 
et al. 2016).

Fig. 13.22 Illustration of catholyte production from wastewater treatment using MFC. (a) 
Photograph shows the formation of droplets and accumulation catholyte solution inside the MFC 
cylinder. (b) Image shows the gas diffusion side of the cathode of working MFC (loaded) and 
open-circuit MFC (control). Biofilm growth is present only on the open-circuit MFC, i.e., that do 
not produce electricity. This indicates that the catholyte inhibits the growth of microorganisms and 
prevents the biofouling of cathode as well as the membrane. (From Gajda et al. 2016)
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13.8  Challenges in Microbial Fuel cells

MFCs have advantages like production of low-cost electricity from waste materials 
all-round the year (particularly in places where energy production plants are not avail-
able) and alternate method for bioremediation. However, they face some challenges. 
Utilizations of waste material in MFCs produce power density lower than pure carbon 
sources such as glucose. It is not possible for the utilization of pure sources routinely 
because it will increase the cost. These challenges hinder the commercialization of 
MFCs (Chaturvedi and Verma 2016). Also, the economically noncompetitive and 
high-cost components of MFCs are the major barriers for commercialization.

Some other drawbacks of MFCs are less surface area of the anode, inefficient 
electron transfer, proton mass transfer, poor oxygen reduction rate, low-power gen-
eration, lack of modularity, short life span of biochemical substrate, and very slow 
performance in wastewater treatment. The anode material should have more surface 
area and more affinity for microorganisms. The electron transfer mechanism of the 
anode materials is not understood well. Utilizations of materials like platinum as 
electrode increases the cost of MFC to higher end. Microorganisms are also one of 
the great challenges of MFC. The disadvantage of using mixed culture in a MFC is 
that it may contain pathogenic bacteria. Also, some bacteria may be sensitive to 
different kinds of stress. As per the report of Joseph Miceli, ARB helps to flow the 
electrons freely in between the electrodes (Waste-management-world.com 2013).

Materials such as nickel foam, stainless steel wool, platinum-coated stainless steel 
mesh, and molybdenum disulfide-coated stainless steel mesh electrodes are used as 
alternative to commercially non-viable electrode material like platinum (Ma Xiaoli 
et al. 2017). To bring the MFC technology out of the laboratory (for energy produc-
tion at larger scales), pilot-scale tests are performed. These are good indicators that 
commercialization of this technology is possible (Logan 2010).

The power output is low in MFCs because of their high internal resistance. Also, 
it is lower than chemical fuel cells. The internal resistance is due to the proton mass 
transfer as well as the poor oxygen reduction rate at the cathode. Aerobic bacteria 
have higher affinity for oxygen than the abiotic cathode materials. Oxygen reduction 
kinetics and performance of the MFC is improved while using a cathode with 
aerobic bacteria (including the bacteria developing the corroding biofilm). Addition 
of the inorganic compounds into the anode chamber as nutrients and development 
of proton-specific membrane lead to inhibit proton transfer. MFCs should be 
optimized for its reactor configuration and electrolyte to reduce the internal resis-
tance and to harvest the entire microbial catalytic potential (Kim et al. 2007).

To demonstrate MFC as power generator to supply power to the electronic sys-
tems, there is a possibility to use solid-phase organic matter at the anode. Sediment 
MFCs are designed from marine sediment to utilize as the source of bacteria and 
organic matter. The synthetic solid anolyte (SSA) is made by dissolving of agar, 
carbonaceous, and nitrogen sources into diluted seawater. This long-lasting portable 
SSA-MFC (shown in Fig. 13.23) overcomes problems like hydraulic pump system 
and biochemical substrate replacement (to sustain bacteria metabolism). It generates 
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the maximum power density 60 mW/m2 on the 7th day of the operation. It has 
4 months lifetime without the need of electrolyte replacement and human assistance 
(Tommasi et al. 2016).

13.9  Influencing Factors of MFC Output

It is analyzed from the various reports that the output of the MFC depends on factors 
like substrates, concentration of waste, electrodes, pH, chamber construction, 
proton-exchange membrane, microorganism species, and their culture types. Some 
of the factors influence the performance of MFC. They are enumerated below.

Fig. 13.23 Photograph of SSA-MFC. (a) Two-chamber MFC. The inset shows the SSA in the 
anode chamber. The anode is sandwiched between the SSA and CEM membrane and immersed in 
the buffer solution. (b) Photograph of the agar-based SSA embedded with energy storage system 
for bacteria metabolism. (c) Molecular structure of agar. (From Tommasi et al. 2016)
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In order to enhance the power generation of MFC:

• Increasing the pH of anode chamber (low ORR occurs at neutral pH)
• Increasing the electrons flow
• Increasing the ORR (catalyst increases the ORR rate).
• Increasing the concentration of organic waste materials (biofuels)
• Reducing the proton transfer
• Reducing internal resistance of MFC (by coating of nanomaterials like graphene 

and carbon nanotubes)
• Addition of the inorganic nutrients into the anode chamber
• Development of proton-specific membrane

The factors mentioned below help to improve the overall performance of MFC:

• Single-chamber air-cathode MFC supports for bacteria development better than 
the two-chamber MFC.

• Utilization of mixed bacteria cultures instead of single-culture bacteria increases 
the MFC output.

• Growing of anaerobic bacteria in anode chamber. It helps for electrons flow 
which leads to enhance the MFC performance.

• Utilization of cathode with aerobic bacteria inhibits proton transfer. It leads to 
improve the oxygen reduction kinetics as well as MFC performance.

• Biocompatible electrode increases the adhesion of bacteria which improves the 
MFC performance.

• Temperature maintenance is essential (low temperature reduces the MFC 
performance).

13.10  Conclusion

MFC is a novel wastewater treatment device with energy recovery from the waste. 
It mimics the interactions of microbes present in the nature. It converts chemical 
energy into electricity using microorganisms. The energy production mechanism of 
the MFC resembles the metabolism process by the gut flora. MFC has great potential 
in alternative energy source, wastewater treatment, environmental protection, 
bioremediation, and biosensor for oxygen and pollutants. In addition to the various 
applications, MFCs have certain drawbacks.

The drawbacks hinder in the practical applications of MFCs. Hence, extensive 
optimization is required for the efficient and wide applications of MFCs and to 
obtain the maximum microbial potential from them. Production of low-power den-
sity is the major drawback. It is rectified by using various nanomaterials and potent 
microorganisms. Some of the microorganisms have been identified that can transfer 
the electrons efficiently. Also,  limited surface area of the electrodes prevents the 
microorganisms to adhere. Utilizations of nanomaterials increase the surface area of 
the electrodes.

Nanomaterials such as carbon-based materials, transition metal oxides, biogenic 
inorganic nanoparticles, and nanocomposites are widely used in MFCs due to their 
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properties like high conductivity, biocompatibility, and chemical stability. Apart 
from these factors, they are utilized as alternative materials to reduce the high cost 
of components. Many methods have been identified to improve the performance of 
MFCs and to reduce the cost for feasible implementation of MFCs in commercial 
applications. Although MFCs face some challenges, there are good scopes and 
future prospects for them.
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